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ABSTRACT 

. P~rametric anal~ses using the SIMMER code were performed to evaluate the potential 
for a severe recriticality from a pressure-driven recompaction caused by an energetic 
FCI during the transition phase of a hypo~~etical accident in a fast reactor. For 
realistic a~d reasonable estimates for the assumed accident conditions a severe 
recri.tical.i.ty. was not predicted. The conditions under which a severe ;ecriticality 
would be obtained or averted were identified. · 

INTRODUCTION 

~lost of the research on Fuel-Coolant intet·
actions (FCI) deal with the various mechanisms that 
determine whether or not the FCI will be energetic. 
There is a tendency to automatically assume that a 
large-scale energetic FCI can be equated to unaccept
able consequences. However, these unacceptable 
consequences are usually based on highly conservative 
assumptions rather than the actual conditions which 
exist during the reactor accident. The purpose of 
this paper is to discuss the analysis of an assumed 
large-scale energetic FCI in an engineering system, a 
small homogeneous fast reactor, to show that unaccept
able consequences are not expected for realistic 
accident conditions. -

The current experimental program for the devel
opment of fast breeder reactors includes the irradia
tion of carbide fuels. The major safety cancer~ 
associated with these carbide fuel experiments is the 
tht!oreticill pO!;!;ibility of a prp~c;ure-driven recriti
cality during the core disruption phase of a hypo
thetical accident. For oxide fuel, this saf~ty 
concern was alleviated by theoretical modelsll,2) 
which predict that a large-scale energetic FCI is nQ~ 
possible, and by upper plenum injection experimentsl ) 
using thermite chemical reaction products. For 
carbide fuel, the same models indicate that a large
scale energetic FCI is theoretically possible. 

In the present study, no attempt was made to 
investigate the details of the FCI in order to 
realistically predict the severity •. Rather. a 

large-scale energetic FCI between molten uranium 
carbide and sodium liquid above the core was assumed, 
and the resulting large pressure generation and rapid 
hydrodynamic motion \~as investigated. 

TRANSITION PHASE SCENARIO 

·Before describing the computational model used 
for the analysis in this study, it is useful to 
review the transition phase scenario so that the 
assumed accident conditions can be put in the proper 
perspective. 

. The transition phase occurs when the unprotected 
loss-of-flow accident (LOF-HCDA) is not terminated 
permanently during the initiating phase of the acci
dent, when the original core geometry is relatively 
intact. Termination is not expected until after 
large-scale core meltdown has occurred. The later 
stages of the LOF-HCDA between the relatively intact 
geometry and permanent shutdown was labeled the 
transition phase. · 

During the initiating (flow coastdown) phase of 
the LOF-HCDA, coolant boiling is followed by cladding 
melting and relocation. Sodium vapor streaming 
pushes the molten cladding above the core region 
where it freezes and forms blockages. The upper· 
blockages interrupt the vapor streaming allowing the 

.rest of the molten cladding to drain downward and 
form blockages at the bottom of the core region. the 
unclad fuel then starts to melt and relocate. This 
scenario during the initiating phase of the LOF-HCDA 
has been supported by both analysis and 
experiments.l4J . 

With the start of fuel disruption, the possi
bility exists that coherent. fuel motion could lead to 
an energetic recriticality. This initial disruption 
phase was first investigated using a variety of 
seeping analyses, and it was estimated that the 
reactor would gradually pass into a transition phase 
characterized by vigorous fue 1 and/or st.ee 1 boiling 



to maintain· subcriticality.(5) A more mechanistic 
analysis of the transition to the transition phase 
was later performed by replacing the SLUMPY fuel 
motion module in the SAS3A accident analysis code 
with the FUMO code, and by adding a space-energy 
kinetics module.(6J The results of this later 
study indicated that recriticalities could not be 
precluded, but that sufficient core-wide incoheren
cies existed to preclude an energetic disassembly 
during the transition-to-transition phase. 

When the LOF-HCDA enters the fully-developed 
trans·ition phase, a variety of generic considerations 
and simplified phenomenological models based on 
experimehts using simulant fluids have been used to 
demonstrate that the pool of molten fuel and steel 
would boil up and remain IJighly dispersed, thus 
preventing recriticality.(7J However, a recent 
study has shown that this previous assessment applies 

.mainly to the specialized condition of an open pool. 
This study went on to examine the condition of the 
bottled pool, using a one-dimensional model that 
combined the mechanisms that affect the physical 
behavior of a confined boiling pool. It was 
concluded that mild recriticalities during the 
fully-developed transition phase could not be 
precluded. However, the transition phase would be 
expected to continue until a high-pressure blowdown 
occurs. 

·Two-dimensional pool motion during the transi
tion phase has been an~lyzed using an early version 
of the SIMMER-II code.l8J The results were found 
to be sensitive to the development of fuel block
ages. When blockages were formed close to the core, 
prompt-critical transients were obtatned. However, 
excessive ramp rates (greater than 100 $/s) were 
judged to be unlikely. These recriticalities were 
caused by core. pressurization and fuel collapse due 
to the significant energy required to raise the steel 
temperatures to saturation conditions and the 
elimination of condensation surfacP.s from material 
deposition near heat sinks. 

Thus, this assessment implies that moderate dis
assembly CQnditions would b~ expected. Recent 
analyses(9J and experimentsllO) to predict the actual 
dynamics and thermodynamics of the expanding core 
material5 after disassimbly have conrluded that the 
energy to the primary containment system is expected 
to be one to two orders of magnitude below the 
theoretical work potential. Therefore, moderate 
disassemblies should be well within the containment 
capability of the primary boundaries. 

MODEL FOR ANALYSIS 

Accident Situation to be Analyzed· 

It should be evident from the above discussion 
th.:~t a confined two-phase pool d1.1rin!J the transition 
phase is highly vulnerable to pressure sources that 
could recompact the dispersed fuel and cause recriti
cality. Based on simple one-dimensional models, a 
pressure-driven recompaction during the transition 
phase would result in excessive ramp rates and ener
getic disassemblies. As pointed out earlier, a FCI 
pressure source can be ruled out for oxide fuel but 
not for carbide fuel. Therefore, this study involves 
the occurrence of a carbide FCI that provides the 
pressure source for recompacting the two-phase core 
during the transition phase. 

Consider the situation where carbide fuel is 
being tested in an otherwise all-oxide core of a 
small homogeneous fast reactor. Conceptually, the 
accident situation to be analyzed results from the 
following sequence of events. A stable boiling 
mixture of fuel and steel exists in a completely. 
bottled core. A single subassembly of carbide fuel 
located in the exact radial center of the core has 
somehow managed to retain its identity by not mixing 
with the oxide fuel. Such a configuration was 
considered preferable to assuming an annular ring of 
carbide fuel subassemblies for the SIMMER model. The 

· limitation of the SIMMER model to two dimensions 
(R-Z) prevents modeling the case of real interest; 
namely, an off-center location of one or a few 
carbide fuel subassemblies. The blockage at the top· 
of the core above the central carbide fuel sub
assembly is assumed to fail, and a pressure source 
within the central subassembly ejects molten carbide 
fuel upward into the fission gas plenum region. 
After passing through a sodium vapor region, the 
molten carbide fuel impacts and mixes with sodium 
liquid, The high-pressure sodium generated by the 
FCI then expands upward toward the upper sodium pool 
and downward toward the two-phase core region. 

Figure 1 depicts the situation at the start of 
the analysis. A FCI interaction region containing 
molten carbide fuel and sodium liquid is located 
somewhere along the Jength of the fission gas plenum 
of the central subassembly. Sodium liquid is assumed 
to be between the FCI interaction region and the 
upper sodium pool. Fuel liquid is assumed to be 
between the FCI interaction region and the top of the 
core. The. downward flo1>1 area between the FCI inter
action region and the top of the core can be reduced, . 
corresponding to partial freezing of the molten 
carbide fuel on the subassembly duct walls and fuel 
pin structure as it moves up the fission gas plenum. 
A layer of fission gas is located betweer. the boiling 
fuel/steel mixture and the top of the core. This gas 

·layer was assumed to enhance rapid· radial distribu
tion of the FCI pressure source over the top of the 
core, thus promoting axial compaction. A one
dimensional axial compaction would certainly result 

Fig. l Conditions at start of analysis 
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in a severe recriticality and an energetic dis
assembly. By selecting the two-dimensional SIMMER 
code for the analysis,(ll) it was hoped that the 
initial radially-outward core motion might prevent 
the severe recriticality. · 

SIMMER Computational Model 

1. Initial Conditions from FUMO-T Analysis 

Before presenting the details of the two
_dimensional SIMMER model, it is necessary to discuss 
the FUMO-T results that were used as the initial 
conditions for the SIMMER analysis. The initial 
conditions were taken from a FUMO-T transition phase 
analysis wh~r~ the core power was 2% of the nominal 
full power.(6) The particular condition selected 
corresponded to an average core temperature of 
3BQQOK, with the temperature rising at 110K/s. 

One of the major differences between FUMO-T and 
SIMMER is that FUMO-T is a one-dimensional model and 
SIMMER i5 a two-dimensional model. To insure that 
the initial conditions obtained from FUMO-T results 
were·not inconsistent with the SIMMER model, calcula
tions for the same bo~tled core condition were con
tinued with SIMMER. Slight radial liquid circulation 
gradually developed due to radial heat losses, but 
neither the fuel distribution nor the neutronic 
behavior were significantly changed for the expected 
duration of the pressure-driven recompaction event 
("-150 ms). 

2. SIMI~ER Geometq:: 

Figure 2 shows the separate neutronic .and 
hydrodynamic mesh geometries used -for the SIMI~ER 
analysis. The active core region.is separated from 
the fission gas plenum, radial reflector, and lower 
reflector by heavy lines. The figures in this paper 
that depict properties which vary with core loca-
tion use the hydrodynamic mesh. · 

The flow field encompasses the active core 
region and the fission gas plenum region for the 
central channel. These regions are assumed to be 
bounded by rigid walls except at the upper outlet of 
the fission gas plenum, where a constant pressure of 
4 atm is assumed. The rigid wall assumption could 
have been eliminated by arranging for wall failures 
(melt-through) coincident with the arrival of dynamic 
pressure waves. However, the extra runs necessary to 
implement such a capability were judged to be 
inappropriate because of the scapi ng nat.ure of this 
analysis. 

Artificial concentric vertical fins, one at each 
radial node at the top of the upper plug, were 
assumed to simulate the amount of steel vapor conden
sation corresponding to the initial conditions 
defined by the FUMO-T analysis. This procedure was 
nccc5sary to circumvent the lack of axial heat los~ · 
to flow blockages in SIMMER. The fins' dimensions 
prevented rapid melting and thus insured adequate 
condensation surfaces far beyond the duration of the 
pressure-driven recompaction transient. 

3. SIMMER Initial Conditions 

The reactor was assumed to be just critical and 
at a power level corresponding to low decay heat 

Fig. 2 SIMMER neutronic and hydrodynamic mesh 
geometries 

levels. Selection of this power level was made to 
compensate for the lack of a decay heat model in 
Slr4MER. 

Figure 3 shows the initial density of fissile 
fuel. Th~ decreasing density with increasing 
distance from the bottom of the core reflects the 
buildup of upward vapor velocity. The density 
variation at the top of the active core is due to the 
upper layer of fission gas and the condensation of 
steel and fuel vapor on the surface of the upper plug. 

4. SIMMER FCI Parameters 

The FCI 1nteraction region in the fission gas 
plenum of the central channe.l was as·sumed to be 
12.6 em long. Equal volumes of liquid uranium 
carbide fuel and sodium liquid were assumed to be 
uniformly mixed initially. The size of the carbide 
fuel particles was controlled by the Weber number 
droplet breakup criterion, with the minimum radius 
set at 10 microns and the maximum radius set at 
100 microns. However, the calculated heat transfer 
rates were multiplied by a factor of 104 to insure 
an extremely energetic FCI. This extremely rapid 
heat -transfer brought the fuel and sodium into 
thermodynamic equilibrium in less than one milli~ 
second prior to significant axial motion. The 
pressure in the FCI region reached 250 atm prior to. 
axial expansion. 

5 •. Neutron Physics ·r1ode 1 

Transport theory was used for the analysis· pre
sented in the report. Preliminary analyses were 
performed using diffusion theory, but comparison of 
the reactivity behavior with transport theory along 
with examination of detailed flux shapes demonstrated. 
the inadequacies of the diffusion theory approach. 
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Fig. 3 Initial density of fissile fuel 

The neutron flux spectrum was ·divided into 9 
energy groups. A traditional six neutron precursor 
group structure was used. Initial precursor concen
trations were determined in SIMMER by assuming steady 
state conditions. Although the computational 
treatment'in SIMMER does not allow convection of the 
physical precursor material in the hydrodynamics 
calculation, this deficiency did -not have a 
significant effect on the results. 

• 
Description of Cases 

Figure 4 shows the four cases which will be 
discussed 1n this paper. For each case, the 

123.1-cm-long fission gas plenum is divided into 
·three regions: a 12.6-cm-long FCI region, a liquid 

sodium slug between the FCI region and the upper 
sodium pool, and a liquid fuel slug between the FCI 
region and the top of the core. 

In Case 1, the liquid fuel slug is assumed to be 
41.93 em long. This distance corresponds to the 

·expected location of the sodium liquid level above 
the upper core plug. Since the temperatures in the 
immediate region of the upper core plug are expected 
to be quite high (near the melting point of stainless 
steel), sodium vaporization would be expected to 
cause the sodium liquid level to recede some distance 
away from the upper plug. The subassembly flow area 
between the FCI region and the top of the core is 
reduced by 60%, corresponding to the expected 
freezing and plateout of the molten carbide fuel on 
the structure as it moves upward through the fission 
gas plenum. 

. In Case 2, the li~uid fuel slug is reduced to 
16.73 em to investigate the effect of uncertainties 
in the location of the sodium liquid level above the 
upper core plug. The subassembly flow area is still 
reduced by 60%. 

In Case 3, the liquid fuel slug is assumed to be 
back to the original value of 41.93 em, but no· 
reduction in the subassembly flow area is assumed. 

In Case 4, the liquid fuel sl~g is assumed to be 
only 4.13 em long, corresponding to a sodium liquid 
level immediately above the upper core plug. Thus, 
the effect of sodium vaporization on th~ sodium 
liquid level_ is ignored. The FCI region has to 

Fig. 4 . Oescr1ption of ca::.es 
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expand only a very short distance before the super
heated sodium vapor enters the active core region. 
This case corresponds to the most pessimistic set of 
conditions which could be envisaged, and it is felt 
that these physical conditions cannot be real isti
cally achieved. 

RESULTS OF ANALYSIS 

In this section, the results of the SIMMER 
analyses are presented. First, some of the behavior 
which is common to all four cases is discussed. This 
is followed by a detailed discussion of the results 
obtained for each case. Finally, the results are 
summarized and the dominant mechanisms are 
underscored. 

FCI Dynamics 

Except for the location of the FCI region along 
the length of the fission gas plenum, the initial FCI 
parameters are the same for all four cases. As 
pointed out in the discussion of SIMMER FCI Param
eters, these parameters result in thermal equilibrium 
bet1~een the molten carbide fuel and the sodium, with 
a peak pressure of 250 atm, prior to axial expansion. 

As the high-pressure FCI region starts to expand, 
the liquid fuel slug is driven downward towards the 
core and the liquid sodium slug is driven upward 
towards the upper sodium pool. However, the denser 

· fuel has a significant inertial resistance to prompt 
motion, and the conditions in the core provide 
greater pressure against the fuel slug than the 
pressure on the sodium slug by the upper pool. As 
the expansion of the FCI region proceeds, sodium 
vapor begins to penetrate both into the liquid sodium 
and into the liquid fuel. The upward-penetrating 
sodium vapor mixes with the sodium liquid, and sub
stantial vapor condensation occurs. However, the 
downward-penetrating sodium vapor remains superheated 
because of its continual contact with liquid fuel. 
Heat loss from the liquid fuel to the structure in 
the fission gas plenum is not permitted. 

. At some point during the transient, but always 
before substantial core motion has occurred, either 
the fuel or the sodium liquid slug is blown out of 
the fission gas plenum. When this occurs, most of 
the sodium vapor in the fission gas plenum vents out 
of the open end. Although this blowdown is rapid, it 
does not occur instantaneously because of the viscous 
drag between the sodium vapor and the internal 
structure of the channel. 

There are several mechanisms which limit the 
amount of sodium vapor that can be driven into the 
core region: 

inertial resistance of the liquid fuel slug, 

viscous dr~g octing on the liquid fuel slug, 

core pressure against the liquid fuel slug, 

condensation of sodium vapor by mixing with 
sodium liquid in the fission gas plenum, 

blowdown into the upper sodium pool, if the 
liquid sodium slug is ejected into the 
upper sodium pool before the liquid fuel 
slug is ejected into the core, and 

reduced flow area between the FCI region 
and the core (for Cases 1 and 2). 

Core Response to th~· FCI 

Initially, the effect of the liquid fuel slug, 
which is assumed to become dispersed as droplets as 
it is injected into the core region, is relatively 
minor. But when the superheated sodium vapor from 
the energetic FCI expands into the core region, the 
core response is significant and can be divided into 
three parts. 

One of the responses of the core to the super
heated sodium vapor expansion is a compaction of the 
fuel inventory to a smaller effective volume. The 
rate of this compaction is strongly dependent on the 
strength of the forces associated with the super
heated sodium vapor expansion into the core region. 
The basic mechanism involved in the compaction is 
merely the conservation of momentum. Eventually, the 
downward momentum is reversed by a pressure. build up 
in the bottom core region due to compression and 
condensation of steel and fuel vapor. If the down
ward momentum is extremely high, the steel and fuel 
vapor collapse completely into the all-liquid phase. 
Neutronically, the effect of the core compaction is 
to increase the reactivity. 

A second effect becomes prominent even before 
the full effect of the core compaction occurs. The 
inertial resistance of the core materials in the 
direct downward path of the expanding superheated 
sodium vapor at the center of the core induces a· 
radial motion towards the outer periphery of the 
core. As a consequence, a bowl-shaped penetration 
d01~n the center of the two-phase core develops. This 
second effect increases the effective surface-to
volume ratio of the fuel inventory and causes a 
negative reactivity feedback. 

The reactivity consequences of these first two 
effects are both manifested in the leakage component 
of the reactivity. These two reactivity effects 
oppose each other: the net effective reduction of 
volume (compaction) increases the reactivity, while 
the larger surface-to-volume ratio decreases the 
reactivity. 

The last effect occurs after the superheated 
sodium vapor expansion exhausts itself. With the 
disappearance of high pressures in the fission gas 
plenum arid the build up of pressure in the core 
region due to compaction, the downward flow even
tually reverses and starts to move upward towards the 
fission gas plenum. The vapor flow converges on the 
upper plug breach location at ~he radial center of 
the core, and the high velocities near the upper plug. 
breach readily entrain liquid fuel. Thus, a blowdown 
of the core through the central channel occurs lead
ing to permanent subcriticality. 

Results for Each case 

1. Case 1 

The first case is intended to represent the most 
realistic conditions with. respect to the sodium 
liquid level in the fission gas plenum and the 
freezing and plateout as the molten carbide fuel 
moves upward through the fission gas plenum. · The 
12.6-cm-long FCI region is bounded by a 41.93-cm-long 



liquid fuel slug on the bottom and a 68.57-cm-long 
liquid sodium slug at the top. The flow area for 
downward expansion (along the liquid fuel slug) is 
only 40% of the flow area for upward expansion (along 
the liquid sodium slug). 

Several effects of the reduction in downward 
flow area would be expected. First, the flow con
striction would cause pressure and momentum reflec
tions and a larger impulse would be transmitted to 
the upper liquid sodium slug. Secondly, the smaller 
hydraulic diameter would result in increased drag for 
downward flow causing additional enhancement of 
upward flow. This strong upward thrust caused mixing 
of the liquid fuel not only with the sodium in the 
FCI region but also with the sodium in the upper 
liquid slug. These effects resulted in a liquid. 
sodium slug ejection from the top of the fission gas 
plenum at 26 ms. · 

Although some superheated sodium vapor.did reach 
the core before the sodium slug ejection, most of the 
sodium vapor was.blown out the top of the fission gas 
plenum. The sodium vapor that reached the core 
largely bypassed by the liquid fuel slug, and there 
was no definite fuel slug ejection. At the end of 
the transient (180 ms), only 49% of the liquid fuel 
in the fission gas plenum was injected into the core. 

The core kinetic energy can be used as a measure 
of the energy imparted to the two-phase core by the 
expanding superheated sodium vapor from the FCI. To 
put the magnitude of the core kinetic energy in 
perspective, it was then compared to the theoretical 
work potential of the sodium in the FCI region a~ 
calculated by the equations of Hicks and Mj:!nziesl12) 
for a final pressure of 15 atm. · 

Only 1.6 g of superheated sodium vapor reached 
the core corresponding to 1.1% of the sodium in the 
FCI region. This small amount of sodium vapor 
resulted in a core kinetic energy of 500 J or 0.08% 
of the Hick and Menzies work potential. The amount 
of core distortion caused by the sodium vapor was 
minor. The net reactivity attained a maximum value 
of $0.5, and never approached prompt critical. After 
this maximum reactivity was attained, the two-phase 
core began.a blowdown through the fission gas plenum. 

Upon detailed examination of the flow in the 
fission gas plenum, it was concluded that the hydro
dynamic behavior was dominated by the hydraulic 
diameter. Based on equivalent pipe geometry rela
tionships, a reduction in the flow area to 40% of the 
nominal value would have indicated a corresponding 
decrease in the hydraulic diameter to 63% (square 
root of 40%) of the nominal value. However, the 
SIMMER-I I code contains a multi-pin geometry in addi
tion to the equivalent pipe geometry. The sl:!ll:!l.L iun. 

·of the appropriate geometry to be used is based on 
the amount of.frozen fuel attached to the pin struc
ture. For the assumed 60% reduction in the downward 
flow area, the SIMMER-II code calculated a 95% reduc
tion in the hydraulic diameter. The effect of this 
very small hydraulic diameter was to severely limit 
the amount of sodium vapor reaching ·the core. 

The principal conclusion obtained in this case 
is that the most realistic conditions with respect to 
sodium ltqutd level. fn the fission gas plenum and 
f~eezing and plateout as the molten ~arbide fuel 
moves upward through the fission gas plenum result 

in minor compaction of the core with benign 
reactivity consequences. 

2. Case 2 
.. 

In the second case, the distance between the FCI 
region and the top of the core was reduced by 60%,. 
while maintaining the 60% reduction in the downward 
flow area. The 12.6-cm-long FCI region was bounded 
by a 16.73-cm-long liquid fuel slug on the bottom and 
a 93.77-cm-long liquid sodium slug at the top. 

Substantially more superheated sodium v~por 
(4.4 g) reached the core compared to Case 1 (1.6 g), 
but the amount was still small (2.9% of the sodium in 
the FCI region). Again, there was no definite fuel 
slug ejection and only 54% of the fuel in the fission 
gas plenum was injected into the core by 54 ms when 
flow at the bottom of the fission gas plenum reversed. 
The core kinetic energy caused by the sodium vapor 
was 2.4 (103) J (compared to 500 J for Case 1). or 
0.4% of the Hicks and Menzies work potential. · 

Figure 5 shows· the amount of core distortion at 
50 ms, the time at which the maximum reactivity was 
attained. Radial motion away from the center of the 
core still occurred, causing a neutron leakage path 
in the center of the core. In spite of the leakage 
path at the cen.ter of the core, the reactivity was 
dominated by the axially-downward motion that caused 
the reactivity to increase. The reactivity attained. 
a maximum value of $0.8, before decreasing because of 
the two-phase core blowdown through the fission gas 
plenum. 

Fig. 5 Density of fissile fuel vs. location at 
maximum reactivity (50 m) for Case 2 

3. Case 3 

In the third case. the location of the FCI 
region was raised back to the expected sodium liquid 
level (as in Case 1), but the flow area for down
ward expansion was not reduced thereby neglecting-the 
expected fuel freezing and plateout. As in Case 1 •. 
12.6-cm-long FCI region was bounded by a 41.93-cm
long liquid fuel slug on the bottom and a 68.57-cm
long liquid sodium slug at the top. 

The fuel slug cleared the fission gas plenum at 
· 15 ms, and superheated sodium vapor continued to blow 
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into the core region until 23 ms. Considerably more 
sodium. vapor reached the core (62 g), corresponding 
to 41% of the sodium in the FCI region. The 
remainder of the sodium vapor was condensed in the 
fission gas plenum by the sodium liquid, which was 
ultimately blown out the top at 28 ms. The core 
kinetic energy at 23 ms (the time the FCI pressure 
was exhausted) was 1.22 (104) J, or l.g%. of the 
Hicks and Menzies work potential. 

The motion in the core is similar to but more 
pronounced than Case 2, and the two-phase mixture of 
fuel and steel also accommodated the compression 
without collapsing into the liquid phase. Figure 6 
shows the three-dimensional density profiles in the 
core at 60 ms, near the time that prompt critical is 
attained. At the top of the bowl-shaped.v.oid, some 
material has started to fill in after being reflected 
inward by the outer radial boundary. 

Fig. 6 -Density of. fissile fuel vs. location ·at 
at 60 ms for Case 3 

The core motion can be interpreted by examining 
the r~dial and axial momentum shown in Fiqure 7. · 
Initially, the expansion into the core of the 
superheated sodium vapor from t~e FCI caused a 
positive (outward) .radial momentum and a negative 
(downward) axial momentum. After about 30 ms, the 
outward radial motion rapidly decreased while the 
downward axial motion continued. The radial motion 
became negative (inward) after about 60 ms. 

Initially, the liquid fuel slug in the fission 
gas plenum caused a reactivity increase of $0.15 when 
it was injected into the core. Then the radially
outwird motion c~uc;Pr1 a r1Pt:rPa<;e in the reactivity, 
After 30 ms, the rapid decrease in the·radially- · 
outward motion allowed the axially-downward motion to 
dominate and the reactivity started to increase. 
This trend continued until prompt critical was 
attained at 64 ms. 

The principal conclusion obtained in this case 
is that the ultimate reactivity consequences are also 
strongly dependent on the flow area for downward 
expansion, in addition to the thermodynamic processes 

Fig. 7 Radial and axial momentum for Case 3 

occurring during the expansion of the FCI region in 
the fission gas plenum. 

4. Case 4 

The last case.was intended to represent the· most 
pessimistic condition which could be postulated, 
corresponding to the sodium liquid level immediately 
above the blockage at the top of the core. The. 
12.6·-cm-long FCI region is bounded by a 4.13-cm-long 
liquid fuel slug on the bottom and a 106.37-cm-long 
liquid sodium slug·at the top. 

Although the liquid fuel slug is very short 
compared to the liquid sodium slug, the fuel 1s much 
denser than the sodium and the larger inertial 
resistance of the fuel still diverted a significant 
fraction of the initial FCI expan)ion towards the 
upper liquid sodium slug. The effect of this prompt 
response ·was to. move the effective location of the 
FCI somewhat higher up into the fission gas plenum 
region. 

Because of the short distance involved, the fuel 
slug cleared the fission gas plenum at only 2.2 ms 
from the start of the transient. HOwever, the 
superheated sodium vapor from the FCI continued to 
blow into the core region up to 14 ms. A total of 
121 g of sodium vapor reached the core, correspond
ing to 7g% of the sodium in the FCI region. The core 
kinetic energy at the time that the FCI' pressure was 
exhausted (14 ms) was 5.0 {104) J, or 7.8% of the 
Hicks and Menzies work potential. Therefore, the 
fraction of the theoretical work potential deposited 
in the core as kinetic energy was still small. 

The effect of the kinetic ener9y imparted to the 
core is shown in Figure 8, which dep1cts the three
dimensional density profiles in the core initially 
and at three times during the transient. At 15 ms, 
the bowl-shaped void in the center of the core caused 
by axially-downward and radially-outward motion in 
response to the FCI expansion is clearly evident. At 
30 ms, the two-phase mixture of fuel and steel could 
not accommodate the core compression and started to 
collapse into the liquid phase at the lower outer· 
periphery of the core. At 46.2 ms, the collapsed 
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Fig. 8 Density of fuel vs location for Case 4 

liquid-phase region grew to include approximately 
one-half of the core inventory located along the 
lower outer periphery and along the bottom of the 
core. · 

The collapse of the two-phase region was accom
panied by impact pressures of up to 160 atm. At the 
time that these high impact pressures were obtained, 
there was an extremely rapid redirection of material 
motion in the core. Initially, the material motion 
was away from the surface of the bowl-shaped void at 
the top center of the core in a direction that was 
radially outward and axially downward. As the two~ 
phase mixture collapsed along the outer periphery of 
the core, the motion was redirected radially inward 
but sti II in a downward direction. 

This redirection of core motion is substantiated 
in Figure 9, which plots the radial momentum against 
the axial momentum during the transient. Time marks 
are noted along the radial-axial momentum traje.c
tory. At 46 ms, the radial momentum changed from 
positive {outward) to negative {inw·ard). Within just 
one millisecond, there was a significant increase in 
the radially-inward motion that led to a rapid 
reactivity insertion. ' 

·The reactivity behavior was dominated by the 
leakage component, in which the geometry c.hanges were Fig. 9 Radial and axial momentum.for Case 4 
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manifested. The early portion of the transient was 
dominated by the increasing surface-to-volume ratio 

·that decreased the reactivity. At about 20 ms, the 
radially-outward component of momentum began to 
decrease rapidly, leading to the domination of the 
axially-downward motion which increased the reactiv
ity. The net reactivity then increased steadily 
unt n about 44 ms, when it be.gan to flat ten out at 
about. $0.8. When the rapid radially-inward motion 
occurred between 46 and 47 ms, the net reactivity 
increased by about $1. Since this rapid reactivity 
increase occurred before other feedback mechanisms 
could provide any mitigation, prompt critical was 
attained. · 

The virtual step increase. in reactivity at $0.8 
has undergone extensive scrutiny to verify the rela
tionship between core motion and the reactivity 
increase. First, the radial momentum and the net 
reactivity were plotted together and compared. The 
two curves appeared to be mirror images of each other 
and this similarity suggested a strong correlation 
between the radial core motion and the sudden reac
tivity increase. Secondly, successive static reac
tivity calculations ~~ere performed using the same 
material and temperature distributions obtained 
during the transient. This procedure was intended to 
rule out any potential errors associated with the 
modeling assumption that the delayed neutron precur
sors are not convected over the duration of the tran
sient. Although the dynamic and static reactivities 
did not follow identical paths, the trends ~1ere very 
close and the sudden increase in reactivity was also 
duplicated. · 

Summary of Results 

Table 1 summarizes the results for the fission 
gas plenum dynamics presented in the preceding discus
sion of the four cases analyzed using the SIMMER-II 
code. Figure 10 was constructed to show that the 
amount of sodium vapor reaching the core has a very 
strong influence on the kinetic energy imparted to 
the core. 

Although a definite proportional relationship 
existed between the-amount of sodium vapor injection 

and the core kinetic energy, no simple relationship 
exists between the core kinetic energy and the reac
tivity consequences. For example, the highest 
kinetic energy caused the collapse of the two-phase 
mixture of fuel.and steel over a large portion of the 
core and resulted in a prompt-critical excursion, 
while the lowest two core kinetic energies resulted 
in benign reactivity consequences. 

DISCUSSION OF RESULTS 

Implications of SIMMER Results 

The objective of the SIMMER analyses was to 
inve~tigate the effect of two-dimensional motion on 

Fig. 10 Effect of sodium vapor injection on 
core kinetic energy 

TABLE 

SUMMARY OF FISSION GAS PLE~UM DYNAMICS 

CASE CAS~ 2 CASE 3 CASE 4 

Time of sodium slug ejection from top of fission 
gas plenum region, ms 26 33 28 38 

Time of fuel slug injection into core, ms 15 2.2 

Fraction of fuel slug injection into core 4Y% 54i( . 90~ 90;( 

Time of plenum FCI pressure exhaustion, ms 16 23 14 . 

Sodium vapor injected into the core, g 1.62 4.4 62 121 

Sodium vapor in core as a fraction of sodium in 
· FC I region 1.1% 2.9% 41% 79% 

Core kinetic energy at time of plenum FCI 
pressure exhaustion, J s.o (lo2) 2.4 (103) 1.2 (104) 5.0 (104) 
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the potential for recriticality due to an energetic 
FCI pressure-driven recompaction during the HCDA 
transition phase. Table 2 summarizes the recriti
cality potential for the four cases discussed in the 
previous section. 

TABLE 2 

SUMMAR"Y OF RECRITICALITY POTENTIAL 

FCI Location Normalized r4aximum 
Above Active Core Downward Reactivity 

Case ~em) . Flow Area ($) 

1 42 0.4 0.5 
2 17 0.4· 0.8 
3 42 1.0 >1.0 
4 4 1.0 >1.0 

It is apparent that a reasonable combination of 
the location of the FCI region and the flow area for 
downward expansion could prevent a prompt-critical 
excursion or substantially reduce its consequences. 
Base·d on a simple analysis of steady-state axial heat 
conduction, the sodium liquid level would be expected 
to be higher than the value of 17 em used for Case 2. 
In addition, it is possible that the fission gas 
and/or vapor which would be expected to precede the 
molten fuel after plug failure would push the sodium 
liquid level even higher. The reduction in flow area 
for downward expansion would be much harder to eval
uate because a consensus does not exist on either the 
validity of the analytical models or the experimental 
data. 

Although the four cases investigated in this 
study represent a very limited examination of the 
many p0ssible conditions that could be postulated, 
several aspects of the conditions assumed for the 
SIMMER analysis ~~arrant further discussion. The 
assumption of criticality with an initial reactiv
ity of zero should be discussed in connection with 
the review of the transition phase scenario where it 
was pointed out that mild to.moderate recriticalities 
during the fully-developed bottled transition phase 
could not be precluded. When failure of the upper 
ph1a or:r:urs, it wnuln probably occur during one of 
these recriticalities when the reactivity might not 
be zero. During the preliminary SIMMER analyses 
using the diffusion theory model instead of the . 
transport theory model, an effort was made to analyze 
this type of situation by modeling the plug failure 
and tracking the subsequent events. In this case, 
the assumed layer of fission gas at the top of core 
preceded the fuel into the fission gas plenum during 
the blowdown and resulted in monotonic sodium 
sweepout without any FCI. · 

Therefore, an analy~is that starts with a 
pressure-induced failure of the plug does not support 
the postulated FCI conditions assumed in the present 
study. 

Another assumption that requires discussion is 
the rigid wall condition. In the discussion of the 
results for Case 4, it was pointed out that the 
collapse of the two-phase region at the bottom and 
outer periphery of the core resulted in impact pres
sures up to 160 atm. Because of the rigid bound-

. aries, the material motion was redirected inward 

towards the center of the core. This coherent 
radially-inward motion led to the rapid reactivity 
insertion that caused the severe recriticality. 
However, a non-rigid wall would have been expected to. 
significantly reduce the ·inward redirection of 
material motion. Disassembly calculations with the 
VENUS code, where the outer radial reflector is 
explicitly modeled, have clearly shown that the 
complian~e at the outer radius of the core is very 
effective in mitigating inward implosion ~ffects. 
Although the rigid wall assumption in SIMMER could 
have been eliminated by arranging for wall failures 
(melt-through) coincident with the arrival of dynamic 
pressure waves, the extra work necessary to implement 
such a capability was judged to be inappropriate for 
the seeping nature of this study. 

. A final assumption which needs discussion is the 
central location of the carbide fuel subassembly. It 
is felt that the central location assumed for this 
study probably gave pessimistic results, and that any 
other location would introduce incoherencies that 
would mitigate the consequences. However, there does 
not appear to be any easy way to verify this hypo
thesis except to perform a three-dimensional analysis 
when such capability becomes available. 

Other Mitigating Effects 

The results of the SIMMER analysis presented in 
this report pertain to the situation where an ener
getic FCI between carbide fuel and sodium is assumed 
to occur. For this situation, the results identified 
two mitigating effects which could reduce or elimi
nate the possibility of a severe recriticality during 
the transition phase that might result from an ener
getic FCI pressure-driven recompaction. However, 
these results should be put into perspective by 
pointing out that other mitigating effects, which are 
even more likely to exist, would act to prevent the 
energetic FCI from occurring altogether. These other 
mitigating effects will now be discussed briefly. 

1. Mixing Between Carbide and Oxide Fuel 

The occurrence of an energetic carbide FCI at 
the start of the SIMMER analysis assumes that the 
central carbide fuel subassembly can maintain its 
identit.Y until the rest of the core develops into a 
two-phase boiling pool. Hm~ever, molten carbide fuet 
would be expected to melt through the duct wall 
faster than ox.ide fuel because of its much higher 
thermal diffusivity. Therefore," the molten carbide 
·fuel would come into contact with molten oxide fuel 
before a core-wide pool could develop, 

Physical mixing of the carbide and oxide fuel 
would result in a mixture that would not satisfy the 
spontaneous nucleatirin criterion for a large-scale 
energetic FCI. This situation is identical to the 
case of molten stainless steel, which does satisfy 
the spontaneous nucleation criterion by itsel~ but is 
expected to exist only in a mixture with oxide fuel. 

In addition to physical mixing, uranium carbide 
is expected to undergo a chemical reaction with 
uranium dioxide, being converted to either uranium 
metal or to one of the oxides, along with the genera
tion of carbide monoxide gas. 

The early d4ct.wall melt-through with molten 
carbide fuel is believed to represent the most likely . 



situation which would greatly mitigate or even 
eliminate the scenarios considered in the present 
study. An analysis of such a situation should be 

.conducted if concerns over a pressure-driven recom
paction due to a carbide fuel FCI should persist. 

2. Complete Plugging 

Even if the carbide fuel could maintain·its 
identity until the development of a core-wide two
phase pool, injection of the molten carbide fuel into 
the fission gas plenum following failure of the upper 
plug would likely result in complete replugging 
within a short distance. Although there is disagree
ment on the mechanisms which control the plugging 
process (e.g., bulk freezing, conduction-limited 
freezing, or ablation-induced freezing), experimental 
studies with thermite-generated uranium dioxide 
indicate that oxide fuel could completely plug the 
channel before traversing the fission gas plenum. 
With its much higher thermal diffusivity and heat 
transfer to the structure, carbide fuel would be 
expected to plug the channel much sooner than oxide 
fuel. If the axial level of the sodium liquid in the 
fission gas plenum is as high as expected, early 
complete plugging by the molten carbide fuel would 
prevent impact with the sodium liquid and thus 
eliminate the possibility of an energetic FCI. 

3. Sodium Sweepout 

Even if the molten carbide fuel injected. into 
the fission gas plenum following failure of the upper 
plug manages to reach the sodium liquid, it is 
entirely possible that. a FCI may not occur at all or 
be relatively benign. ·In this case, flow reversal 
does not occur and the sodium is swept out of the 
fission gas plenum into the upper sodium pool. 

Several mechanisms exist which could prevent or 
limit mixing of the molten carbide fuel with the 
sodium liquid. The molten carbide fuel will be 
preceded by. fission gas and/or steel and fuel vapor. 
Along with the existing sodium vapor, these gas/vapor 
species might cushion or prevent the impact between 
the molten carbide fuel and the sodium liquid. If 
the molten carbide fuel does impact the sodium 
liquid, the initial contact will most likely be with 
a two-phase steel/fuel mixture rather than an all
liquid mixture. The void fraction of the initial 
core material would tend to limit the heat transfer 
between the core mater1al and the sodium. 

If there is no fission gas and all the vapor 
species condense completely before impact, the 
interface with the heavier steel/fuel mixture at the 
bottom and the lighter sodium on the top is inher
ently stable. Therefore, there should be little 
mixing between the core materials and the liquid 
sodium. This limited interaction should result in a 
relatively benign FCI which would not reverse the 
flow but continue to drive the sodium out of the 
fission gas plenum into the upper sodium pool. 

CONCLUSIONS AND RECOMMENDATIONS 

· Based on the two-dimensiona·l SIMMER analysis of 
the recompaction of a two-phase core during the 
transition phase caused by an energetic FCI in the 
centr~l .fuel subassembly, two conclusions can be 
drawn: 

An energetic FCI above the core is not 
expected to deliver enough energy to-the 
core to cause a severe recriticality for 
realistic accident conditions. Two factors 
can limit the amount of energy available to 
recompact the core and thus avoid severe· 
consequences: a realistic FCI location 
above the core and a reduced flow area for 
downward expansion into the core. Nominal 
values for these two conditions would make 
a severe recriticality unlikely. 

The two-dimensional analysis does not 
necessarily preclude the severe recritical
ity that would be expected based on a 

·purely one-dimensional analysis. If the 
expansion of the superheated sodium vapor 
from the energetic FCI into the core region 
is strong enough and no credit is taken for 
the mitigating effects in the fission gas 
plenu~ region, the severe recriticality is 
only delayed by the early neutron leakage 
associated with the higher surface-to
volume core configuration induced by the 
FCI expansion. However, a two-dimensional 
analysis of a more realistic expansion of 
superheated sodium vapor into the core 
region could limit or prevent a prompt 
criticality predicted by an simple one
dimensional analysis. 

In the light of the conclusions obtained in the 
present study, it may be more logical to establish 
the research priorities according to the following 
sequence: 

First, demonstrate that carbide fuel will 
not exist during the HCDA transition 
phase. Tnis would involve an analysis of 
the expected early·duct wall melt-through, 
followed by analysis and/or experiments on 
mixing and chemical reaction with oxide 

,. fueh 

If it fs felt that carbide fuel could ·exist 
during the HCDA transition phase, then the 
theoretical and experimental tasks to 
demonstrate that large-scale mixing bet•.1een 
the expelled core materials and sodium 
liquid is not likely. Successful comple
tion of these two tasks would demonstrate 
that the FCI would be nonenergetic. 

· Finally, if it is felt that an energetic 
FCI is still possible, then the two miti
gating effects identified by the analyses· 
presented in this report (high FCI location 
and reduced flow area for downward expan
sion into the core) should be investigated. 
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