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VOID DISTRIBUTION CONSIDERATIONS FOR WET 
CORE LMFBR DISASSEMBLY CALCULATIONS

I. INTRODUCTION

In conducting studies of LMFBR hypothetical overpovrer transients, it

is possible to postulate conditions which will ultimately lead to hydro-

dynamic core disassembly. Correct modeling of the void distribution in

wet regions of the core then becomes quite important since early pressure,

and subsequent early nuclear shutdown, can be accomplished once the void
(1 2)space is filled by expanding fuel. Results of a recent study ’ , based

on a core model containing a spatially uniform void distribution, 

imply that the calculated energy release is strongly sensitive to the 

introduction of only a few percent void in the normally wet regions of 

the core. The purpose of the present study is to determine whether such 

conclusions are valid if more realistically attainable void distributions 

are modeled.
(3)Using the MELT-ll/VENUS computational system to investigate the 

dynamic behavior of the FFTF, a core disassembly condition was calculated 

to occur at a time when the inner two subassembly rows were essentially 

voided of sodium (approximately 2.5 v/o lumped core void) and the 

reactivity ramp rate was approximately 150 $/sec. Using this condition 

as a base, parametric calculations were performed for the introduction 

of uniform voids into the remaining sodium and for large lumped voids 

in either of the two driver fuel zones.



(4)It should be noted that more recent analyses of this same 

accident, considering the more reasonable failure mechanisms 

evolving from the safety development program, indicate that the severe 

core conditions postulated above are never attained. Rather, the core 

is expected to terminate via a hydraulic fuel dispersal process rather 

than hydrodynamic disassembly— with a vastly reduced energy release. 

Nevertheless, since core disassembly is often assumed for Design Basis 

Accident type calculations, it is of interest to pursue the effects of 

distributed voids on the Equation of State for normally wet regions of 

the core.

11. DEFINITIONS

Determination of the Equation of State for wet core disassembly

calculations is a relatively complex problem. In addressing this

topic, therefore, it is essential to establish clearly what is meant

by the terms "hard" and "% void”. Because of the different purposes 
(2)of the ANL study (hereafter referred to as the uniform void study) and 

the calculations previously performed at HEDL^^\ a basic difference 

existed at this fundamental point. Table 1 contains the definition of 

these terms for the two approaches used and also contains relative 

reactor dynamic sensitivities as a result of the respective approaches.

Figure 1 pictorially illustrates the difference between the uniform 

void study and the present study approaches. For the uniform void 

study, the condition "hard" implied that at the start of the VENUS



SENSITIVITIES

Table I

Comparisons of Void Distribution Approaches

DEFINITIONS Uniform Void Study Present Study

HARD 1. No Void Anyplace in Core

2. Local Departure Temper
ature Defined by initial 
local VENUS Temperatures

1. No Void in Sodium (Normal 
Void Distribution in Fuel)

2. Local Departure Temperature 
spatially uniform

% VOID % Void Added to (1) Above % of Original Sodium Not 
Present

REFLECTOR E.O.S. High
(strong axial gradient near 

reflector)

Low
(shutdown prior to reflector 

involvment)

IMPLOSION High
(uniform wall of pressure)

Low
(strong axial gradient)



ZONE I ZONE II ZONE I ZONE II
• •

UNIFORM VOID STUDY MODEL

o o

o o

o o

PRESENT MODEL

Figure 1. Total Void Distribution at the Start of Disassembly



core disassembly calculation, rw void existed anywhere in the core, 

i.e., the local departure temperature (that temperature at which the 

pressure is determined by the properties of a heated confined liquid 

rather than the fuel vapor pressure) is permanently established as the 

initial local core fuel temperature. This means that after the very 

first time step into the disassembly calculation, pressures through

out the core are high (characteristic of the single phase domain).

If the entire inner core zone is assumed to be void of sodium, as 

illustrated in Figure 2, this formulation causes a nearly uniform 

wall of high pressure to accelerate the outer driver fuel toward the 

radial center of the core— maximizing radial implosion. It was, in 

fact, a goal of the uniform void study tp investigate maximum im

plosive tendencies, and this goal provided one of the reasons for 

selecting the particular void representation used.

By contrast, the term "hard" in the present approach is defined 

to mean that no void exists in the sodium (i.e., the original sodium 

inventory exists), but the reactor system still contains a substan

tial void due to fuel porosity and the fuel-clad gap remaining inside the 

cladding. The local departure temperature is uniform throughout the core 

since all fuel must reach the same temperature before sufficient expan

sion has occurred to accommodate all of the original void. Fuel in the 

central core regions is very hot at the start of the disassembly phase 

and for such regions sufficient volumetric expansion may have taken place 

to fill all available void space. Fuel near the core periphery, however.



is relatively cold (far below melting) at the onset of disassembly and 

a substantial amount of void space remains. Hence, the void avail

able in the reactor system has a strong spatial function, as illustrated 

in Figure 1.

The spatial pressure buildup for such a formulation has a sub

stantially different character than that existing for the uniform void 

study formulation. This is illustrated in Figure 2 for the condition 

of complete voiding in the inner driver zone. In contrast to the 

uniform void study pressure profile, the present model predicts a pressure 

profile which exhibits a strong axial gradient and the implosion ten

dencies are considerably less for such a condition.

It is believed that the present model depicts a situation much 

closer to reality than that studied by ANL*. Physically, large pressures 

cannot arise in those spatial nodes containing fuel far below the 

melting point.

III. DETERMINATION OF THE "HARD" SYSTEM

Determination of the local departure temperatures is perhaps the 

most important aspect in performing wet core hydrodynamic disassembly 

calculations. Since this parameter is directly associated with the 

amount of effective void space available, a basis for this determination 

has been made by starting with the fabricated pin composition and
* NOTE: The general ANL formulation is actually quite broad and is set

up to investigate a wide variety of conditions. However, the 
example given in the two reports was set up to maximize implo
sive tendencies, and it is x\rith regard to this formulation that 
all references in this report are made.
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computationally heating the fuel first to the full power operating 

condition and then to the condition existing at the start of the 

disassembly phase. At room temperature, the fuel pellet is 90.5 per

cent of theoretical density and the planar smeared density is 85.5 

percent of theoretical density. If the fuel is heated at constant 

volume, all of the available void space is filled with expanding fuel at 

the time the fuel reaches a point approximately 28% through the heat of 

fusion. This is based on the use of ChristensensUO 2 density data, 

as illustrated in Figure 3. Since the melting point is assumed to be 

3040°K, and a 1Q°K temperature band was assumed for the heat of fusion 

in the VENUS calculation, 28% melting corresponds to a departure temp

erature of 3042.8°K. This temperature is used to define the "hard" 

system for the calculations to follow, but sensitivity of the energy 

release to this number is recognized and some parametric results will 

later be addressed to this point.

IV. ENERGY AS A FUNCTION OF PERCENT VOID

The base case was chosen to depict core conditions existing 

at the time of the start of disassembly for a particular overpower 

transient analyzed by the MELT-II/VENUS system. As indicated in 

Figure 4, most of the inner two subassembly rows were void of sodium 

at the start of the disassembly phase; in fact, it was the rapid 

voiding of these subassemblies that gave rise to the large reactivity 

insertion of approximately 150 $/sec. The lumped void in this
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central core region constituted approximately 2.5 v/o whole core 

void, and another 4.5% void was estimated to be distributed in fuel 

porosity and fuel/clad gaps throughout the remainder of the core.

Using a local departure temperature of 3042.8°K, the base case 

was evaluated, first for the "hard" case as depicted in Figure 4, 

and then by systematically reducing the percentage of the original 

sodium inventory uniformly throughout the core. Figure 5 contains 

the energy in molten fuel, at the termination of nuclear disassembly, 

as a function of percent sodium removed (this is based on % of sodium 

removed from that existing in Figure 4).

The major point of interest is that the energy release is 

not nearly as sensitive to sodium void fractions as the previous 

uniform void study^^^ would imply. This result can perhaps be best 

demonstrated by observing Figure 6, which contains both the uniform void 

study and the present study results. Because of slight differences 

in ramp rates, core conditions, Doppler coefficients, etc., the results 

of the two studies have been normalized by dividing actual energy 

release numbers by sodium-out (or voided core) values and then plotted 

as a function of percent void in the entire reactor system. For the 

present study, both total energy and energy in molten fuel are plotted.

In the interest of greater generality, a second set of calculations 

w e r e  performed in which the central lumped void depicted in Figure 4 

was computationally refilled with sodium for the disassembly calculation. 

It is important to note that: (1) even the "hard" cases investigated

11
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in the present study had a considerable void distribution in the core 

(due to fuel porosity, cracks inside the fuel, and fuel/clad gaps); 

and,(2) the present results indicate a substantially reduced sensitivity 

of energy release to the introduction of uniform voids in the sodium.

The physical basis for the latter result is as follows.

For the model of the "hard" core used in the uniform void study, a small 

uniform void introduction has the immediate effect of reducing the pressures 

throughout the core. Since a large measure of the negative feedback 

in the uniform void study is due to hydrodynamic fuel motion occurring in the

peripheral region of the core (where the pressure gradient is strongest) 

the pressure delay causes a substantial increase in energy release.

In contrast, a uniform void addition to the "hard" system using the 

present model adds only to an already existing system void and, further

more, the strong axial and radial jressure profiles near the central 

regions of the core, although somewhat delayed, still act more rapidly 

on the high worth fuel and effect early shutdown. In conclusion, for 

a more realistic system, as depicted by the model used in the present 

studies, the sensitivity of the energy release to percent void appears

to be considerably less than would be implied by the uniform void study 
results.

/ O ' )It should be noted that recent follow-on studies to Refer

ence 1 have included cases where the void distribution was treated similar 

to the present study. Although some differences still exist between these 

cases and the present study, it is believed that such discrepancies can 

be attributed to variations in the fuel density versus temperature in the

14



respective equations-of-state used. The equation-of-state used in the 

present study has a larger density change vs '̂>4%) through the heat

of fusion and a stronger temperature dependence beyond the melting point.

V. SENSITIVITIES

Parametric calculations have been conducted to assess the sensi

tivity to four items of interest:

1) Sodium compressibility,

2) Reflector void distribution,

3) Departure temperature, and

4) Localized lumped voids.

Table II contains a comparison of the base "hard" core, which used 

a sodium compressibility of 3 x 10  ̂atm \ to values extending from 
1 X 10  ̂ to 5 X 10  ̂atm As would be expected, as the compressibility 

is increased, the disassembly pressures are reduced and the energy 

release increases. Since the measured values of sodium sonic veloc

ities infer sodium compressibility values from 2.7 x 10  ̂atm  ̂to 

6.0 X 10~^ atm~^ over a corresponding temperature range of 736 C to 1489 C

the results indicate this is not a major area of uncertainty.

Table III contains a comparison of the base case, which had 

effectively 100% void in the radial and axial reflectors, to a more 

realistic core of essentially no void in the radial reflector and 

approximately 4 v/o void in the axial reflector. As would be expected, 

for the present formulation the increased rigidity in the reflectors

15



Table II

Sensitivity to Sodium Compressibility

ENERGY IN
COMPRESSIBILITY MOLTEN FUEL

CASE (XI05 ATM-1) MW-SEC

VARIATION I 184

BASE HARD 3 220

VARIATION 5 324

16



#
Table III

Sensitivity to Reflector Characteristics

CASE

% VOID
RADIAL

REFLECTOR
AXIAL

REFLECTOR

ENERGY IN 
MOLTEN FUEL 
MW-SEC

BASE HARD 

VARIATION

100

0

100

4

220

221

#
17



caused by the void reduction has little effect on the energy release.

This is primarily because core disassembly is essentially completed prior 

to the time significant core motion near the periphery occurs. Sub

stantially more sensitivity was noted in the uniform void study, presumably 

because of the sharp pressure profile near the core/reflector interface.

Perhaps the most sensitive parameter is the local departure temp

erature, as pointed out in section III above. Figure 7 contains a plot 

of the energy in molten fuel as a function of departure temperature. As 

would be expected, the curve is fairly flat above the heat of fusion, 

where the delay caused in elevating fuel temperatures to a higher 

departure temperature results simply in accumulating MC^AT energy.

As the departure temperature falls into the heat of fusion band, however, 

the energy generation drops very rapidly due to-the large energy re

quired to melt fuel.

Due to the large sensitivity existing over the heat of fusion 

band, the curve has been divided into three temperature zones: Zone A

(below melting). Zone B (in the melting band), and Zone C (above 

melting). Figure 8 contains an enlarged plot of energy vs departure 

temperature over Zone B, i.e., the heat of fusion band. Table IV 

contains a summary of calculational assumptions which could lead to a 

departure temperature falling into Zones A, B, or C. Presumably, free 

axial expansion of the fuel column could occur during the heating 

process from room temperature to operating conditions. Beyond that 

point, the degree of free axial expansion is probably closely related 

to the degree of burnup. Fresh fuel may expand freely, and, if so.

18
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#
Table IV

Calculational Assumptions Relative to Departure Temperature

#

ZONE
DEGREE OF AXIAL EXPANSION

ROOM -> OPERATING OPERATING ^ TRANSIENT

A* FREE LIMIT FUEL TO CLADDING 
EXPANSION

FREE PARTIAL FUEL EXPANSION 
RELATIVE TO CLADDING

FREE FREE

This assumes the internal porosity in the fuel remains 
trapped in the fuel ceramic matrix as the fuel is being 
heated.

NOTE: This assumption corresponds to the order of a
dollar or more negative reactivity feedback.

21



#
internal voids could remain completely through the fuel melting process 
leading to a departure temperature in Zone C. If the axial fuel ex

pansion is limited to axial cladding expansion, as may likely be the 

case for irradiated fuel, the fuel clad gap is calculated to disappear 

prior to the onset of fuel melting, i.e.. Zone A. Assuming partial 

fuel/cladding axial slip leads to departure temperatures in Zone B.

It should be pointed out that in order to treat a departure temp

erature below the fuel liquidous temperature, the equation of state used 

in earlier s t u d i e s h a d  to be reformulated. In fact, had the previous 

equation of state^^^ been used, the energy release for the core herein 

considered would correspond to about the 7 v/o void conditions in 

Figure 5. In essence, therefore, previous studies conducted for sodium- 

in conditions at HEDL contained a considerable amount of distributed void 

in the core, resulting in a departure temperature of approximately 3200°K.

From Table V, it is noted that substantial fuel melting and axial 

fuel motion has been observed to occur for fresh fuel prior to cladding 

failure. From Figure 7 this would indicate an energy release above 

1000 MW'Sec. However, that much axial fuel expansion corresponds to over 

a dollar of negative reactivity— which is comparable to feedbacks computed 

for hydrodynamic disassembly. Hence, in reality, even though the VENUS 

hydrodynamic core disassembly program then becomes an inappropriate 

tool to analyze the actual behavior, the energy release could be quite 

small. For irradiated fuel, experimental observations indicate that 

high local pressures, sufficient to burst the cladding, occur at 

the time central plane melting reaches about 30%. Some porosity may

22



Table V

Experimental Observations Relating to Departure Temperature

FRESH FUEL: SUBSTANTIAL AXIAL FUEL MOTION

IRRADIATED FUEL

LOW POWER: HIGH PRESSURES AT
INCIPIENT MELTING

HIGH POWER: HIGH PRESSURES AT
30% MELTING

23



still exist beyond the radial melt front, but such void is frozen into 

the fuel ceramic matrix and is not available for accommodating the ex

pansion of molten fuel. It should also be noted that the released 
fission gasses actually constitute a large internal fuel driving pressure,

a factor not accounted for in most disassembly calculations.

If one were to look at only the results of energy release vs void 

fraction as predicted by the previous uniform void study, a natural concern 

might be that the rupture of only a few pins in Ring 5 (where a radial 

power peak occurs) could produce a sufficient nxamber of gas bubbles in 

the coolant stream to prevent the occurrence of high single-phase 

pressures normally computed for wet regions in the core and a sizable 

increase in calculated energy could result. From Table VI, however, it 

is noted that complete voiding of the inner one-half of Ring 5 (for 

EOS computational purposes) increases the molten fuel energy from 

220 MW-sec to only 290 MW-sec. In fact, suppressing single phase 

pressures in the entire outer driver zone is noted to increase the 

molten fuel energy to only 300 MW-sec. The main reason for this relative 

insensitivity is that strong axial pressure gradients exist for the 

inner driver zone and core disassembly is accomplished primarily due to 

fuel movement from the inner driver zone.

The latter conclusion is substantiated by the next two calculations 

reported in Table VI. Suppressing all single phase pressures in the 

inner driver zone increases the calculated energy release considerably.

For the inherent void distribution used in the present approach, the 

worst pattern of bulk voiding would correspond to a large centralized 

geometry, where fuel .temperatures are peaked. This point is demonstrated

24
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Table VI

Sensitivity of Energy Generation to 
Localized Complete Sodium Voids

Case

Base Hard*

Inner 1/2 Ring 5

Entire Outer Zone

Entire Inner Zone

Distributed Axial** 
Center Void

Entire Core Voided

Energy In Molten Fuel 
 ______ MW-Sec________

220

290

300

1080

1120

3140

* Except for '>̂ 2.5% void In central region.

** Corresponds to R-Z molten pattern at start 
of disassembly.

25



by arbitrarily specifying a dry core EOS in those VENUS nodes containing 

fuel temperatures at or above the melting point at the start of the 

disassembly phase. The energy release, however, is still only slightly 

above the case of voiding the entire inner zone. Furthermore, no 

physical mechanism has been identified which could lead to such a 

voiding pattern, consistent with the ramp rate and other core condi

tions used for all the present calculations. Finally, by way of

perspective, it is noted from the final entry that all localized lumped

voiding pattern cases which were considered yielded a substantially 

lower energy release than for the case of complete core voiding.

VI. CONCLUSIONS

In summary there appear to be at least four major conclusions 

which have evolved from this study:

1. The sensitivity of the calculated energy release to void
fraction in the coolant stream is considerably less than

(2)would be implied by the previous uniform void study . The
major reason for this difference is associated with the
treatment of inherent voids in the reactor system. In 
contrast to the uniform void study, the current work was intended 
to depict fuel behavior as realistically as possible within 
the limitation of the VENUS formulation.

2. Previous overpower cases considered at HEDL computationally 
contained a considerable amount of uniformly distributed 
voids— of the order of 4 to 8% if based on total core con
stituents. One of the reasons for including such a large 
effective void in previous HEDL calculations was that the 
EOS formulation would not work for a truly hard system, and 
inclusion of a few percent void was certainly conservative.

26

#



#

Subsequently, the EOS formulation has been modified to treat 
such cases.

If a truly "hard" EOS is used in the wet regions of a typical 
overpower transient, the calculated molten fuel energy is 
quite low indeed— perhaps only 10% of the value corresponding 
to a dry core EOS. This number is not completely firm, however, 
due to the sensitivity to the departure temperature in the 
heat of fusion band. Precise determination of this departure 
temperature is not possible within the VENUS formulation 
because the mesh structure does not allow for heterogeneous 
effects such as differential axial slip between fuel and 
cladding to be treated. These effects must be treated in side
calculations, as was done for the present study. Differential 
axial slip between coolant and fuel is another effect not 
treated by VENUS. It is possible, for example, that the high 
single phase pressure could be relieved by preferential 
compression of the sodium in the axial direction, without a 
comparable movement of molten fuel. However, for rapid periods 
this effect is not believed to have major significance. For 
slower transients, hydrodynamic disassembly probably does 
not occur at all; rather, core shutdown is accomplished via 
hydraulic removal of fuel from the active core region with 
corresponding low total energy release values. Despite the 
lack of total confidence in the low "hard" core numbers, it 
is important to recognize the low base point from which to 
reference the energy release from postulated additions of 
voids in the coolant stream.

Finally, as noted from the results contained in Table VI, a 
substantial amount of voiding can be postulated to occur 
over very large regions in the core without even approaching 
the energy release calculated for a dry core EOS.

27



(2)As a complement to the uniform void study , the present work is believed 

to provide a strong basis for the contention that even if a hypothetical 

overpower transient should develop to the point where core hydrodynamic 

disassembly is required to provide the ultimate shutdown mechanism, the 

presence of sodium in a major portion of the core acts as a substantial 

mitigating influence in limiting the energy release. To totally ignore the 

presence of sodium, for equation-of-state purposes, appears to be pessimistic 

and quite inconsistent with reality.

28
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