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ABSTRACT 

The sodium-cooled fast reactor (SFR) has many performance advantages, however, it 
has one dominating neutronics drawback, viz. there is generally a positive reactivity effect 
when sodium coolant is removed from the core. The goal of the present research is to improve 
the safety characteristics of an advanced SFR core design, particularly from the viewpoint of 
the positive sodium void reactivity effect (static neutronics) and its impact on dynamic core 
behavior in hypothetical accident scenarios (coupled neutronics/thermal-hydraulics).  

1 INTRODUCTION 

Currently, most of the nuclear power plants worldwide are operated with thermal-
neutron spectra and need regular fuel loading of enriched uranium. According to the identified 
conventional uranium resources and their current consumption rate, only about 100 years’ 
nuclear fuel supply is foreseen [1]. A reactor operated with a fast-neutron spectrum, on the 
other hand, can induce self-sustaining, or even breeding, conditions for its inventory of fissile 
material, which effectively allow it – after the initial loading – to be refueled using simply 
natural or depleted uranium. This implies a much more efficient use of uranium resources. 
Moreover, minor actinides become fissionable in the fast-neutron spectrum, enabling full 
closure of the fuel cycle and leading to a minimization of long-lived radioactive wastes.  

The sodium-cooled fast reactor (SFR) is one of the most promising candidates to meet 
the declared goals of the Generation IV International Forum (GIF), in particular those related 
to safety and sustainability [2]. In comparison to other Generation IV systems, there is 
considerable design experience related to the SFR, and also more than 300 reactor-years of 
practical operation [3]. As a fast spectrum system, the SFR enables full closure of the fuel 
cycle with positive breeding gain, and hence aims at a sustainable management of fuel 
resources and the minimization of long-lived radioactive waste. However, it is necessary to 
note that the SFR has a dominating neutronics drawback, viz. a positive reactivity effect when 
sodium coolant is removed from the core, i.e. a positive sodium void reactivity coefficient [4].  

In a hypothetical unprotected loss-of-flow (ULOF) accident in an SFR, sodium boiling 
will occur at the ambient low pressure if the sodium coolant flow through a given channel is 
too low for the heat to be removed in the liquid phase [5]. A positive reactivity will, in 
general, be inserted due to the sodium void effect. Although this can be partly compensated 
by certain negative feedbacks, viz. Doppler and thermal expansion of core and in-vessel 
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structures, the overall reactivity change usually remains positive. The reactor power will thus 
increase following the onset of sodium boiling. The current paper presents an optimization 
study, based on coupled neutronics/thermal-hydraulics analysis, in which the dynamic 
behavior of a reference SFR during a given ULOF accident scenario is improved via 
appropriate changes in the core design.  

2 REFERENCE CORE, ACCIDENT SCENARIO AND METHODS 

2.1 SFR Core Description 

An important context of the current study is the 7th European Framework Program’s 
Collaborative Project for a European Sodium Fast Reactor (CP-ESFR) [6]. The reference 
3600 MWth ESFR core, proposed by the French CEA, is considered as the starting point of 
the optimization work. The active core has a pancake shape, with 1.0 m height and 4.7 m 
diameter (see Figure 1a), which is aimed at reducing the void reactivity. Above the active core, 
there is a fission gas plenum (11 cm) and then an upper steel reflector (70 cm), the latter 
consisting of a separate lattice of stainless steel rods. Below the active core, there is a lower 
reflector (30 cm) of stainless steel pellets inside the fuel pins, followed by a lower fission gas 
plenum (91 cm). The fuel assemblies, consisting of pins with mixed U-Pu oxide pellets and 
steel cladding, are loaded into the inner and outer fuel zones with different plutonium contents 
(14.6 % and 17.0%, respectively). In the current assembly design, the fuel-to-sodium ratio is 
increased significantly by enlarging the fuel pin diameter (as compared, for example, to the 
Super-Phénix design). This is advantageous for all the key parameters, viz. void reactivity, 
Doppler constant and breeding gain. The estimated average fuel temperature is 1227°C. The 
sodium inlet and outlet temperatures are 395°C and 545°C, respectively. The considered fuel 
cycle state in the present paper is beginning-of-life, i.e. with fresh fuel in the core. 

         
       a)                  b) 
Figure 1: Vertical sections of a) the reference ESFR core and b) the neutronics optimized core 

2.2 Considered Accident Scenario 

A simple coolant flow run-down curve has been chosen as basis for defining the 
reference ULOF accident scenario. In principle, the corresponding parameters should be 
defined while considering the primary pump characteristics and the primary circuit layout; 
however, the exact features of the reference ESFR primary system are still unknown. By 
making reasonable estimations for the flow run-down, the inlet mass flow rate is assumed to 
be reduced by half within 10 seconds and to be asymptotically approaching 20% of the initial 
level. It should be mentioned that the transient starts always at 400s in the present study. 
During such a hypothetical accident, sodium boiling is anticipated to occur and, as such, its 
consideration is crucial for assessing SFR safety. It should be noted that the specific ULOF 
accident scenario chosen here is mainly intended to demonstrate the effectiveness of the 
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ESFR design improvements which are being proposed, a detailed SFR safety analysis being 
clearly beyond the scope of this paper. 

2.3 Analysis Methodology 

Under the considered ULOF transient conditions, the neutronics reactivity feedback is 
strongly correlated to the thermal-hydraulics response of the core and reactor structures, and 
this close interaction requires coupled reactor dynamics analysis. In the frame of the FAST 
code system [7], an internal coupling of the codes PARCS and TRACE is used for such 
simulations. PARCS [8] is a 3D neutron kinetics code, which has been extended to allow fast 
spectrum calculations in 33 energy groups. TRACE [9] is a 1D system thermal-hydraulics 
code, currently enabling sodium two-phase flow simulation [10]. 

The 33-group macroscopic cross-sections for the nominal core state and their 
corresponding derivatives are prepared for the PARCS code using the ECCO module in 
ERANOS, the appropriate formatting being achieved with the in-house routine 
ERANOS2PARCS. PARCS takes the reactivity feedbacks into account through these basic 
cross-sections and derivatives. In the current study, four reactivity components are considered: 
the coolant density effect (including the void effect), the Doppler effect, and the effects of 
thermal expansion of fuel (axial expansion) and core diagrid (radial expansion). A 60-degree 
symmetry is considered in the PARCS model, so that only one sixth of the studied SFR core 
needs to be simulated; this consists of 85 fuel assemblies, 60 reflector channels, and 7 control 
and safety rods. Radially, the size of the node corresponds to the fuel assembly pitch, i.e. 21 
cm, while the size of the axial mesh largely depends on the actual height of the corresponding 
zones, but is always of the order of 10 cm. It should be mentioned that the computational 
nodes in PARCS are homogenized in hexagonal geometry. 

The TRACE model represents 1/12 of the studied SFR core. Thereby, it consists of 52 
parallel channels (PIPEs): 45 fuel channels, 5 control rod channels, 1 safety rod channel, and 
1 channel to represent all the vertical bypasses including inter-assembly gaps and reflectors. 
From the bottom to top, the channels are divided into different zones corresponding to: lower 
fission gas plenum, lower reflector, fuel region, upper fission gas plenum, and upper reflector. 
In particular, each fuel region of the channels is represented by a heat structure (HTSTR), 
where the power generation is simulated. Since the main purpose of the present study is to 
demonstrate the effectiveness of the proposed ESFR core design improvements, only the 
reactor core region is explicitly described in the current TRACE model. Accordingly, proper 
boundary conditions have been applied at the inlet for coolant temperature and mass flow rate, 
and at the outlet for the pressure.  

The PARCS and TRACE models have been coupled via an appropriate mapping scheme, 
linking the neutronics nodes to the corresponding thermal-hydraulics channels and heat-
structure components. In order to facilitate the mapping, the nodalization schemes in the 
PARCS and TRACE models have been chosen to be as close to each other as possible. 

3 RESULTS FOR THE REFERENCE CORE 

As mentioned previously, the core response to a ULOF transient of the type considered 
is of prime importance for the safety demonstration of an SFR. Since sodium boiling is 
anticipated to occur, this may further lead to a severe accident situation, in which both fuel 
and cladding melt. In this section, results are presented for the PARCS/TRACE simulation of 
the selected ULOF accident scenario for the case of the reference ESFR core. 
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First of all, one can see the power evolution in Figure 2a. It is found that the core power 
decreases slightly during the first 30s of the transient, down to about 90% of the initial value. 
Thereafter, a clear sharp increase occurs, in combination with slight oscillations (with a 
frequency of the order of 1 Hz). Within about 10s, the core power reaches 220% of the initial 
value. It should be noted here that sodium boiling onset occurs at 427s, only a few seconds 
ahead of the turning point of the power curve. 
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            c)                         d) 

Figure 2: ULOF for the reference ESFR core at BOL: evolutions of a) power, b) fuel and 
cladding temperatures in the hottest channel (in which boiling starts), c) total reactivity and its 

decomposition, d) normalized inlet and outlet flow rates in the hottest channel 

The responses of the fuel and cladding temperature in the hottest nodes, together with 
the melting temperatures of MOX (the fuel) and Fe-Cr based ODS (the steel type adopted for 
the cladding) [11], are presented in Figure 2b. During the first 30s of the transient, a slight 
increase of the maximum fuel temperature (i.e. centerline fuel temperature in the hottest 
channel) is found to occur, even though the core power decreases a little. Meanwhile, the 
cladding temperature increases because the significant reduction of the coolant flow rate 
makes the heat transfer at the cladding surface less efficient. After the boiling onset at 427s, 
the response of the cladding temperature comes first, and the cladding reaches its melting 
temperature at about 440s. The rise in the fuel temperature occurs somewhat later, since this is 
dominantly driven by the core power which jumps up shortly after 430s. Nevertheless, the 
fuel starts to melt several seconds earlier than the cladding. 

The explanation of the power evolution during the ULOF transient can be drawn from 
the development of the total reactivity and its decomposition. After the transient starts, both 
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coolant and fuel become hotter. The former introduces positive reactivity feedback due to the 
decreased coolant density, whereas the latter brings in a negative reactivity contribution 
because of the Doppler effect and axial thermal expansion of the fuel. As seen in Figure 2c, 
the total reactivity is found to be slightly negative during the first 30s, with the sum of 
Doppler and axial expansion effects being somewhat stronger than the compensating coolant 
density effect. Consequently, the core power decreases slightly during this period. However, 
after the sodium boiling onset, the reactivity feedback from the coolant density effect 
becomes much more dominant which drives the total reactivity positive. As a result, the core 
power is sharply increased. One should note here that, even though the radial thermal 
expansion effect has been calculated by PARCS, it is actually not taken into account due to 
the restriction on the complete primary/secondary circuit modeling. 

Finally, the flow rates in the hottest channel, at the core inlet and at the upper fission gas 
plenum outlet, respectively, are presented in Figure 2d. It is seen that the flow rate in this 
specific channel largely follows the overall flow rate change before the boiling onset at 427s. 
After that, significant oscillations around zero are observed at the core inlet, with the 
amplitude increasing with time. On the contrary, almost no flow reaches the plenum outlet 
following the start of boiling. Thus, a large dryout region in between is indicated. 

4 IMPACT OF NEUTRONICS DESIGN OPTIMIZATION 

4.1 Description of the Neutronics Optimized Core 

In the neutronics optimized core [12], a 30 cm upper sodium plenum, along with a 15 
cm boron layer, has been introduced above the upper fission gas plenum. Furthermore, as 
compared to the reference ESFR core, the core height-to-diameter (H/D) ratio has been 
reduced from 0.213 to 0.158 (see Figures 1a and 1b). This is realized by introducing an 
additional ring of fuel pins in the fuel assembly. In order to compensate for the reactivity loss 
caused by the lower H/D ratio, the plutonium contents in the inner and outer core zones have 
been increased to 15.8% and 17.7%, respectively. With these changes, the neutronics 
optimized core has a void reactivity (voiding assumed for the sodium plenum as well as for 
the fuel zone) as low as 321 pcm (1 pcm = 10-5), in comparison to 1578 pcm (voiding 
assumed for only the fuel zone) in the reference ESFR core. Thus, it can be expected to 
provide a significantly better core behavior during the considered ULOF accident than the 
reference ESFR design. 

4.2 Behavior of the Neutronics Optimized Core 

It should first be mentioned that the boiling onset now occurs at 432s, which is about 
four seconds later than that in the reference case. This delay can be explained by the power 
evolution curve in Figure 3a. As a result of the core design modifications, the reduced coolant 
density reactivity effect makes the initial power reduction somewhat more significant, viz. 
more than 10% during the first 30s of the transient. After boiling starts, the power reacts, 
firstly with a sharp decrease (within less than two seconds) and then with significant 
oscillations between 75% and 100% of the initial power level. One can easily distinguish two 
different frequencies for these oscillations, viz. a higher value of the order of 1 Hz (also 
observed in the reference case) and a lower value of about 0.1 Hz. 

The response of the fuel and cladding temperatures is shown in Figure 3b. Thanks to the 
moderate power level, which is not like the sharp increase in the reference case, the fuel 
temperature in the hottest node is kept under the melting point throughout the simulation 
period. However, it can be seen that one still has a clear increasing trend, so that fuel melting 
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can be expected to occur later in the transient. Moreover, in this case, the cladding reaches its 
melting temperature sooner than the fuel. Its melting and consequent relocation can result in a 
reduction in neutron absorption, and hence in a corresponding positive reactivity feedback. 
The material relocations are not, however, simulated in the current study. Nevertheless, 
compared to the reference case, the definitive cladding melting occurs more than ten seconds 
later. This is largely related to the fact that the core design modifications to improve the 
neutronics parameters (mainly to reduce the void reactivity) yield a specific beneficial effect, 
viz. a notable power decrease immediately after the boiling onset at 432s.  
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Figure 3: ULOF for the neutronics optimized core: evolutions of a) power, b) fuel and 
cladding temperatures in the hottest channel, c) total reactivity and its decomposition, d) 

normalized inlet and outlet flow rates in the hottest channel 

As seen from the reactivity decomposition shown in Figure 3c, the initial decrease in 
power results from a significant decrease of the coolant density reactivity effect (even a 
negative value is reached at a certain moment), which causes the total reactivity to become 
more negative. Nevertheless, within less than two seconds, the coolant density effect increases 
again and remains mostly positive during the rest of the transient, even though not as high as 
in the reference case, but still large enough to make the total reactivity positive. 

The flow rates in the hottest channel are presented in Figure 3d, at the level of core inlet 
and upper sodium plenum outlet. It is found that, this time, the flow oscillations at plenum 
outlet are even more significant than those at core inlet. The reason is that the large quantity 
of sodium contained in the upper sodium plenum region cannot be strongly voided that easily. 
It is the resulting strong vaporization/condensation process, which leads to the significant 



1403.7 

oscillations. As discussed later, reducing the sodium fraction in the plenum region can help to 
stabilize the coolant flow. 

In summary, it has been seen that – for the selected ULOF accident scenario – the 
dynamic behavior is unsatisfactory not only for the reference ESFR design, but also for the 
proposed core with optimized neutronics characteristics. The significantly reduced void 
reactivity appears to be incapable of preventing the cladding and fuel from melting. At this 
stage, a deeper analysis and further optimization is clearly necessary.  

In this context, it is worthwhile to recall that – for the current neutronics optimized core 
– there is a short period during the transient when the coolant density reactivity effect is 
negative. This is at about two seconds after the sodium boiling onset. At this time, the sodium 
void is distributed in the upper fuel region of the hot channels and in the corresponding 
sodium plenum region above. If this void map could be preserved long enough without 
propagating towards the core center, the reactor power, as well as the fuel temperature, would 
effectively decrease. Unfortunately, this is not the case here. The sodium void expands rapidly, 
especially downwards to the core center. In the end, a large dryout occurs in the hot zone and 
the fuel channels are blocked by sodium vapor (see Figure 7a). Due to the channel blockage, 
the capability for heat removal from the cladding is lost, and thus it eventually melts. 
Nevertheless, an important clue has been obtained here: one needs a specific thermal-
hydraulics design, which can effectively sustain the sodium vapor in the upper region. This 
would use the neutronics improvement to greater advantage. The corresponding thermal-
hydraulics optimization is described in the following section 

5 THERMAL-HYDRAULICS OPTIMIZATION: WRAPPER OPENINGS 

5.1 Description of the Innovative Wrapper Design 

With the conventional wrapper tube design, every fuel assembly is isolated from its 
neighbors and has its own independent sodium flow rate. Under normal operating conditions, 
the sodium coolant always remains single-phase, i.e. liquid. However, in certain accidental 
situations, e.g. the currently considered ULOF scenario, there is a possibility that the sodium 
temperature reaches the saturation point and the coolant starts to boil. The sodium boiling 
pattern in such a situation is characterized by a fast formation of large vapor bubbles in the 
top part of the fuel bundle. These bubbles rapidly expand radially and may thus block the 
entire flow area of the channel, leading to an abrupt stoppage of the coolant flow at the fuel 
assembly inlet. As a result, the stagnant sodium inside the fuel assembly continues to boil off 
and the vapor propagates downwards to the core center, where the local void reactivity is 
strongly positive. This, in turn, implies positive total reactivity and power escalation (see 
Section 3). The rapid rise in power can lead to dryout, and finally to the melting of both 
cladding and fuel. The above generic description clearly underlines the importance of the 
detailed consideration of SFR accident scenarios in which sodium boiling may occur.   

As indicated previously, if the sodium vapor could be sustained in the upper part of the 
fuel region and the sodium plenum region above it, the reactivity feedback from the coolant 
density variation would be negative. In this context, a new wrapper design is needed which 
can prevent the downward void propagation to the core center. The innovative feature 
proposed is to introduce small openings in each side surface of the conventional wrapper tube. 
The exact axial location and the area of the openings would depend on the specific core 
design. For the currently studied SFR core, the new wrapper considered has openings located 
at ¾ of the fuel region height (from the bottom) and the area of the opening is about 80cm2 
(10cm × 8cm). A schematic view of the proposed wrapper design is shown in Figure 4a. 
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     a)              b)  

Figure 4: a) Schematic view of the wrapper openings and b) the flow patterns during normal 
operation and in the case of sodium boiling 

This new design of the wrapper tube aims at improving the unsatisfactory SFR core 
response during the considered ULOF accident scenario. The introduced openings are 
intended to provide bypasses for the coolant flow when the sodium vapor blocks the flow area 
at the top of the fuel. Due to these bypasses, the flow rate at the channel inlet should not drop 
significantly (nor oscillate strongly), so that the sodium vapor gets prevented from 
propagating downwards to the core center, where the local void reactivity is strongly positive. 
Instead, it would propagate radially into the neighboring channels. The resulting void 
distribution should thus provide a close to zero or even negative coolant density reactivity 
feedback. Accordingly, the total reactivity can be expected to remain negative, causing the 
core power to decrease. Moreover, the continued availability of the sodium flow rate in the 
fuel assembly, where boiling occurs, would prevent dryout since a liquid film of sodium 
would be maintained on the cladding surface. With sufficient cooling remaining, there would 
not be any melting of the cladding or fuel.  

The above projected effectiveness of the new wrapper design clearly needs to be tested 
for the considered ULOF scenario, and this has been done currently via appropriate 
PARCS/TRACE simulations. The principal modification made in the TRACE model was the 
creation of side junctions between all the 45 fuel channels, at ¾ of the fuel region height from 
the bottom. Neighboring channels, according to the mapping scheme, were connected by 
additional hydraulic components with a flow area of 80cm2. It should be mentioned that the 
thermal-hydraulic impact of sodium flowing between wrappers is neglected by the current 
TRACE model. In addition, the cross-flow between neighboring fuel assemblies, due to the 
introduced openings, has been found to be relatively minor in normal operation. The flow 
patterns during normal operation and in the case of sodium boiling are illustrated in Figure 4b. 

It should be mentioned in passing that a European patent has recently been filed for the 
new wrapper design, in view of its considerable potential for improving SFR core behavior 
under sodium boiling conditions [13]. 
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5.2 Behavior of the Neutronics Optimized Core with Wrapper Openings 

The core behavior of the neutronics optimized core at BOL has been re-analyzed for the 
same ULOF accident scenario, but this time in conjunction with the introduced wrapper 
openings. It is found that, in this case, the sodium boiling onset occurs at 436s, which is about 
four seconds later than in the case without openings. This postponement can be explained by 
small cross-flows occurring between neighboring channels during normal operation, which 
tend to slightly flatten the temperature gradient across the core.  

As seen in Figure 5a, the power evolution before the boiling onset is similar to the case 
with conventional wrapper design, i.e. a smooth decrease down to 85% of the initial power 
level within about 35s. After this, however, the behavior is quite different. Instead of the 
significant low-frequency power oscillation that one had in the previous case, a clear 
reduction is now found to occur, the power level decreasing down to 60% in less than ten 
seconds. Unfortunately, before a definite trend can be derived, the simulation “crashes” due to 
numerical non-convergence. Nevertheless, the significant improvement in comparison to the 
case with the conventional wrapper design, i.e. the power evolution shown in Figure 3a, can 
be clearly seen.   
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Figure 5: ULOF for the optimized core with wrapper openings at BOL: evolutions of a) 
power, b) fuel and cladding temperatures in the hottest channel, c) total reactivity and its 

decomposition, d) normalized inlet and outlet flow rates in the hottest channel 

The evolutions of the fuel and cladding temperatures in the hottest node are presented in 
Figure 5b. The maximum fuel temperature curve is relatively flat before the boiling onset at 
436s, the effects of the decreased core power and of the reduced coolant flow rate 
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compensating for each other quite closely. Once the sodium starts to boil, the sharp reduction 
of the core power becomes dominant, so that the fuel temperature decreases significantly. The 
cladding temperature shows an increase at the beginning of the transient, since it is mainly 
influenced by the reduced coolant flow. However, the decreased fuel temperature after the 
boiling onset restricts the rise in cladding temperature. In the end, it seems to be saturated at a 
little below 1000ºC, remaining more than 500ºC under the melting point of the Fe-Cr based 
ODS steel.  

The improved core behavior for the case with wrapper openings is mainly due to the 
total reactivity remaining negative throughout the transient. As seen in Figure 5c, the coolant 
density reactivity effect rapidly drops down to a strongly negative level after the sodium 
boiling onset at 436s. It is then the dominant component of the negative total reactivity, which 
finally leads to the power reduction. Even though some oscillations appear afterwards, a 
decreasing trend is clear. Furthermore, one can also see that the Doppler effect and the axial 
fuel expansion effect become positive in the later stages of the transient, the increase being 
stronger for the former. These changes can be explained by the reduction of core average fuel 
temperature. 

Thanks to the bypasses through the wrapper openings, there is no channel blockage 
when sodium boiling develops. It can be seen in Figure 5d that the flow rate at the core inlet 
of the hottest channel follows the overall flow run-down in quite a stable manner. At the 
sodium plenum outlet, however, there are strong flow oscillations. As explained earlier, this is 
because the large quantity of sodium in the sodium plenum region cannot be fully voided and 
the resulting vaporization/condensation process leads to a strong oscillatory behavior. 

When the boiling onset occurs, the first sodium bubble appears at the top of the outer 
core (the same as the previous cases). Thereafter, as seen in Figures 7b, the sodium vapor 
propagates upwards to the sodium plenum and radially into the neighboring channels, the 
resulting void maps providing negative coolant density reactivity feedback. As compared to 
the void propagation scheme for the case without wrapper openings (i.e. the void maps shown 
in Figure 7a), the downward expansion of the sodium vapor is effectively limited, since 
bypasses are currently provided for the coolant flow. 

In summary, it has been demonstrated that the wrapper openings effectively help ensure 
that the sodium void remains in the upper core region, so that adequately negative coolant 
density reactivity feedback is introduced following the boiling onset. However, violent flow 
oscillations occur in the upper sodium plenum and, as a consequence, the simulations do not 
converge sufficiently for a definite trend to be identifiable. This is of course not just a matter 
of computational instability, but also has important physical significance: the oscillations 
imply an unstable state, where uncontrolled void propagation and local dryout can be 
anticipated to occur. This clearly threatens reactor safety and calls for further design 
optimization. Accordingly, focus is placed in the next section on the trade-off between the 
negative void reactivity effect of the sodium plenum and stabilization of the coupled 
neutronics/thermal-hydraulics phenomena. 

6 THERMAL-HYDRAULICS OPTIMIZATION: FLOW STABILIZATION 

It has been indicated above that, once one has ensured that the reactivity insertion 
following the sodium boiling onset is negative, stabilization of the coupled 
neutronics/thermal-hydraulics phenomena which occur in the upper sodium plenum becomes 
most important. Effectively, the violent vaporization/condensation process which occurs in 
this region has to be mitigated, so that the mutual feedback between the neutronics and 
thermal-hydraulics remains smooth. In this context, an alternative plenum design – amounting 
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to the replacement of the original sodium plenum by an extended fission gas plenum – is 
proposed and analyzed in this section. 

6.1 Description of the Alternative Sodium Plenum Design 

The violent vaporization/condensation process in the sodium plenum, which leads to the 
observed flow instability, is largely due to the very high sodium volume fraction (92%) in this 
region. Accordingly, a reduction of this high fraction needs to be considered. Clearly, a 
reduced sodium amount in the plenum region will also lead to a less negative plenum effect 
from the neutronics viewpoint. Nevertheless, this trade-off is necessary to achieve a smoother 
mutual feedback in the neutronics/thermal-hydraulics coupling. The most realistic, and also 
the simplest, way is to replace the original sodium plenum with an extended fission gas 
plenum. The latter region, in which the sodium fraction is considerably reduced (28%), has 
the same coolant flow cross-section as the fuel region. The remaining volume fraction is taken 
up by the helium-filled gas plenum in the upper part of the fuel pins and the corresponding 
amount of cladding material (ODS steel). Bearing in mind that there is an 11 cm upper fission 
gas plenum in the reference ESFR core (as also in the optimized core), one now has 30 + 11 = 
41 cm in total. Implementing such an extended fission gas plenum – in place of the earlier 30 
cm sodium plenum – yields the final optimized core configuration, which is analyzed here. 

6.2 Final-configuration Core Behavior 

The standard set of core behavior results, presented in all previous simulations of the 
selected ULOF accident scenario, are shown in Figure 6 for the final core configuration. It 
may first be noted that the sodium boiling onset occurs at 435s, which is very close to the 
timing for the corresponding neutronics optimized case with original sodium plenum. Most 
important is the observation that the computation is very satisfactory, 400s of the transient 
having been simulated successfully, i.e. without numerical non-convergence. 

The power evolution curve (see Figure 6a) shows that, after a smooth decrease during 
the first 35s (i.e. before the sodium boiling onset) and a sharper decrease during the next 15s 
(i.e. after the sodium boiling onset), the reactor power is basically stabilized, even though 
some minor oscillations continue to be observed. The final stabilized power level is slightly 
above 60% of the initial value.  

As seen in Figure 6b, the maximum fuel temperature evolution largely follows the 
power evolution. One has a decrease from about 2500ºC to 2000ºC, with more than a 700ºC 
safety margin finally being maintained. Once again, the maximum cladding temperature goes 
up immediately after the transient starts, this being determined mainly by the reduced coolant 
flow rate. However, the decrease in the fuel temperature after the boiling onset effectively 
weakens the cladding temperature increase and, in the end, it remains more than 500ºC below 
the melting point.  

The total reactivity remains negative in the first 100s of the transient: during the first 
40s, the negative Doppler effect plays the major role, whereas the negative coolant density 
feedback is the dominant effect later (see Figure 6c). The latter eventually stabilizes at a value 
of ~ -0.3$. The Doppler and the axial expansion effects are also stabilized in the later stages, 
but both of these feedbacks are positive due to the reduction of the core average fuel 
temperature. The compensation that occurs between the different reactivity components leads 
to an asymptotic approach of the total reactivity to a zero value. Thus, a new stable critical 
state is reached. 
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Figure 6: ULOF for the final core configuration: evolutions of a) power, b) fuel and cladding 
temperatures in the hottest channel, c) total reactivity and its decomposition, d) normalized 

inlet and outlet flow rates in the hottest channel. 

In Figure 6d, one can see a stable flow rate at the inlet of the hottest channel, which 
follows the overall core flow reduction to 20% of the initial value. At the channel outlet, the 
flow direction remains upward almost throughout the transient, even though the flow rate is 
quite low. This is because of the bypasses through the wrapper openings from the hot 
channels to the neighboring cold ones. As compared to the neutronics optimized core with 
original sodium plenum, the outlet flow rate oscillates much less strongly. This clearly 
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indicates a satisfactory level of flow stability, with sufficient mitigation having been achieved 
for the vaporization/condensation process in the extended fission gas plenum. Combining the 
latter fact with the reduced void reactivity feedback in the plenum, the data exchange during 
the coupled neutronics/thermal-hydraulics simulation is much smoother, resulting in 
satisfactory computational stability for this final core configuration.  

It can be seen that the oscillations which were observed after the sodium boiling onset 
in the previous cases – for various parameters, e.g. coolant density feedback, reactor power, 
mass flow rate at the outlet, etc. – are still present in the results shown in Figure 6. The 
amplitudes, however, are significantly smaller. What remains almost the same is the 
frequency, which is of the order of 1 Hz. Such a frequency is quite characteristic of sodium 
boiling phenomena in parallel channels [14]. Clearly, the observed oscillations – and 
subsequent non-convergence in the previous simulations – are not simply numerical but 
rather, are related to the physical sodium boiling phenomena in the upper plenum.   

The void map presented in Figure 7c graphically demonstrates the new “steady state” 
with stable boiling which is reached during the ULOF in the final core configuration, the 
snapshot having been taken at 800s. The most developed void region at this time extends from 
the upper part of the outer fuel zone (above the wrapper openings), through the large fission 
gas plenum and boron layer, to the top of the upper reflector. In most of the void region, the 
vapor quality is lower than 0.9. There are only some small volumes near the top of the active 
core where the vapor quality is higher, but the values remain below the dryout criterion (viz. 
with void fraction lower than 0.957). 

For comparison, Figures 7a and 7b show two other void map snapshots. These are 
representative of the earlier “unsuccessful” cases, Figure 7a showing the void map at 452s for 
the neutronics optimized core (Section 4), and Figure 7b that at 445s for the neutronics 
optimized case with wrapper openings (Section 5). The former clearly indicates the undesired 
propagation of the sodium void downwards to the core center, while the latter is indicative of 
the large volume of sodium vapor in the upper plenum, which leads to violent flow 
oscillations at the outlet.  

 

     
a)       b)            c) 

Figure 7: Void maps of a) the neutronics optimized core at 452s during the ULOF, b) the 
neutronics optimized core with wrapper openings at 445s, and c) the final core configuration 

at 800s. The dashed lines indicate the region of introduced wrapper openings. 
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7 CONCLUSIONS 

In this paper, the behavior of a 3600 MWth SFR core during a selected ULOF accident 
scenario has been analyzed employing a coupled 3D-neutronics/thermal-hydraulics 
PARCS/TRACE model. Table 1 provides a summary of the key results obtained with the 
current PARCS/TRACE modeling of the selected ULOF accident scenario. The presentation 
has been made such as to bring out the step-by-step improvements achieved with the 
progressive optimization carried out. Tabulated are: simulation status, reactor power behavior, 
cladding and fuel temperature status, coolant density and total reactivity effects, flow rate 
behavior at core inlet and plenum outlet, fuel channel status, and crucial points. 

Table 1. Summary of the step-by-step improvements achieved for the SFR core behavior  

 Reference  
ESFR core 

Neutronics 
optimized core  

With wrapper 
openings 

The final core 
configuration  

Simulation status  Terminated by 
melting 

Terminated by 
melting 

Terminated by 
numerical non-

convergence 
Completed 

Power at the end Increasing Oscillating Decreasing Stabilized  

Cladding temperature Reaches melting  
point at 440s 

Reaches melting  
point at 454s 

Stabilized below 
melting point 

Stabilized below 
melting point 

Fuel temperature Reaches melting  
point at 435s 

Close to melting 
point at 455s Decreasing Stabilized below 

melting point 

Coolant density 
reactivity effect Very positive Positive Negative Negative 

Total reactivity effect Positive Oscillating around 
zero  Negative Negative 

Core inlet flow rate 
(hottest channel) 

Strongly oscillating 
around zero  

Strongly oscillating 
around zero  Smooth & positive Smooth & positive 

Plenum outlet flow rate 
(hottest channel) No flow Strongly oscillating 

around zero  
Oscillating around 

zero Smooth & positive 

Flow status  
(hottest channel)  

Channel blocked 
by sodium vapor 

Channel blocked 
by sodium vapor 

Strong 
vaporization/ 
condensation 

process 

Mitigated 
vaporization/ 
condensation 

process 

Crucial points Power  
increase 

Large  
dryout 

Negative coolant 
density effect 

Instability 

A new steady state 
reached with stable 

sodium boiling  
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