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ABSTRACT

A description of a slow core meltdown in a liquid metal fast 

breeder reactor is presented for the conditions of loss-of-heat-sink 

following neutronic shutdown. Simple models are developed for the 

prediction of phase changes and/or relocation of the core materials 

including fuel, clad, ducts, control rod absorber material (B^C), 

and plenum gases. The sequence of events is accounted for and the 

accident progression is described up to the point of recriticality. 

The neutronic behavior of the disrupted core is analyzed in R-Z 

geometry with a static transport theory code (TWOTRAN). For most 

scenarios assessed, the reactor is expected to become recritical 

although large ramp rates are not anticipated.
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1. INTRODUCTION

1.1 LMFBR Core Disruption
In the final environmental statement^ by the Nuclear Regulatory 

Commission on the construction of the Clinch River Breeder Reactor (CRBR)

Plant, a hypothetical accident initiated by a loss-of-heat-sink, following 

(or associated with) a normal scram of the reactor was singled-out as a pos­

sible candidate for a core-disruptive accident. The probability of failure

of the decay heat removal system to remove long-term decay heat has been
(2)addressed by the CRBR applicant^ . Furthermore, independent studies at 

(3)BNLV- 1 have shown that the failure probability of the shutdown heat removal

system of the CRBR can be greater than 10-6 per year. The potential for a

core-disruptive accident in a liquid metal fast breeder reactor (LMFBR)
(4)following a loss-of-heat-sink, with scram, is generally recognized' J and 

warrants investigation.

A loss-of-heat-sink, following reactor shutdown, has been found to be a

significant contributor to risk in commercial light water reactors (LWRs).
(5)The Reactor Safety Study' 1 found that a core-melt can result from this 

accident scenario with a likelihood that is comparable to that derived for 

the loss-of-coolant accident (LOCA) scenarios (the other dominant contributors 

to risk in the LWR).

For the LMFBR, there is the additional concern that, as a result of a core­

melt, core materials can come (in-vessel) into a reconfiguration that can lead to 

recriticality and consequent energetics. In this context the unprotected loss- 

of-flow accident and the unprotected transient overpower accident have received 

much attention in safety analyses. It has been suggested by some authors' ;
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that these accidents could lead to a subcritical transition phase of core 

disruption for which some of the fuel and/or steel is frozen at the axial 

boundaries of the core, and the remainder of the fuel-steel mixture is in 

a "boiled-up" state (even at decay heat levels). Chan et al.^ noted that 

core disruption phenomena are not limited to these two accident scenarios, 

and they investigated an alternative core-disruptive accident scenario which 

led to the possibility of recriticality. Chan et al.^ have concluded, 

independently from us, that recriticality may occur (.for a particular loss- 

of-heat-sink accident, with scram) as a result of a gradual meltdown of core 

steel and collapse of nonmolten fuel pellets.

This work describes a study of possible accident sequences following a 

loss-of-heat-sink during normal reactor shutdown in a LMFBR. Design infor­

mation for the CRBR has been used in the specific analysis carried out. The 

accident proceeds from the assumptions that 1) a normal shutdown has occurred 

ana 2) all heat removal capabilities have failed, including natural convection. 

Detailed accounts of parts of this work have appeared elsewhere: an analysis 

of the meltdown phase of the accident is given in Reference 8, and an analysis 

of material relocation and recriticality is given in Reference 9. Further­

more, brief accounts of these works are presented in American Nuclear Society 

Transactions^’

In the work of Chan et al.^, it was postulated that the accident was 

initiated by sudden ruptures of all pipes connected to the reactor vessel 

(with scram). The sodium heat-up and boil-off processes were then analyzed 

in some detail. In the present work, it was assumed that the primary heat 

transport system remained intact initially during shutdown, but that there 

was no heat rejected from the primary coolant system through the heat
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exchangers. Here, it is postulated that the ultimate heat sink (water supply 

or air blast heat exchangers) fails, but that pony motor flow rate is main­

tained in the adiabatic primary sodium heat transport system. Gradually, the 

primary system sodium temperature will both increase and become more uniform.

It is then postulated that electric power is lost to the pony motors.

The boiling dynamics of sodium was not addressed in detail, but it was 

determined (in agreement with Reference 7) that sustained dryout of the clad­

ding was required for meltdown. Clearly, this situation will eventually occur 

for the scenario postulated here. Thus, in the present work, the analysis 

begins at the point at which the sodium uniformly reaches the saturation tem­

perature and the primary heat transfer system is adiabatic.

1.2 Scope of Work

If boiling can be sustained and eventually leads to clad dryout, then clad 

and fuel melting must also be considered. The problem then becomes that of 

predicting clad and fuel relocation with the eventual aim of establishing prob­

able core meltdown configurations. Analysis of this problem is complicated, 

not only by its complexity, but also by the long transient times involved in 

the various accident phases.

The analysis of a problem of this complexity may be conducted with varying 

degrees of rigor. Initially, to obtain an indication of the magnitude of the 

times involved in the various accident stages, a simple heat capacity approach 

was adopted. The heat capacity approach is described in Reference 8, and the 

results of simple hand calculations were found to be in reasonable agreement 

with alternate and more sophisticated methods that were used for describing 

the heat-up stages of the accident.

- 3 -



It was found, however, that this simple approach does not adequately 

describe those stages of the accident in which phase change or material relo­

cation occur. The hand calculations were also tedious and did not readily 

allow scoping studies to be carried out. It therefore became apparent that

a fast running computer code was necessary. The REACTOR subroutine of the 
(13)DEMO codev was chosen as a basis, because of its relatively simple lumped 

parameter modeling, which could be modified and developed for this purpose.

The modified version of the REACTOR subroutine was renamed ALOHA and a descrip­

tion of the code and the data obtained from it are included in Reference 8.

The ALOHA code was particularly useful for scoping studies and for validating 

some of the assumptions made in the heat capacity approach. In view of the 

close agreement between the predictions of the heat capacity model and the 

ALOHA code, it was decided to use the simpler heat capacity model as a basis 

for material relocation.

A computer code, LOHS, was therefore developed to solve the heat capacity 

model described in Reference 8, and more fully in Section 2.1.2 of this work.

The LOHS code is faster running than ALOHA and it allowed easier coupling of

the relocation model. The error involved in using the simpler modeling in the 

LOHS code, compared with, ALOHA is minimal.

The relocation model developed was described in Reference 8, and due to 

the simplicity of the computations, a small stand-alone code, CLAD, was writ­

ten at that time. Preliminary data from CLAD was given in Reference 8 and 

the results of a sensitivity study were presented in Reference 9. This model,

which is described in Section 2.2, was coupled to the heat-up code LOHS through

the RLOCATE subroutine.

- 4 -



Failure of the cladding on the fuel or control pins before the beginning 

of the melt phases is an important possibility in the accident scenario. The 

role of high He gas pressure in the B^C control pins as a mechanism for clad 

and/or pellet failure is discussed in Sections 3.1 and 3.2. An assessment 

of the premelt failure of the fuel pin pellets is given in Section 3.3.

The potential for recriticality was assessed for various collapsed core 

configurations which seemed plausible. The calculations were done in time- 

independent transport theory in two-dimensional R-Z geometry.

1.3 Major Conclusions

The single major conclusion of this work is that recriticality will occur 

for the postulated forced meltdown (starting from shutdown conditions) of the 

CRBR core. This conclusion is based on the crucial assumption that sustained 

dryout of the fuel cladding occurs and that sodium does not re-enter the core 

space for approximately twenty minutes at a decay power level of approximately 

one percent of full power.

Recriticality occurs for a broad range of likely relocation patterns of 

fuel, absorber and stainless steel, and the ramp rate is on the order of (or 

less than) 100 $/m of slumping material. Furthermore, only if the material 

compacts at a free-fall velocity, then would the resulting ramp rate be on 

the order of 100 $/s. However, for the accident scenarios considered, the 

core disruption process is rather slow and sluggish and, therefore, much 

smaller ramp rates (.^10 $/s) are anticipated.
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2. METHODS OF ANALYSIS

Since the problem involves very slow transients, the mathematical models 

developed to describe the various accident stages were purposely made simple so 

that the accident sequence could be analyzed within reasonable computing times. 

Initially, it was necessary to analyze the heating processes in the core and 

the methods adopted are discussed in Section 2.1. When the melt phases are 

reached, material relocation must be considered. Downward relocation is 

expected because of the low sodium vapor velocities encountered at the decay 

power levels under consideration. A simple melting and freezing (downward) 

relocation model has been developed and is described in Section 2.2. The 

processes associated with relocation of fuel and absorber materials are dis­

cussed in Section 3. Finally, as material relocation occurs, the potential 

for recriticality has to be assessed and the computational technique used in 

the assessment is discussed in Section 2.3.

2.1 Heat-up Processes

The starting point for the present analysis was discussed in Section 1.1, 

and begins with the assumption of sustained dryout in the fuel assemblies. The 

boiling dynamics of the sodium was not addressed in detail, however, it is 

important to estimate the time to reach sustained dryout after shutdown. The 

time-to-dryout establishes the point on the decay heat curve at which the fuel 

pins begin to heat-up and eventually meltdown. The methods used to establish 

the time to sustained dryout are discussed in Section 2.1.1.

After clad dryout, the heat-up of the core must be predicted. The simplest 

approach is to assume that the times to the various events are functions only of

- 6 -



the heat generation and the heat capacities of the materials in the subassem­

blies, and any latent heats of vaporization or fusion that may have to be over­

come during the temperature interval of interest. This heat capacity approach

is discussed in Section 2.1.2 and is in reasonable agreement with alternate
(8)and more sophisticated methodsv .

2.1.1 Preboiling Heat-up Phase

An estimation of the sodium heat-up rate, assuming that the primary sodium
(12)heat transport system is adiabatic at shutdown, was made at BNLV ‘ using the 

(13)DEMO codev . No heat was rejected from the primary sodium circuit through 

the heat exchangers, and circulation continued under pony motor flow. The tem­

perature response of various regions of the primary sodium circuits, as predicted 

by DEMO, are shown to 2000 seconds after shutdown in Figure 1. Clearly, the 

sodium temperatures in the primary circuit are rapidly converging at 2000 sec­

onds.

In Reference 12, a simple lumped parameter heat capacity model was used to 

predict the heat-up of sodium in the adiabatic primary circuit and the tempera­

ture predicted at 2000 seconds was found to be within one percent of the bulk 

average temperature computed by the DEMO code (Figure 1). In view of the close 

agreement between the two approaches, the lumped parameter method was used to 

extrapolate the DEMO data out to the sodium saturation temperature. The bulk 

sodium temperature was found to approach saturation after ^ 12000 seconds. The 

decay power level at 12000 seconds is ^ 1.3% of full power.

The sensitivity of the sodium heat-up time in the Fast Flux Test Facility 

to the time the heat sink is lost after shutdown was examined in Reference 12. 

Renormalizing the data presented in Reference 12 to the CRBR implies that

7
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Figure 1. Temperature response assuming an adiabatic 
primary sodium heat transport system.
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(under the adiabatic primary circuit assumption) the bulk of the primary sodium 

would reach saturation at decay power levels between 1.3% and 0.9% of full power. 

The post-dryout heat-up calculations presented here are therefore based on a 

nominal decay power level of 1% of full power. The sensitivity of the meltdown 

to variations in the decay power level after dryout was considered in Reference

8 using the ALOHA code.
2.1.2 Post-Dryout Heat-up Phase

Initially, it was necessary to select a representative subassembly con­

figuration to simplify the heat transfer calculations. Since the relative 

movement between fuel and control assemblies is of particular interest, the 

configuration shown in Figure 2 was selected as representative of the proposed 

CRBR core design. Other regions were examined (i.e., the radial blanket) but 

the heat-up times were found to be an order of magnitude slower than for the 

active core. The subassembly array consists of a control assembly surrounded 

by six average fuel assemblies. Heat transfer between adjacent fuel assemblies 

was considered only as far as the intersubassembly sodium (see Figure 2), and 

then only during the convective and boiling regimes. It was assumed, after 

dryout of the intersubassembly sodium, that adjacent fuel assembly duct walls 

were at the same temperature so that there was no net transfer of thermal 

radiation. However, heat transfer into the control assembly was considered 

during all stages of the accident. It was also assumed that radial heat 

transfer would be dominant, and thus axial heat transfer along fuel pins was 

neglected.
The application of the heat capacity approach begins with the assumption 

of sustained dryout in the fuel assemblies so that only the subsequent heating 

of the fuel pins and the heat transfer to the adjacent control assemblies must 

be considered. If the heat transfer is also assumed symmetrical about each of 

the six surfaces of the central control assembly (Figure 2), then the simple 

average pin nodalization shown in Figure 3 can be used.

9



INTERSUBASSEMBLY SODIUM

Figure 2. Seven subassembly array model.

FUEL
ASSEMBLY

CONTROL
ASSEMBLY

RADIAL NODES

Figure 3. Nodalization scheme.
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A time-dependent energy equation can be written for the fuel pins in terms

of the internal decay heat and heat lost by radiation Q^, which describes 

heating of the pins up to the point of clad melting:

Cmf cpF + mfc CppC) 9tF qINT - qR (2.1)

The above equation neglects convective heat transfer from the fuel pins 

to the sodium vapor. This assumption is reasonable at the low vapor velocities 

experienced in this investigation. The radiation heat loss qR is based on 

a steady-state analysis of radiative heat transfer from the fuel pins of a
(14)voided subassembly to a cool able duct wall, which was reported by Chan et al. . 

The radiative heat transfer model is discussed in detail in Section 2.1.3. The 

lumped heat capacity model (Equation 2.1) neglects heat transfer between the 

fuel and the cladding. This implies that the fuel pellet temperature is equal 

to the cladding temperature, which for very slow transients is a reasonable 

assumption. Equation 2.1 is solved in a stepwise manner by applying the follow­

ing approximate equation at each time step:

At (qtmt - qR)Tp (t + At) = Tp (t) + -rn Q + M 0 r h I- Ulp Lpp + ripC CpFCJ
(2.2)

For a given temperature difference between fuel and duct wall at the 

beginning of a time step, a thermal radiative heat loss qR is calculated and 

subtracted from the fuel decay heat, q^y The difference is then used to 

calculate the temperature rise over the next time step.

When the cladding reaches its melting point, the difference between 

fuel decay heat and the thermal radiative heat loss is assumed to go to

11



melting the steel. The amount of steel melted in any time step At is therefore 

given by the following approximate equation:

AM CQ INI - V
FC At

VFC
(2.3)

After all of the clad has been melted and relocated, the exposed fuel 

pellets are then free to heat-up and the temperature rise is predicted by the 

following approximate expression:

Tf (t + At) = TF (t) + (QI[s|T - Qr) (2.4)

The radiative heat transfer from the fuel to the duct wall will boil- 

off the intersubassembly sodium (during this period the fuel duct is assumed 

to be isothermal with the intersubassembly sodium at the latter's saturation 

temperature). The sodium boil-off rate is given by:

3MB0IL-_qR /ocx
—(2-5>

After dryout of the intersubassembly sodium, the fuel duct wall is 

free to heat-up and the temperature rise can be predicted by the following 

approximate expression:

TPD ^ + At) = TFD ^ + MpDACppD " Qr) (2'6^

After dryout of the intersubassembly sodium, the heat exchange between 

the fuel assembly duct wall and the control assembly duct wall is based on

12



radiative heat transfer between parallel flat plates assuming the emissivity
(14)of the stainless-steel duct wall to be 0.7 as suggested by Chan et al. '

It is recognized that the emissivity of the duct walls vary with temperature 

and surface conditions, however, such variations were found not to strongly 

influence the overall accident progression. Heat transfer, by thermal radi­

ation between the fuel and control assembly duct wall, occurs for a relatively 

short period 5 minutes) and is small compared with thermal heat transfer 

directly from the fuel pins. Variations in the assumed emissivity of the 

steel does not therefore significantly alter our estimate of the post-dryout, 

heat-up phase presented in Section 4.1.1.

When the fuel assembly duct wall reaches its melting point, all of the 

heat remaining in the duct wall is assumed to melt the steel. The amount of 

steel melted at any time At is therefore given by the following approximate 

equation:

(2.7). u afd

After meltdown of the fuel assembly duct wall, the radiative heat loss 

of the fuel pins Qp is transferred directly to the control assembly duct wall.

Initially, all of the radiative heat transfer to the control assembly duct wall 

is assumed to boil the sodium in the control assembly. If the fuel assembly 

duct wall remains intact, then the sodium boil-off rate in the control assembly 

is given by:

9MB0IL = 
at h.p (2.8)

However, if the fuel assembly duct wall has melted, then the sodium 

boil-off rate in the control assembly is given by Equation 2.5.

13



After dryout of the control assembly sodium, the control assembly duct 

wall is free to heat-up and the equation for the temperature rise depends on 

whether or not the fuel assembly duct wall has melted:

With intact fuel assembly duct wall:

TCD ^ + At^ TCD ^ + M 4— CQi - Qn)
CD PCD K

(2.9)

Here Q" is the radiative heat exchange between the control duct wall and the 

control pins.

With melted fuel assembly duct wall:

tcd (t * st) ' tcd (t> + 4— (t)R - QS)
TD LPCD K K

(2.10)

After meltdown of the control assembly duct wall, the radiative heat 

loss from the fuel pins is transferred directly to the control pins.

When the control assembly duct wall reaches its melting point, all of the 

heat remaining in the duct wall is assumed to melt the steel. The amount 

of steel melted at any time step At is given by:

(Qr - QS>
xCD at (2-n)

After dryout of the control assembly sodium, the control pins are free 

to heat-up and the equation for the temperature rise of the pins depends on 

whether or not the control assembly duct wall has melted:

With an intact control assembly duct wall:

Tc U + At) = Tc (t) + IMCC Cpcc t\ Cpc) (2-,2)
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With a melted control assembly duct wall:

(2.13)

When the control pin cladding reaches its melting point, all of the 

radiative heat transfer to the pins is assumed to melt the steel. The 

amount of steel melted at any time step At is given by:

(2.14)AMCC At

After all the control pin clad has melted and relocated, the exposed 

absorber material is then free to heat-up and the temperature rise is given 

by:

(2.15)

Melting of the fuel and absorber material is predicted to occur at 

approximately the same time (Section 4.1). The meltdown of the fuel can be 

predicted using an equation similar to Equation 2.3 with the appropriate 

latent heat of fusion, whereas the meltdown of the absorber material can be 

predicted by Equation 2.14, also with the appropriate latent heat of fusion.

The direct radiation heat transfer between the fuel and absorber pins depends 

on the relative meltdown position of the two materials.

The heat capacity approach discussed above is simple to apply, however, 

as extensive computations were required, a simple computer code, LOHS, was 

developed to solve the set of equations. A flow diagram for the code is shown 

in Figure 4. The flow diagram is self-explanatory and the heat-up calculations 

are carried out in the main part of LOHS. The subroutine, INPUT, allows the

15



Figure 4. Flow diagram for LOHS.
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user to specify the number of axial nodes and subroutine, SHAPE, calculates 

the axial nodal power profile. The heat-up computations described above 

cannot account for material relocation during meltdown, so that a relocation 

model was developed (also based on a heat capacity approach). The relocation 

model is discussed in Section 2.2 and was coupled to the LOHS code through the 

subroutine, RLOCATE.

2.1.3 Subassembly Thermal Radiation

After clad dryout occurs in the fuel assemblies, thermal radiation becomes

a dominant heat transfer mechanism. A steady-state analysis of radiative heat

transfer from the fuel pins of a voided subassembly to a coolable duct wall has
(14)been reported by Chan et al. . The surface-to-surface radiative exchange 

among pins was analyzed by exact Ring-to-Ring and Pin-to-Pin models and by an 

approximate cylindrical Ring-to-Ring model. Good agreement was obtained between 

the models for the steady-state case of equal power generation in each pin with 

a uniform duct wall temperature.

The situation is rather more complicated in the present analysis due to 

the transient nature of the radiative exchange. Immediately after dryout in the 

fuel assembly, the fuel pin temperature will be close to the duct wall tempera­

ture, resulting in negligible thermal radiation. However, as the fuel pins 

heat-up after clad dryout, the duct wall will remain, for a time, coolable due 

to the presence of intersubassembly sodium. The increased temperature difference 

results in significant thermal radiation. After dryout of the intersubassembly 

sodium, the temperature of the fuel duct wall is then free to rise. This will 

continue until the cladding begins to melt. The cladding will melt at constant 

temperature but the duct wall temperature is free to rise. After the cladding

17



melts, the fuel will continue to heat-up as will the duct wall until it in turn 

begins to melt. Melting of the duct wall is also at constant temperature. The 

process then continues into the control assembly.

Clearly, a radiative heat transfer problem of this complexity requires 

simplification before it can be analyzed as a part of the present accident 

scenario. If the simplest of Chan's steady-state models is selected, then the 

hexagonal rings of pins in a fuel subassembly are represented by annular rings, 

each with a volume equivalent to that of the pins in the respective ring. Chan 

et al.^^ assume that each surface is black (i.e., emissivity of unity) and 

sees only one other black surface besides itself. With these assumptions,

Chan relates the thermal radiative heat flux qR to the maximum fuel pin tempera­

ture Tp and duct-wall temperature IpD through the following equation:

N-l

It may be noted that the expression 1 + 3i(i-l) in the above equation is 

simply the total number of pins contained inside and including ring i. N is the 

total number of rings considered and 6 equals the pitch of the rings divided by 

a fuel pin radius. The temperatures of the intermediate fuel pin rings can be 

obtained from generalized forms of the above equation.

The heat lost by radiation QR from the fuel pins to the duct wall can be 

related to the thermal radiative heat flux qR through the following equation:

QR = AqR = aAK (Tp - tJd) (2.17)

N-l
in which K = 1/

(K = 1/50.39 for CRBR)
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Equation 2.16, which is expressed in terms of the maximum fuel tempera­

ture, implies a temperature gradient across the assembly. The generalized 

form of Equation 2.16 can be used at any time step to obtain the temperature 

gradient between central and outer fuel rings. The temperature gradient 

across the fuel rings can be related to an average temperature pin, which

can in turn be related to the average pin model used in the LOHS code. In a
(81previous BNL report' , it was found that the temperature gradient across the 

assembly results in meltdown of the cladding on the central fuel pins well 

before the outer rings reach the steel melt temperature. An assessment was 

made of the effect of such incoherency on the overall accident progression 

and it was determined that all of the steel will be melted from the core 

region before either the fuel or absorber material reach their respective 

melt temperature. The meltdown progression reported in Section 4.1.1, which 

is based on the average pin model, is therefore qualitatively correct.

2.2 Clad and Duct Wall Relocation

Clad will eventually melt at about 5 minutes after dryout, assuming the 

reactor to be at 1% of full power. The fuel and control assembly duct walls 

are predicted to melt after several more minutes. The relocation of the 

molten clad is of particular interest and has been addressed in many publica­

tions. It is of particular importance to estimate the preferred direction 

of relocation. The potential exists for sodium vapor to cause upward relo­

cation of cladding. The sodium vapor velocity can be estimated from a simple 

energy balance written for the void:

u v
q ah

pv hfg Af
(2.18)
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in which q is the heat flux over the heated area AH and is the flow area

of the coolant channel. The above expression predicts a vapor velocity of

approximately 10 m/sec at 1% decay power level, which is below the suggested
nc\

critical flooding velocity for clad and sodium vapor^ . This implies, for 

\% decay power levels, that only downward relocation clad must be considered. 

Again, because of the long transient times involved, it was necessary to 

simplify the modeling for this assessment. The model developed is nonmecha- 

nistic and is illustrated in Table I. At each time step the generalized heat 

balance is applied at each axial node. If the node is at a temperature T.
J

below the melt temperature (nodes 4 and 5, Table I), then a new nodal tempera­

ture T'. is determined. If, however, a node is at the melt temperature (nodes
J

2 and 3) then the nodal temperature is held constant and the heat remaining 

in the node is used to melt a fraction of the clad. These calculations are 

carried out in the main part of the LOHS program. The RLOCATE subroutine 

simply takes the quantity of clad melted at any given node and relocates it 

into the node immediately below. The procedure continues until molten material 

is relocated into a node (.node 1), which is below the melt temperature. Under 

these circumstances, an instantaneous energy balance is carried out and some 

solidification of the molten material occurs. If the heat necessary to raise 

the node to the melt temperature, C • (T - T'.) is greater than the avail- 

able latent heat of the molten material XAMj+-], then all the molten material 

solidifies and a new nodal temperature is calculated:

r M.iCP.iT.i + AM.i+l ^ + TmCP.i+l) 

J’ Mj Cpj + AMj+l Cp3+1 (2.

This temperature will be higher than the temperature Tl calculated in the maino
part of the LOHS code, because of the heat released by the solidifying clad.

19)
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Table 1
Melting and Freezing Relocation Model

AXIALNODES
TEMPERATUREAT STARTOF TIME STEP

MELTDOWNDURING TIME
STEP

RELOCATION ATEND OF TIMESTEP
CCNOITIONS AT THESTART OF THE NEXTTIME STEP

5

NO MELTING, HENCE

TEMP RISE CALC

*T5

NO RELOCATION
INTO THIS NODE

NEW NODAL TEMP:
Ij = Tj + ATj
SOLID MASS:
HS ' M5

4 VTm

NO MELTING, HENCE

TEMP RISE CALC

4T4

NO RELOCATION
INTO THIS NODE

NEW NODAL TEMP:
T4 = T4 + 4T4

SOLID MASS:
M4 ■ M4

3 T3 = Tm

MELT FRACTION 
CALCULATED
4M3

NO RELOCATION
INTO THIS NODE

NEW NODAL TEMP:
T3 = Tm
SOLID MASS:
M3 * M3-4M3

2 T? ’ Tm^ m

MELT FRACTION CALCULATED

AM2

MASS RELOCATION

4M3

NEW NODAL TEMP:
T2 * Tm
SOLID MASS:
Mj = M2-AM2

^ LIQUID MASS: 
am3

1 Ti * TmJ m

NO MELTING, HENCE

TEMP RISE CALC

AT,

(T] - T^aT,)

\ /
MASS RELOCATION

am2

IF X AM2<M1Cp(Tm-T1)

NEW NODAL TEMP: T,1'
(Tn>Tr'>Ti)

SOLID MASS: 
yT Mj = M1+AM2

LIQUID MASS IS ZERO

IFAAM2> M^pd^T,)

NEW NOOAL TEMP: T, "

fTl" ■ TJ

. SOLID MASS:
M] = Mi+S1M2

^ LIOUID MASS:
"2-5^2
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I

If, however, Mj Cpj (Tm - Tj) <A MJ+i' then the node temperature is putPJ
equal to the melt temperature and a fractional solidification S. is computed:

sj

m. c. ci - inS = J PJ m jy
J ^Mj+1 (2.20)

The material remaining in the molten state is then obtained simply by computing 

the difference. The procedure is repeated for subsequent time steps and an 

inventory of the molten and solidified material is maintained. However, a 

check must be made at each time step on any buildup of material within a node.

A simple criterion is used to determine when plugging occurs. As mentioned 

previously, the relocation model is coupled to the main LOHS program through 

the subroutine RLOCATE and a flow diagram of RLOCATE is included in Figure 5. 

This model was applied only to clad or duct wall relocation. A discussion of 

premelt relocation of both the fuel and absorber material is included in 

Section 3. The application of the simple model described above to material 

melting, relocation and freezing is open to question. In particular, the 

computational procedure is such that the effective relocation speed can be 

varied simply by varying the axial node size or the magnitude of the time 

step. A rough estimate of the relocation velocity can be obtained by consid­

ering the clad to fall under the influences of gravity and the shear stress 

between the molten and solid cladding. In this case, velocities on the order 

of 0.3 m/sec are predicted. In order to assess the impact of the relocation 

speed on the time to plugging, a range of speeds was considered by using
(91various combinations of node size and time step in a previous BNL report' .

The results of the sensitivity study indicated that, provided the node size 

and time step are sufficiently small, the time to and the position of the 

plug are relatively insensitive to relocation speed.
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XLATENT<XSENS.

XMS(J)<0,

PLUGGING 
CRITERION 
\ MET/

PUT XMS(J)=0

RETURN TO MAIN

CALC. SOLID 
CLAD: XMS(J)

PUT NODAL TEMP' 
TL(J) =2600

PUT LIQUID CLAD: 
XML(J) = 0

CALC. NEW NODAL 
TEMP-TL(J)

XM(J)=XMS(J)
T(J)=TL(J)

XMML(J,t)=XML(J)

SETS ADJACENT 
RADIAL NODES TO 

NEW TEMP.

ENERGY BALANCE 
CALC. NEW XMS(J) 
TL(J), XML(J)

CALC. HEAT CAPACITY 
OF NODE(Tm-T(J)): 

XSENS(J)

CALC. HEAT CAPACITY 
OF MOLTEN CLAD 

XLATENT(J + I)

CALC. SOLID CLAD: 
XMS(J)

CALC. SOLID CLAD: 
XMS(J)

CALCULATE
SOLIDIFICATION:

S(J)

CALC. PARTIAL 
SOLIDIFICATION 

S(J)

CALLED FROM MAIN WITH ARGUMENT LIST: 
T(J): TEMPERATURE 

XM(J) : SOLID MASS 
XML(J) : LIQUID MASS

XMML(J,t) : MOLTEN STEEL PREVIOUS TIME STEP

Figure 5. Flow diagram for subroutine RLOCATE.
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2.3 Recriticality Analysis: Calculational Technique

The calculational technique used in this analysis is the same as that used 

in determining the base case configuration^*^. Briefly, this procedure is 

based on ENDF/B-IV nuclear data and one- and two-dimensional spatial calcula­

tions. A 50-group^^ microscopic cross-section library, which is based on 

ENDF/B-IV and processed by the MINX^^ code, is used as a starting point

for the nuclear data. The data in this form is further processed by the CINX 
(19)codev ' to make its format compatible with the one-dimensional diffusion 

theory code 1-DX^0^. The 1-DX code is used to collapse the 50-group 

structure to a 9-group macroscopic cross-section library. In constructing 

this group structure, an effort was made to confine the threshold reactions 

primarily to the first macroscopic group, with a small contribution in the 

second group. Furthermore, the resonance in sodium at approximately 2.85 

kev is confined to group 6.

The one-dimensional calculations are carried out either for single zones

or for combinations of adjoining zones. In this way, the spectral shifts that

occur across zone boundaries can be accounted for in preparing the collapsed

cross-section sets. Two-dimensional calculations were carried out in trans-
(21 22)port theory using R-Z geometry. The TWOTRAN^ ’ ' code was used for these

calculations together with the 9-group library prepared by the methods out­

lined above.
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3. CONTROL AND FUEL ASSEMBLIES PREMELT FAILURES

During a loss-of-heat-sink accident, gases in the fuel and control rod 

gas plena can be heated and pressurized. This gas pressurization could break 

the cladding wall and release gases into the coolant channels. The possible 

timing for cladding rupture is assessed in Section 3.1. The effect of gas 

release from the gas plenum is evaluated in Section 3.2.

The relocation of fuel and control materials could have a strong effect 

on the recriticality assessment. Events which may result in fuel and control 

material relocations are discussed in Sections 3.3 and 3.4. These events 

include loss of fuel strength, toppling, and control material fragmentation.

3.1 Gas Plenum Depressurization

3.1.1 Control Assemblies

The reaction of neutrons with the control material results in the 

production of Helium gas in the matrix of the absorber. The axial dependence 

of the burn-up profile is obtained from Reference 23. The amount of Helium 

gas released to the gas plenum during normal operation can be determined by:

(3.1)

where j: jth axial section of the absorber column

R: radius of absorbed column

(aZ) length of the jth section
J

(C).: neutron captures in the jth section
J

(RL)-: fractional gas release in the jth section.
J

In Equation 3.1, both (C). and (_RL). are dependent on the withdrawal
J V

history of the control rods during normal operation. For control rods of 

the first equilibrium cycle core, (C) . can be determined from Figure 6;
J
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1.32 -0.032

(RL). can be determined from the following^):
J

(i?cf) j + 5-9x10"4

).18)

(RL). = A. 
J J (3.2)

where A. = 18.9 exp 8990

[r. + 460,
. o

+ 0.37 exp (-0.
8 I. - 1308\ 2 

J.
100

-)

= average temperature (°C) of the jth section
J

By using Equations 3.1 and 3.2, the amount of gas released to the gas 

plenum can be determined for control rods of the first equilibrium cycle.

During the loss-of-heat-sink accident, pressure in the gas plenum 

increases with increasing temperature. It is evaluated that, for rods of 

the central and Row 7 flat control assemblies of the first equilibrium cycle 

core, the gas pressure in the gas plenum can be large enough to break the 

clad wall before boiling of the coolant in the control assembly. For rods 

of Row 4 and Row 7 corner assemblies, the clad wall failure can occur during 

or somewhat before bulk boiling of the coolant.

3.1.2 Fuel Assemblies

The amount of gas released to the gas plenum of fuel pins depends on 

operating conditions, (i.e., linear power and burnup). It is evaluated in 

Reference 25 that, for high linear power pins with higher burnup ('v 8% at.), 

the pressure in the gas plenum is around 4.83x10 KN/m (700 psi). With this 

pressure in the gas plenum, it can be shown by using the perfect gas law, that 

the cladding can be ruptured during or before the coolant boils in the fuel 

assembly.
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3.2 Early Gas Release from Gas Plenum

Since the cladding may be ruptured by the plenum pressure during or before 

the coolant bulk boiling phase occurs, the pressurized plenum gas may thus 

be released and void the coolant channels. The importance of the heat transfer 

variations, due to the coolant channel voiding during this gas release process, 

was considered previously in Reference 8. It was determined that the gas 

release could not cause voiding for a long enough time to have a significant 

effect on the heat transfer pattern in the coolant channels.

3.3 Fuel Material Collapse

3.3.1 Fuel Strength Assessment

The purpose of the calculation in this section is to evaluate the possibility 

of fuel slumping under compression caused by the weight of the above-core 

fuel assembly structure. The weight of the above-core structure could be 

transmitted to the fuel columns either through the springs in the upper 

plenum, or directly by the solid clad if the fuel-clad gap is closed.

According to Byron's compression experiment/^ the yield stress of 

uranium dioxide drops with increasing temperature (Figures 7 and 8). As the 

temperature approaches 2273 K, the yield stress drops sharply - it is about 

5.86x10^ KN/n/ (8.5 ksi) at 2073 K and only about 1.03x10^ KN/n/ (1.5 ksi) at

2273 K. The material loses its strength quickly around this temperature.
(271This result is consistent with Bard's results'- ' (Figure 8) where the material 

strength (represented by Young's Modulus) drops sharply at a temperature also 

near 2273 K.

As the fuel temperature increases, the high temperature creep can soften 

the fuel material and significant plastic deformation can be induced.
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have measured the compressive creep behavior of the fuelBohaboy et al.

and an empirical equation has been reported to describe strain rates for 

temperatures up to 2023 K. The general form of the equation is:

e = Aa exp (-Q^RT) + Ba4,5 exp (-Q2/RT) (3.3)

where e = creep rate/hour

A = 6.707x107/(-87.7 + D) G2

B = 9.488x10"4/(-90.50 + D)

?
a = compressive loading, KN/m 

R = 1.986 Cal/mole/K 

T = temperature, K

D = % of theoretical density (92 to 98)

G = grain size, microns (4 to 35)

Q1 = 3.768xl05 J/mole

Q2 = 5.527xl05 J/mole

In Slagle's work^28^, this equation was extrapolated to 2773 K for com­

parison with high temperature experimental data. The comparison is shown in 

Figure 9. The calculated values (by Equation 3.3) are in excellent agreement 

with the measured values. Equation 3.3 can thus be used with confidence to 

determine fuel creep rates under high temperature conditions.
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When the weight of fuel and other structures in the fuel rod (such as 

the cladding, end cap, gas tag capsule, spring in gas plenum and wire wrap) are 

taken into account and assumed to be exerted on the fuel column, it is cal­

culated that, at the core midplane, the pressure on the fuel column is about 
2

158.6 KN/m (23 psi). At the bottom of the fuel column, this pressure is 

about 206.9 KN/m^ (30 psi).

If we further assume that the irradiation-induced material swelling closes 

the clearance between fuel rods and the subassembly duct walls, then the weight 

of subassembly structures is also supported by the fuel columns after a 

partial meltdown of the duct wall. In this case, the pressure on the fuel 

columns would be about 379.2 KN/m (55 psi) at the core midplane, and about

448.2 KN/rn^ (65 psi) at the bottom of the core.

These calculated pressures are obviously much smaller than the yield 

stress of the fuel material at temperatures below 2273 K. This indicates that 

the fuel column is not likely to slump (due to plastic deformation) under these 

loads at temperatures below 2273 K.

At temperatures higher than 2273 K, fuel slumping is assessed with creep 

rates determined by Equation 3.3. By using the calculated heating rate of the 

fuel during the loss-of-heat-sink accident that is presented in Section 4, the 

change of the fuel length, due to creep under compressive loading is calculated. 

The result is shown in Figure 10. Due to the loading by subassembly structures 

and fuel rod structures on fuel columns, the rate of fuel slumping is 

slow when the temperature is below 2673 K. Although this slumping rate 

increases above 2673 K, the calculated distance of slumping is only about 

7.5 mm at 2973 K. This corresponds to a change of fuel column length of 0.8% 

which would not result in significant reactivity insertion (See Section 4.3).
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3.3.2 Toppling Effect

After cladding meltdown, fuel columns lose their radial constraints. The 

void fraction in the active core region above the molten steel level increases 

from the originally designed value of 0.42 to about 0.65, due to the removal 

of steel structures. This enlarged voiding fraction enhances the likelihood of 

fuel pellet relocation due to toppling. Furthermore, under this circumstance, 

there are more than 39000 exposed fuel pellets piled into 217 columns in one 

fuel assembly. The possibility for solid fuel pellets to be relocated, due 

to toppling after cladding meltdown, cannot be ruled out without an assessment 

of destabilizing stochastic forces on the fuel pellet columns. For example, as 

shown in Figure 11, the diameter of these exposed fuel pellets (D = 4.9 mm) is 

only about double of the distance Ca = 2.3 mm) between pellets on a line 

connecting original pellet centers. Movement of certain portions of only two 

fuel columns in one direction may allow an adjacent third column to collapse 

due to toppling (as illustrated in Figure 11). Other combinations of lateral 

and rotational motion of pellets could also cause the columns to topple.

If the duct wall melts down before the fuel columns collapse, additional 

constraints are lost and the possibility of fuel collapse, due to toppling, 

is further increased. Thus, possible scenarios of more condensed solid fuel 

configurations should be considered for recriticality assessment even though 

the fuel temperature (during this period of time) is still not high enough to 

allow for fuel slumping.

3.4 Control Material Fragmentation

Because of the relatively low temperature and temperature gradient in the
(24)control rod, the gas bubbles in the control material are small.' During 

the loss-of-heat-sink accident, these gas bubbles can be heated-up and
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pressurized. It was assessed from the data in Reference 24, that for a
10 0 control rod at 3% B burnup, the average bubble size could be about 1200 A and

11 3the bubble concentration could be about 0.5x10 bubbles/mm . By using these 

estimated numbers, the moles of gas atoms trapped in the bubble and the 

resulting pressure can be calculated. It is assessed that, before the material 

melts, the bubble pressure could be higher than the fracture stress of the 

control material. It is thus believed that it is possible that control material 

fragmentation will occur, due to the gas bubble pressurization, before the 

material melts.
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41 ACCIDENT SEQUENCES AND RESULTS

The previous sections contain the models developed to describe the heat-up, 

meltdown, premelt failure and recriticality potential of the fuel and absorber 

pins within the voided core region. In this section, the results of our 

analysis are presented. In Section 4.1, the heat-up, meltdown, and relocation 

of the steel from the voided core region is considered. As the steel is 

removed from the core region, the potential for premelt relocation of the fuel 

or absorber material is assessed in Section 4.2. A number of nonmechanistic 

relocation configurations were assumed at various stages of steel meltdown.

The configurations were chosen to envelop all plausible collapsing core 

scenarios. These configurations form the basis of the recriticality assess­

ment presented in Section 4.3.

4.1 Accident Sequences

The LOHS code was developed to describe the heat-up of the core and the 

relocation of molten steel. Initially, the LOHS code was run without consider­

ing steel relocation so that the post-dryout heat-up phase could be described 

without the complication of material relocation. The results are presented in 

Section 4.1.1. The LOHS code was then run with steel relocation (Section 4.1.2) 

to determine if a steel plug could be formed as a result of clad melting, relo­

cation, and refreezing. The position and extent of the steel plug affects 

subsequent fuel motion (Section 4.2) and has an impact on the potential for 

recriticality (Section 4.3).

4.1.1 Post-Dryout, Heat-up Phase

The meltdown progression was assessed using the LOHS code without consider­

ing material relocation (i.e., with the RLOCATE subroutine decoupled). The
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results for the central axial node are presented in Figure 12, and may be 

compared with the simple hand calculations reported previously in Reference 8. 

Differences between the event times reported in Reference 8, and the data in 

Figure 12, is due to more realistic heat transfer modeling and the use of a 

computer code (LOHS) in the present assessment.

The data presented in Figure 12 indicates that all of the steel will be 

melted from the core region, substantially, before either the fuel or absorber 

material reaches their respective melt temperatures. Under these circumstances, 

with all of the steel support structure removed from the core region, the 

potential for premelt relocation of either the fuel or the absorber material 

must be considered (Section 3).

4.1.2 Clad and Duct Wall Relocation

The RLOCATE subroutine was coupled to the LOHS code, and the steel melt­

down and relocation from the voided core region was predicted for a decay 

power level of 1% of full power. The sensitivity of the relocation model to 

axial node size and time step was reported in Reference 9, and it was deter­

mined that for an axial nodal structure greater than 60 nodes, and for time 

steps less than 0.1 seconds, the time to plug and the position of the plug 

were relatively insensitive to further changes in these two input parameters. 

Based on this sensitivity study, 64 axial nodes were selected together with a 

time step of 0.1 seconds. This corresponds to an effective relocation speed 

for the molten steel of 0.25 m/s. The event times, based on the above node 

and time step size are summarized in Table II.

It may be seen in Table II that meltdown of the fuel assembly clad begins

9.4 minutes after dryout and the first steel plug is formed at the bottom of 

the axial blanket after 13.4 minutes. The steel melting from the core region
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Table II
Clad and Duct Wall Relocation Positions 

and Times to Plug

Material Melting
Start of Melt First Plug

Formed
*

Node Time
Seconds
(Minutes)

Node Time
Seconds
(Minutes)

Fuel Clad 32 564 1 802
(9.4) (13.4)

Fuel Duct Wall 32 768 1 839
(12.8) (14.0)

Control Duct Wall 32 923 1 951
(15.4) 05.9)

Control Clad 32 1089 24 1106
(18.2) 08.4)

There are 64 nodes through the active core and the axial regions. 
Node 1 is at the bottom of the lower axial blanket.
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eventually builds-up the plug in the fuel assembly over the whole of the blanket 

region. Melting of the fuel assembly duct wall occurs 12.8 minutes after 

dryout. The duct relocates into the intersubassembly gap and causes a plug 

at the elevation of the lower axial blanket. The control assembly begins 

melting 15.4 minutes after dryout and forms a plug between the intact duct 

wall and the first row of the control pins at the elevation of the lower axial 

blanket. Finally, melting of the control assembly clad is predicted to occur

18.2 minutes after dryout. The lower gas plenum region of the control assembly 

is protected against heat transfer by the steel plugs formed from fuel clad 

and duct wall meltdown. As the temperatures in the lower gas plenum region

of the control assembly are relatively low and the void fraction in which 

the molten clad can relocate is limited, the first steel plug is predicted 

to occur in the lower region of the absorber material. Subsequent molten 

steel relocation and heat exchange gradually cause the control cladding to 

settle in a configuration similar to the fuel assembly. The recriticality 

assessments (Section 4.3) are based on this steel meltdown configuration.

4.2 Possible Scenarios of Core Reconfiguration

In Sections 4.1 and 3, the time sequence of core meltdown progression and 

high temperature properties of fuel and absorber materials have been assessed. 

According to these assessments, accident progression has been addressed as shown 

in Figure 13.

As shown in Figures 12 and 13, at about 14 minutes after the saturation 

temperature is reached, the clad and duct wall in the fuel assembly are melted 

down, while those in the control assembly are intact. Around this time, the fuel 

temperature is about 2200 K. According to the assessment in Section 3.1, this
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fuel temperature is not high enough to allow fuel slumping, due to possible 

loading of upper structures on fuel columns. But, because fuel columns lose 

radial constraint after cladding and/or duct wall meltdown, fuel material may 

be reconfigured due to toppling. As shown in Figure 13, three cases (namely: 

Cases A, B, and C) include possible fuel reconfiguration at different stages 

of the core meltdown process. The duct wall of the fuel assembly is assumed 

either to be intact, in the process of melting, or refrozen as a plug in the 

lower blanket for these cases, respectively. Evaluations of reactivity 

insertions for these cases are presented in Section 4.3. A brief description 

of Cases A, B, and C is shown in Table III.

After the melting of the duct wall in the control assembly, there are more 

than five minutes before the melting of fuel and absorber materials (Figure 12)./ 

As discussed in Section 4.1, during this time-period, stainless steel plugs are 

formed in the lower gas plenum region of the control assembly. After the 

melting of cladding in the control assembly, the control material may be 

relocated due to toppling. In high burnup control assemblies, the control 

material has a significant potential to fragment (See Section 3.2) and can thus 

relocate more extensively. Because the relocation of control material occurs, 

in general, after meltdown of the cladding and duct wall, and the density of 

control material is about one-third (1/3) of molten stainless steel, the bulk 

of the relocated control material will rest on top of the relocated stainless 

steel.

After the meltdown of cladding in the control assembly, the fuel tempera­

ture is rather high. At about one minute before the start of fuel melting, 

the fuel temperature is within 100 K of its melting temperature. During this

- 43 -



Tgble III

List of Cases for Recriticality Calculations

FUEL ASSEMBLY CONTROL ASSEMBLY

CASE A
SODIUM DRYOUL
CLADDING MELTDOWN,
FUEL COLLAPSE

INTACT

CASE B
CASE A WITH DUCT WALL 
MOLTEN AND SLUMPED
ALONG WITH FUEL

INTACT

CASE C
CASE A WITH DUCT WALL 
STEEL RELOCATED AS
PLUG BELOW CORE

INTACT

CASE D
AS IN CASE C BUT WITH­
OUT FUEL COLLAPSE

CLADDING & DUCT WALL 
MELTDOWN, B^C COLLAPSE

CASE E
CASE D WITH FUEL
COLLAPSE

CASE D WITH A B^C 
COLLAPSE OF 0.2m

CASE F
CASE D WITH FUEL
COLLAPSE

CASE D WITH A B^C 
COLLAPSE OF 0.3m
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time-period, as discussed in Section 3.1, the fuel column can be reconfigured, 

not only by toppling, but also by slumping due to possible loading by upper 

structures.

Thus, after mel'tdown of the duct wall in control assemblies, fuel and 

control materials may move together or sequentially (Figure 13). Combinations 

of their movements result in reactivity changes. Parametric cases (Cases D, E, 

and F) for the recriticality study with different combinations of material 

relocations, are described briefly in Table III.

As we can see in Figure 13, fuel and control materials will melt even if 

recriticality is not attained. Results calculated for Cases D, E, and F are 

also valid recriticality assessments for fuel and/or control material reloca­

tions due to melting (prior to any direct mixing of fuel and control materials).

4.3 Potential for Recriticality

4.3.1 Configurations Analyzed

The possibility of a recriticality following a loss-of-heat-sink accident 

is dependent on the sequence of events after the fuel material starts collapsing 

At the point in time when the fuel material starts collapsing, it is assumed 

that the core is voided of sodium; most, or all of the steel is removed from 

the core and the control rods are fully inserted. The steel forms a plug in the 

lower axial blanket and core. This configuration is subcritical, since the nega 

tive reactivity effects, due to the control rods, Doppler feedback, and axial 

expansion are larger than the positive reactivity effects due to sodium and 

steel removal. If at this point the material collapses without mixing, a point 

will be reached when a critical configuration will be achieved. This assumed 

mode of collapsing is conservative since the upper axial blanket material 

might mix with the remaining core material, thus making recriticality less
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likely. In all the scenarios considered in these calculations, no mixing of 

fuel or absorber materials across boundaries between adjoining regions was 

considered. Additionally, it was assumed that all fuel and absorber material 

motions are axial.

The core configuration considered as the starting point for the accident 

is assumed to be a beginning-of-life core^"*^. This is a conservative start­

ing point for the currently proposed accident sequence, since no fission 

products are accounted for. Three different geometric configurations were 

considered and they are illustrated in Figures 14-16. The first two scenarios 

(Cases C and B) are similar, their only difference being the mass of steel 

remaining in the core and the size of the steel plug. The third scenario 

(Case D) involves the collapse of control rods prior to the collapse of fuel. 

In addition to the above three scenarios, scenarios which are combinations of 

fuel and control material slumping were also analyzed. Finally, a scenario 

(Case A) was considered which is a slight modification of the one shown in 

Figure 15; in this case, the subassembly duct walls are assumed to remain 

intact during fuel collapse. This implies that the amount of steel within the 

compacting core is reduced in comparison to the Case B scenario.

Figure 14 is an illustration of the Case C scenario. Materials 1 and 2 

are the axial and radial blankets, respectively, material 4 is the inserted 

central control rod, and material 11 represents the inserted control rods in 

the upper axial blanket. These materials are unchanged from the base case 

and are thus carried over directly from it. Materials 3, 5 and 7 are portions 

of the lower axial (blanket, the inner core and the outer core, respectively, 

with all the sodium removed and replaced by steel. This steel represents the
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Figure 16. Scenario D (indicated distances in 
millimeters).
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steel plug which forms in the lower axial blanket and core. Material 6 repre­

sents the control rod rings which are fully inserted and is a mixture of 

materials 4 and 5. Materials 8 and 10 are the inner and outer core fuel, 

respectively. There is no sodium or steel present in this mixture, and there 

is no cross-mixing between the inner and outer core.

The height Z is varied and in this way the postulated compaction is simula­

ted. Material 9 represents the inserted control rods in the region which is the 

appropriate mixture of region 8 and region 4. Material 12 is a low density iron 

reflector, representative of the structural material in this region.

Figure 15 illustrates the Case B scenario which was analyzed. The differ­

ence between this scenario and Case C is the reduction of the steel plug thick­

ness from 0.33 m to 0.2 m and the introduction of the remaining steel into the 

core region above the plug. Materials 13 and 15 are thus similar to materials 

8 and 10 except that the appropriate amount of steel is added to them. Finally, 

material 14 is representative of the control rod ring at this position and is 

a mixture of materials 10 and 4.

A second scenario, based on Case B was also considered. This scenario 

is known as Case A and assumes that the duct walls do not form part of the 

collapsing core, but remain intact. As pointed out above, the effect of this 

assumption is to reduce the fractional mass of steel present in the core, and 

thus the composition of the core materials 13, 14, and 15 had to be appropri­

ately modified.

Figure 16 illustrates the Case D scenario in which it is assumed that 

the control rods, rather than the core, collapse. It is further assumed 

that the steel and sodium present in the control subassemblies (clad and duct 

wall) have all relocated. The start of this accident is thus essentially
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identical to the beginning of the Case C scenario. As the accident sequence 

progresses, the control rod height Z decreases, implying shorter, but more 

highly compacted control elements. The primary difference between Case D and 

Case C are the materials 16, 17, 18, 19, and 20. Materials 16 and 19 are the 

compacting central control rod and vacuum, respectively. Materials 17 and 18 

are an appropriate mixture of the compacting control rod rings and the core 

regions 5 and 8. Finally, material 20 is a reduced density representation of 

Material 8, the reduction in density accounting for the missing control sub- 

assemblies.

4.3.2 Recriticality Results

Using the method described in Section 2.3 and models mentioned above, 

calculations were carried out for different control rod and active-core heights. 

The active core is defined as the distance between the upper axial blanket-core 

interface and the lower axial blanket-core interface. A range of active-core 

heights between 0.41 m and 0.91 m, and a range of control rod heights between

0.35 m and 0.91 m were considered. The lower height in each case corresponds 

to a material density with no voids, and 0.91 m corresponds to the full core 

height.

The results of these calculations are illustrated in Figures 17-19.

Figure 17 shows the variation of the multiplication factor (ke) for various 

core heights and for different scenarios. In all these cases, the control rods 

were not moved and remained at their full height of 0.91 m. Case C, which 

has a minimum amount of steel in the active core, shows the highest values for 

kg. In Case B, the assumption is made that the subassembly steel stays in the 

core and compacts along with it, and consequently, the values of kg are seen
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to be significantly lower. Finally, in Case A, the subassembly duct walls are 

assumed to remain in place, but do not collapse. Thus, the fractional steel 

content of the active core starts at the same value as in Case B, but asymp­

totically approaches that of Case C. For this reason, the value of kg for 

Case A varies in a similar manner, i.e., starts at Case B and asymptotically 

approaches Case C. Figure 18 shows the variation of kg with control rod 

height (Case D). In this case, the core material is assumed to remain at the

full height (0.91 m). The value of kg is seen to rise slowly, initially, and

eventually more rapidly. It is seen that for all cases illustrated on Figures 

17 and 18, the possibility exists for achieving a critical mass.

In addition to the above two scenarios, a third set (.Cases E and F) of 

calculations was carried out. These configurations assumed a precompacted 

control assembly, and then the fuel was compacted to achieve a critical mass.

In this way, the change in reactivity, due to simultaneous collapse of fuel 

and control assemblies at different times and/or rates, can be estimated.

Figure 19 shows a contour plot of active-core height and control subassembly 

height for k =1. It is seen that a large area of the map is excluded due to

compaction limits. Furthermore, it is seen that within the limits of the

current model, no configuration could reach these limits without passing 

through the k =1 contour. Figure 19 illustrates that for any fuel compaction 

greater than 0.12 m, regardless of the amount of control rod compaction, the 

reactor will become critical. Since the fuel material will ultimately relocate 

downward (in a solid or molten state), the conclusion that recriticality will 

occur appears to be unavoidable.
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4.3.3 Limitations on Criticality Techniques

The likelihood that the scenarios, as currently envisaged, being valid

as kg reaches unity will be small. This is due to the fact that fairly large

core motions are required and the assumption that there be no mixing both

radially and axially, would probably break down. Any dilution of the core
238material by axial blanket material ( U, Steel, Na) or control assembly

material (^B, or Carbon) would have the effect of reducing k0. On the

other hand, mixing outer core material into the inner core space would increase

the value of k .e
Finally, it should be pointed out that the calculational techniques used 

are subject to the following two approximations:

1. The cross-section library (50 groups) was created for a typical 

LMFBR core. Thus, the spectrum over which they were collapsed did not allow 

for any compaction and voiding of sodium and steel.

2. Only Po (transport corrected) scattering was used. It is believed 

that higher order scattering moments might be necessary, since the spectrum 

will harden due to sodium and steel voiding, making the inclusion of higher 

order scattering more desirable.

Despite the shortcomings of the calculational techniques, it is believed 

that the overall trends indicated by the analysis are valid.
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5. SUMMARY AND DISCUSSION

5.1 Summary of Results

The foregoing analysis of the loss-of-heat-sink accident can be summarized 

as follows. The initiator of the accident was a total loss of heat sink after 

neutronic shutdown at the intermediate heat exchangers, followed by a loss-of- 

electrical power to the primary heat transport system pumps. While these are 

not necessary conditions for a core meltdown, chey are sufficient for the pur­

poses of forcing a meltdown and of simplifying the considerations of pre-dryout, 

two-phase sodium flow analysis.

After sustained dryout of the clad, which occurs in not less than 3.3 

hours after shutdown, the remainder of the accident is conveniently measured in 

minutes (recriticality is expected to occur within approximately twenty minutes).

It was found that the following phenomena influence the course of events 

during the meltdown and relocation phases of the accident:

a) downward relocation and refreezing of fuel pin cladding, fuel 

assembly duct walls, control pin cladding and control assembly 

duct walls;

b) radiative heat transfer between the fuel and control assemblies;

c) bare fuel and/or absorber pellet column instability and the poten­

tial for material fragmentation.

It was found that the following phenomena were of rather less importance 

for these phases of the accident:

a) the impact of fission gas release from the fuel pins and Helium gas 

release from the control pins on the heat transfer processes and 

material relocation;
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b) compression of fuel and/or absorber pellets due to transient loading 

by upper structures;

c) sodium vapor streaming velocities.

Although a great quantity of steel was relocated from the core space to 

a region just below the active core elevation, the reactor remained subcritical 

(sodium was voided from the core space as well) until sufficient fuel and/or 

absorber material motion occurred.

The approach taken to assess the potential for recriticality was basically 

an event tree scheme in which branches were developed at points of technological 

uncertainty with regard to material motion in the disrupted core. Each branch 

ended with a determination of the neutronic behavior of the particular disrupted 

configuration. It was significant to this study that all branches ended at a 

recritical reactor and, therefore, recriticality appears to be a necessary event 

in the loss-of-heat-sink accident sequence. The accident was not taken beyond 

the point of recriticality but it was expected, due to the slowness of the 

relocation process, that the subsequent material motion will be benign.

5.2 Unresolved Problems

As suggested above, an assessment of the further course of events for this 

accident would involve an analysis of coupling between the neutronic behavior 

and the disrupted material motion. This analysis would be necessary before 

the accident sequence can be extended towards the post-accident heat removal 

phase. In connection with the latter, it would be necessary to determine 

(or postulate) the mode of restoration of the heat sink. For example, a heat 

sink may become available to the core debris with the primary system intact or 

the debris may come into a cool able configuration outside the reactor vessel.
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In any case, issues related to post-accident heat removal would require further 

in-depth analysis and must, according to the present state-of-the-art, rely on 

parametric, scoping procedures.

Although the accident analysis presented here was carried out for a 

specific loss-of-heat-sink accident (idealized to assure core-meltdown), it is 

believed that much of the work is somewhat generic and that the conclusions 

are valid for a wider scope of initiators. Although the work of Chan et al.^ 

lends support to this belief, further studies of the rather more likely ini­

tiators and their consequences may be warranted.

A key assumption of this work is that the sodium voiding of the core space 

is sustained during the period of approximately twenty minutes following fuel 

pin cladding dryout. If significant sodium re-entry could occur during this 

period, perhaps due to the restoration of forced circulation, then the acci­

dent sequence would be altered from that presented in this work.

Finally, we remark on the relevance of the foregoing work to potential 

loss-of-heat-sink accidents in alternative LMFBR designs. At the outset, it 

is hoped that future LMFBRs will be designed with sufficiently reliable shut­

down heat removal systems to preclude the necessity for detailed studies of 

the accident progression. The study performed for the CRBR, although specific 

to a given reactor geometry, contains features that are generic. For example, 

the transient analysis of the control assembly response would be applicable to 

other LMFBR configurations undergoing a slow heatup transient.

For other LMFBR designs, factors which may lead to differences in the 

meltdown sequences are related to the presence of internal breeding blankets 

(parfait core designs) and in-core test assemblies (Fast Flux Test Facility). 

These assemblies can provide temporary heat sinks, which could in turn lead to
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a less coherent meltdown and relocation pattern in the core. In addition, 

these assemblies may provide a mechanism for dilution of disrupted core debris 

if significant radial movement of materials occurs and, therefore, may influence 

the potential for recriticality.
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NOMENCLATURE

Symbol Description

A area

rLPX specific heat of material

hfg latent heat of vaporizati

M mass

M"boil mass vapor production

q heat flux

Q power, heat flow rate

t time

T temperature

Tmm melt temperature

u velocity

A incremental change

A latent heat of fusion

P density

a Stefan-Boltzmann constant

Subscript

F Fuel Material

EC Fuel Clad

ED Fuel Duct Wall

CD Control Duct Wall

CC Control Clad

C Absorber Material
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NOMENCLATURE (Cont.)

Subscript Description

i defines radial node

INI internal

J , J defines axial node

R radiation
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