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My discussion of experiment needs and measurement requirements 

focuses on in-pile testing needs associated with core-disruptive accidents 

or potential initiators of core-disruptive accidents. This is true by defini

tion since if we are interested in measuring fuel motion we are studying 

core-disruptive phenomena or a potential initiator of core disruption. It 

should be kept in mind, however, that fast reactor safety includes much 

more than the study of core-disruptive phenomena and that the solution to 

fast reactor safety problems requires more than in-pile tests. A com

plete discussion of safety research needs is beyond the scope of this paper, 

but it should be noted that extensive analysis and out-of-pile testing is also 

required. 

The key safety issues which we have identified are as follows: 

(Figure 1) 

(1) Protection Against and Propagation of Local Faults -- This 

means that a combination of design features and understanding of phe

nomena must be shown to preclude single-subassembly faults (i. e., block

ages, failure propagation) as whole-core initiators to an acceptably low 

level of probability. 

(2) Establish that there are No Autocatalytic Effects in the Initiating 

Phase of Accidents - - Our studies of FFTF and CRBR have led to the con-

elusion that in a reactor with a small or negative sodium void coefficient 
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the most likely course of a whole-core loss-of-flow accident with failure 

to scram is a gradual core meltdown with no energetic burst. 

This same conclusion would be true for a large reactor in which the 

large positive sodium void coefficient had been designed out. The same 

conclusion may not be true for a reactor with a large positive sodium 

void coefficient where combined fuel and coolant motion could lead to 

large reactivity insertions. Even if the sodium void coefficient is made 

small or negative we must still establish that there are no combined effects 

which could lead to large reactivity insertion rates. 

I t should be noted that the fact that there are some accident paths 

(i. e., transient overpower accidents with failure to scram) which lead to 

early termination does not change the conclusion that the important issue 

is to show that there are no mechanisms for changing a mild initiator to a 

severe excursion. 

(3) Accident Energetics and Recriticality -- If we assume that the 

answer to (2) above is that a gradual meltdown is the most probable course 

of an unprotected accident (or the dominate path that must be considered) 

then the next key issues are to show that no recriticalities can occur and 

lead to severe excursions and that the large amount of molten fuel involved 

in a whole- core meltdown cannot interact rapidly with sodium (vapor ex

plosion). It is our current belief that dispersive mechanisms will prevent 

any energetic recriticalities and that true vapor explosions cannot occur 

between U02 and sodium. 

(4) Radiological Consequences and Postaccident Heat Removal -

The central issue, of course, in LMFBR safety is assuring that the radio

logical consequences of any accident are acceptable. This means assuring 

that the melted core does not lead to breaching the containment and eval

uating the adequacy of the containment or confinement systems following 

various postulated accidents. 

The -accident scenarios andexperiment-neeEls derived from them must 

always be considered in terms of these key issues. In determining experi

ment needs we have considered three scenarios as representative. They 



are (1) fuel failure propagation, (2) transient overpower accidents, and 

(3) loss-of-flow accidents. (Figures 2, 3, and 4) 

Fuel Failure Propagation (Figure 5) 

The primary objective of studies of fuel failure propagation is to pro

vide reactor designers and reactor operators with the information needed 

to make the most reasonable design choices to minimize the potential for 

failure propagation in LMFBRs. For convenience, failure propagation 

studies can be divided into two areas: pin-to-pin and subassembly-to

subassembly phenomena. Fuel pin failures during normal reactor oper

ation and off-normal transients may occur both randomly and coherently. 

Pin-to-pin failure propagation studies are concerned with the potential of 

these failures propagating to make continued operation unsafe, or gross 

subassembly failure imminent. Subassembly failure propagation studies 

are concerned with assessing the probability of a gross subassembly fail

ure propagating to adjacent subassembly and ultimately to a whole-core 

accident. 

Current studies have shown that rapid fuel pin failure propagation is 

unlikely and that longer term effects can be investigated in existing or 

planned facilities. Current studies are also showing that rapid subassembly

to-subassembly failure propagation from any credible local fault initiator 

can be demonstrated to be very small, but an evaluation of the consequences 

is necessary in order to establish: 

(a) That if these potential local faults do occur, they can be detected 

and the reactor shut down in a timely manner. 

(b) If these local faults are undetected, the effects can be confined 

to a single subassembly. 

(c) If unprotected subassembly-to-subassembly failure propagation 

does occur, the inherent shutdown mechanisms (e. g., fuel dispersion) 

and/ or design modifications will limit the event to consequences which are 

within the "whole-core" accident envelope. 
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The confinement of malfunctions and their effects to a single sub

assembly is an important line of assurance for LMFBR safety. If it can 

be shown that local faults do not propagate beyond the confines of a single 

subassembly, public safety is not endangered. 

The implications for LMFBR design and licensing are: 

( 1) Establishing what protection systems against local malfunctions 

are required, e. g., subassembly instrumentation. 

(2) Enabling the consequences of the accident to be determined for 

risk assessment. 

Core-Disruptive Accidents 

The course of an LMFBR whole-core disruptive accident is, in gen

eral, controlled by reactivity effects. In turn, the reactivity history de

pends on a number of interrelated phenomena and, most importantly, those 

involving core material displacement. In a large LMFBR, sodium voiding 

can add sufficient reactivity to lead to a rapid power excursion. A fast 

reactor also is very sensitive to fuel motion, and compactive motion can 

also produce an excursion. In situations in which the reactor protective 

system is assumed not to be effective, some form of dispersive fuel motion 

(reactor disassembly) is required to provide sufficient negative reactivity to 

terminate a given accident sequence. 

The whole- core accidents usually considered in evaluating the safety 

of LMFBRs can be classified in two broad categories: (1) transient under

cooling (usually loss-of-flow) without scram accidents, and (2) reactivity

insertion (or transient overpower) without scram accidents. These acci

dents can be further subdivided into an initiating phase and a core-disruptive 

phase. The accident can either terminate at the end of the initiating phase 

with a largely intact core, or proceed into complete core disruption either 

by gradual melting of the whole core or by a severe prompt-critical excur

sion which directly disassembles the core. An unprotected loss-of-cooling 

aee-ident -e-an-i-tse-l-f-1e-ad-pote-ntia1-l.y--tQ-the-addition- of significanLamounts..of 

reactivity. However, during the initial stages, important differences exist 



between loss-of-cooling and reactivity-insertion accidents.. One basic dif

ference lies in the temporal sequence in which the temperatures of the fuel 

and cladding rise. In the case of a reactivity-insertion accident, it is the 

fuel temperature that rises first. 

Transient Overpower Accidents (Figure 6) 

I nasmuch as coolant temperatures rise relatively slowly in a tran

sient overpower accident, considerable fuel melting can occur before 

sodium voiding and, at some point, fuel-pin failures (cladding ruptures in 

the core region) can occur. The reactor protection system should be de

signed to prevent fuel failures for anticipated transients. After fuel-pin 

failure, rapid sodium expulsion from the coolant channels potentially can 

be induced because of the ejection of molten fuel and fission-product gas 

(for irradiated fuel) from the fuel pins. Particularly in large LMFBRs, 

sodium voiding can lead to rapid reactivity insertions. However, the ex

pulsion of fuel from the reactor core region through sweepout by sodium 

vapor and liquid or through expansion of the fission gas-fuel mixture, can 

counteract with negative reactivities and tend to terminate the excursion. 

If this is not effective, the sodium void reactivity, in combination with the 

initiating reactivity, possibly can lead to a prompt-critical excursion with 

a resultant core disassembly due to high fuel vapor pressures. The inter

play between the positive and negative reactivity effects is complex and 

depends on the fuel-pin failure times, locations and modes, and on the 

magnitudes of the fuel and sodium reactivity worths. 

The key problems in the initiating phase of transient overpower 

accidents that require in-pile testing are: 

(1) An understanding of transient fuel performance and fuel failure 

thresholds to determine operating design margin. 

(2) The nature and location of fuel pin failures. 

(3) The rate and direction of fuel and coolant movements following 

fuel pin failure. 
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(4) The characteristics of extended motion of fuel, including any 

freezing or plugging and ultimate coolability of the core, if the initiating 

phase of the accident does not lead directly to a mechanical disassembly. 

The implications of these key problems in the design and licensing 

of LMFBRs are the following: 

(1) A knowledge of transient fuel performance and fuel failure 

thresholds is necessary to set operating limits for LMFBR cores, and 

thus directly affects reactor performance. 

(2) An ability to predict the nature and location of fuel pin failures, 

the rate and direction of fuel and coolant movements following pin failures 

are essential to analyze transient overpower accidents. In large reactors 

with a large sodium void coefficient this may be the bounding accident 

which sets the structural design basis of the plant. 

Loss-of- Flow Accidents (Figure 7) 

Whole-core loss-of-flow accidents potentially can be initiated in 

several ways. However, the initiating event usually considered is that 

of loss of off-site power with a resultant coastdown of all pumps and with 

an assumed failure of the protection system. In such a flow coastdown 

without scram accident, the first substantial temperature increase occurs 

in the coolant and the cladding. If no protective action is taken, this leads 

to sodium boiling near the top of the core. After sodium boiling and ejec

tion from an assembly, a thin liquid film remains on the fuel pin, but the 

film dries quickly. Following this sodium-film dryout. essentially no heat 

transfer occurs from the fuel. This fuel temperature increases rapidly 

while simultaneously the temperature distribution within each pin tends to 

become flat. In the meantime, the cladding melts and can be followed by 

fuel melting and slumping, which may add significant amounts of reactivity 

and lead to a prompt-critical excursion, or by fuel dispersal which will 

rapidly reduce power. 

For a small LMFBR, the reactor power may remain fairly low during 

the voiding phase of a flow-coastdown accident, and, as noted above, fuel 



temperatures may increase little until after the cladding melts. However, 

for larger reactors, the larger positive sodium-void worths can lead to 

fairly rapid increases in power because of sodium voiding in the hotter. 

assemblies. For the large portion of the core that remains unvoided, the 

accident appears much like a reactivity-insertion accident, and fuel melt

ing with consequent fuel failures may occur before sodium voiding in the 

unvoided channels. Again, the interplay of reactivity effects will strongly 

determine the detailed sequence of events. 

The key problems in the initiating phase of a loss-of-flow accident 

that require in-pile testing are: 

(1) The rates of sodium voiding and clad movement in the first 

assemblies to boil. 

(2) The rate and direction of early fuel movements in the first 

assemblies to melt and specifically whether clad and fission gases can 

cause early fuel dispersal. 

(3) The rate and direction of fuel and coolant movements in unvoided 

channels. 

(4) The nature and extent of any cladding or fuel plugs which would 

inhibit fuel dispersal. 

The implications of these key problems in the design and licensing of 

LMFBRs are the following: 

( 1) An ability to predict the consequences of this accident will prob

ably be a necessity for licensing LMFBRs, and may set the structural de

sign basis for the plant. 

(2) If a large sodium void coefficient in large LMFBRs causes 

adverse fuel and coolant movements in the unvoided channels, then core 

design will be affected (i. e., spoiled geometries). 

Transition Phase and Disassembly (Figures 8, 9, and 10) 

For both loss-of-flow and transient overpower accidents, the initial 

motion of core material may result in a neutronic shutdown. If stable 

cooling of the partially disrupted core can be established at that point, 
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then the accident would be terminated prior to gross core disruption. If 

not, the accident will proceed to either a complete and rapid disassembly 

of the core, if reactivity-insertion magnitudes and rates are high, or to a 

more gradual meltdown. 

In recent years, as the methods used to analyze whole-core disrup

tive accidents have become more detailed, the initial excursions have 

been shown to be milder than anticipated. The net result of this is that 

the accident sequence tends to proceed into a gradual meltdown of the core, 

instead of ending in an early disassembly excursion. This does not mean 

that a disassembly excursion cannot be induced at some point in the acci

dent, but merely that it is less likely in the initial phase. This is partic

ularly true for smaller reactors in which sodium voiding reactivity is not 

dominating. 

As the subassemblies successively progress through the stage of 

coolant voiding and melting, the pressures generated may be too low to 

cause a massive dispersal of molten fuel from the core region. The sub

assembly duct walls are quickly melted and growing regions of molten 

fuel and steel begin to form in the hottest portions of the core. This stage 

of the accident can be accompanied by a number of mild excursions induced 

by continued fuel motion in other parts of the core, or possibly by the re

entry of fuel that was temporarily dispersed by mild pressurizations. This 

state of the accident has been termed the "transition phase. " 

Once an accident has entered the transition phase, it appears likely 

to proceed into whole-core involvement. Thus, ensuring an end to the 

neutronics events requires attainment of a subcritical configuration through 

the permanent dispersal of a large fraction of the core. This dispersal can 

result either from an energetic excursion ending in a classical disassembly, 

or from more gradual mechanisms such as boil-out and melt-out. It is 

currently believed that the most likely termination of a core-disruptive 

accident of this type is a gradual fuel ejection. 



A common point to all fast reactor whole-core accident scenarios in 

which loss of active shutdown devices is assumed is that irreversible dis

persive fuel motion must occur in order to provide permanent neutronic 

shutdown. Thus, without regard to initiating events, three generalized 

accident scenarios involving somewhat different fuel dispersion processes 

can be identified, although these may overlap. 

( 1) Situations in which small amounts of fuel can be removed per

manently through hydraulic forces or mild internal pressurization from 

fission products, cladding vapor, and/or fuel vapor. Subassembly geom

etries could be retained and in-place cooling maintained or established under 

low fission power or decay heat conditions. 

(2) Situations similar to (1) above, but in which either permanent 

fuel removal or in-place cooling are not maintained or established early 

in the accident sequence and which proceed to the "transition" phase in

volving a gradual loss of subassembly geometry. Fuel removal and neu

tronic shutdown would occur either through a series of mild pressurization 

events or through gradual melt-out and boil-out processes. 

(3) Situations in which gross fuel removal occurs due to a general 

"mechanical" disassembly. In this case, sufficient internal pressuriza

tion is implied such that the core is well dispersed. The damage conse

quences from this type of event can vary significantly depending on whether 

the pressurization that causes the disassembly is by fuel vapor pressure 

or gaseous fission products. 

During and following the events leading to termination of the accident, 

the thermal energy generated and stored in core materials can be converted 

to work energy. Work can come from either the expansion of the core 

materials or the interaction of these materials with the sodium coolant. 

Once the energy partition is established, the response of the system can 

be determined. After the work energy is released and imparted to the 

system structure and containment, the whole-core disruptive accident 

enters its final phase involving long-term decay heat removal from the 
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fuel. The final disposition of core materials and the measures required 

to assure cooling of the core debris are, of course, dependent on the re

actor size and design. 

The key problems in the transition phase and disassembly of the core

disruptive whole-core accident which require in-pile tests are: 

( 1) The nature of extended motion of core materials following a non

energetic meltdown. It is currently believed these are dispersive and 

would essentially preclude severe secondary criticalities. 

(2) In cases where an accident proceeds to disassembly with sodium 

in the core, the rate of transfer of heat from the fuel to sodium must be 

established. 

(3) Whether fission gases can exert pressures to disassemble the 

core at low fuel temperatures must be established. 

(4) The ultimate coolability and containment of core debris. 

The implications for design and licensing of these key problems 

are the following: 

( 1) Demonstration of the dispersive nature of a disrupted core 

which would preclude secondary criticalities would eliminate one of the 

major accident issues for LMFBRs, allowing the structural design basis 

for the reactor to be set by considerations of the initiating accident. 

(2) If fission gases can exert pressures to disassemble at low core 

temperatures, accident energetics are correspondingly reduced, thus re

ducing design requirements for containing the accident. 

(3) It is our current belief that heat transfer from fuel to sodium 

cannot occur on a rapid enough time scale to significantly add to the damage 

potential from an excursion. Verification of this for sodium in excursions 

is required. 

(4) Ultimate coolability of disrupted core materials must be shown. 

How this ultimate coolability is achieved will vary with reactor design but 

requires at least small-scale demonstration tests. 



Fuel Motion Measurement Requirements (Figures 11-17) 

Other papers at this conference will address in more detail fuel and 

clad motion measurement requirements but the following examples illus

trate the approach we have used in setting requirements for SAREF. Three 

accident calculations which were carried out for CRBR were examined to 

establish the calculated rate of change of fuel density. From these require

ments for measuring fuel density changes and time resolution were deter

mined. 

The three accidents which were examined were a transient under

cooling, transient overpower, and a core disassembly (from ANL/RAS 

75-29). Examination of the fuel motion calculated in these accidents indi

cated that the rate of density change for both the transient undercooling 

and transient overpower accidents was approximately O. 02 gm/ cm 
3 
/msec, 

and that 5 msec would be an acceptable resolution time. The rate of den-
3 

sity change for the core disassembly accident was 0.12 gm/cm /msec and 

a time resolution of O. 5 msec would be required. 
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KEY SAFETY ISSUES 

In terms of the need for the measurement of fuel and clad 

motion, they are focused on phenomena of importance in 

the analysis of core-disruptive accidents. 

Protection against and propagation of local faults. 

Possible autocatalytic effects in initiating phase. 

Transition phase behavior - recriticality - disassembly. 

Figure 1 



SEQUENCE OF EVENTS - FUEL FAILURE PROPAGATION 

Pin-to-Pin Failure 
Propagation 

Subassembly Inlet 
1. Defective Cladding 

Blockage 2. Local Blockages 
3. Enrichment Errors 

Reduction of Overall 
Subassembly Flow 

+ 
Subassembly Voiding 

_t 
Subassembly Meltdown 

t 
Subassembly-to-Subassembly 

Propagation 

+ 
Whole- Core Accident 

Figure 2 
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Figure 3 
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FUEL FAILURE PROPAGATION 

Key Issues 

(1) Pin-to-pin failure propagation 

(2) Effects of meltdown of an LMFBR subassembly 

Design Implications 

(1) Protection system requirements 

(2) Consequences of accident for risk assessment, 
i. e., is it a whole-core initiator 

Fuel and Clad Motion Implications 

(1) Clad motion important in blockage formation 

(2) Fuel motion may determine heat load on 
adjacent fuel assemblies 

Figure 5 



TRANSIENT OVERPOWER ACCIDENTS 

Key Issues 

(1) Transient fuel performance and fuel failure 
thresholds 

(2) Nature and location of fuel pin failures 

(3) Rate and direction of fuel and coolant movements 
following fuel pin failure 

(4) Extended motion of fuel materials 

Design Implications 

(1) Operating limits 

(2) Structural design basis for reactor 

(3) Core design 

Fuel and Clad Motion Implications 

(1) Clad motion probably not important 

(2) Fuel motion determines whether early termination 
is possible 

Figure 6 
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LOSS-OF-FLOW ACCIDENTS 

Key Issues 

(1) Rates of sodium voiding and clad movement 

(2) Rate and direction of early fuel movements 

(3) Rate and direction of fuel and coolant 
movements in unvoided channels 

(4) Nature and extent on any cladding or fuel plugs 

Design Implications 

(1) Structural design basis for reactor 

(2) Core design 

Fuel and Clad Motion Implications 

(1) Clad motion important both because of its role 
in blockage formation and its reactivity effects 

(2) Fuel motion determines course of accident 

Figure 7 
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TRANSITION PHASE AND CORE DISRUPTION 

Key Issues 

(1) Nature of extended motion of core materials 
following a nonenergetic meltdown 

(2) For sodium in disassembly, the rate of heat 
transfer from fuel to sodium must be estab
lished 

(3) Whether fission gases can exert pressures to 
disassemble the core at low fuel temperatures 
must be established 

(4) The ultimate coolability and containment of 
core debris must be shown 

Figure 8 
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TRANSITION PHASE AND CORE DISRUPTION 

Design Implications 

( 1) Demonstration of the dispersive nature of a disrupted 
core which would preclude secondary criticalities 
would eliminate one of the major accident issues for 
LMFBRs, allowing the structural design basis for the 
reactor to be set by considerations of the initiating 
accident. 

(2) If fission gases can exert pressures to disassemble 
at low core temperatures, accident energetics are 
correspondingly reduced, thus reducing design re
quirements for containing the accident. 

(3) It is our current belief that heat transfer from fuel 
to sodium cannot occur on a rapid enough time scale 
to significantly add to the damage potential from an 
excursion. Verification of this for sodium in excur
sions is required. 

(4) Ultimate coolability of disrupted core materials must 
be shown. How this ultimate coolability is achieved 
will vary with reactor design but require at least 
small- scale demonstration tests. 

Figure 9 



FUEL AND CLAD MOTION IMPLICATIONS 

( 1) Clad motion is of interest but steel is probably 
dispersed in fuel 

(2) Extended motion of core materials determines 
ultimate dispersal 

(3) Small scale, short-time scale fuel motion is of 
importance in disassembly phenomena 

Figure 10 
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ACCIDENTS CHOSEN TO SET REQUIREMENTS 

Transient Undercooling 

Transient Overpower 

Core Disassembly 

Figure 11 
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TRANSIENT UNDERCcx)LING 

First Event 

Rate of density change per msec is approximately 
3 

0.02g/cm /msec 

Event lasted 40 msec 

5 msec is an acceptable resolution time 

Figure 15 



TRANSIENT OVERPO WER 

Average absolute difference between total fuel 

distributions is approximately O. 4gj cm 
3

. Time 

difference is 20 msec 

Rate of density change is again O. 02gj cm 3jmsec 

Figure 16 
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CORE DISASSEMBLY 

Rate of fuel density change found from VENUS 

calculations to be O. 12g/ cm 
3 
/msec 

Time resolution of O. 5 msec required 

Figure 17 




