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Abstract.  The safety challenges associated with sodium-cooled fast reactors have been recognized since the 
beginning of nuclear power and include the high power density in the core, the need for a reactor coolant and 
heat transfer system with high heat removal capability, the variation of power across the core requiring the use of 
ducted assemblies, and the condition that the fuel is not in the most neutronically reactive configuration during 
normal operation such that relocation can result in positive reactivity excursions, even possibly exceeding 
prompt critical conditions and energetic events.  The potential for accidents with such severe consequences has 
been a negative factor with respect to the use of the sodium-cooled fast reactor.  With the development of 
inherent safety principles, including favorable reactivity feedback, natural circulation cooling, and design 
choices resulting in favorable dispersive characteristics for failed fuel, it is possible to greatly increase the level 
of safety, to the point where it is highly unlikely, or perhaps even not possible, for accidents to result in releases 
of hghly radioactive materials to the containment or the surrounding environment. 

1. Introduction 

Fast neutron reactors have been designed, constructed, and operated since the beginning of nuclear 
power, mainly as a result of the perceived scarcity of uranium at that time and the ability of fast 
reactors to breed new fuel to greatly extend uranium resources.  It was recognized that fast reactors 
had characteristics that required careful attention in design to allow stable and safe operation, most 
importantly the high power density in the reactor core and the arrangement of fuel that is not in the 
most critical configuration for nuclear fission.  The high power density required coolant with high heat 
removal capabilities, along with low neutron moderation, which lead to the use of liquid metals with 
liquid sodium being selected as the coolant of choice after thorough evaluations.  The unavoidable 
variation in power across the core due to the effects of the core boundary, combined with the high 
power density, forced the development of ducted fuel assemblies to properly control core 
temperatures, a feature that also enabled the use of different assembly types within the core, enhancing 
breeding capability.  The potential for any change in core geometry to lead to power variations and 
unstable operation, as demonstrated in EBR-I, [1] resulted in fast reactor core designs with substantial 
structure to ensure the location of fuel.  These early developments are still applicable today and are 
part of the design considerations for modern sodium-cooled fast reactors.    

As research continued through the 1970’s, it became apparent that the potential for accidents in liquid-
sodium cooled fast reactors was becoming a major safety issue, especially for severe accidents, i.e., 
accidents where the reactor is ‘unprotected’, i.e., the reactor protection systems fail to scram the 
reactor, and where consequences could include fuel melting, fuel relocation and power excursions, up 
to and including energetic disassembly of the reactor core and the potential failure of the containment 
building.  For fast reactors, these accidents are typically in one of three categories, loss of cooling 
(unprotected loss of flow, ULOF), loss of normal heat removal (unprotected loss of heat sink, 
ULOHS), and reactivity addition (unprotected transient overpower, UTOP).  Such events were the 
focus of licensing discussions in the United States for the proposed Clinch River Breeder Reactor, and 
at the time that the project was terminated, it is not clear that the issues with such severe accidents 
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were completely resolved.[2]  At the same time, the original perception that uranium was a scarce 
resource had been proven to be incorrect, with abundant resources being discovered in many countries.  
This combination of circumstances removed the incentives for pursuing the fast breeder reactor, at 
least for that time, and provided the opportunity for further study and development of more advanced 
fast neutron reactors and concepts, including the concept of ‘inherent’ safety, i.e., design choices and 
features that do not require an active system to function, but are the result of inherent fundamental 
physical processes such as thermal expansion or gravity, which do not have a probability of failure. 

The development of the concept of inherent safety addressed the fundamental requirements for safe 
operation of a fast neutron reactor (or any reactor), which are the goals of the inherent safety 
principles: 

� avoiding large increases in core reactivity, 

� maintaining cooling of the reactor core, 

� preventing rearrangement of the fuel that would result in large energetic events   

Each of these areas required significant research to acquire the basic understanding needed to 
successfully develop the inherent safety principles that could be adopted in the design of a fast reactor.  
During the 1980’s and 1990’s, many research and design efforts used one or more inherent safety 
features in developing new reactor designs, as evidenced by the numerous papers written at that 
time.[3],[4],[5],[6],[7] The result was that it became possible to design a fast reactor with safety 
characteristics that in some cases far exceeded the earlier designs, depending on the design philosophy 
and choices made using the inherent safety principles.  For example, one can use inherent safety 
features to replace active engineered safety systems representing an aggressive non-traditional 
approach, which would provide greater reliability and lower the probability that a particular accident 
scenario would occur, or one could use inherent safety features in addition to the active engineered 
safety systems, providing much greater protection while maintaining the traditional design philosophy 
of ‘defense-in-depth’ with diverse and redundant safety systems.  Either approach could be 
successfully used, although the benefits may be different in each case.  

In this paper, the three main areas of inherent safety are discussed, with the design choices and 
requirements identified in each area.  Each is then related to the accident initiators and the potential for 
mitigating the consequences.  Examples are provided illustrating how inherent safety principles can be 
used to mitigate the consequences of accidents which would otherwise result in severe core damage 
and more. 

2. Reactivity Control 

One of the goals of inherent safety is to provide an inherent capability to prevent large increases in the 
reactivity of the reactor core or significant mismatch between the core power and the available coolant 
flow or heat rejection capability, which could cause power generation to exceed the reactor cooling 
capability, boiling coolant and melting fuel, with further potentially severe consequences, and is the 
first principle of inherent safety.  As is widely known, the nuclear fission process in a fast reactor is 
affected by a number of physical phenomena that change core reactivity.  The major components 
affecting core reactivity include both nuclear physics and materials phenomena: 

� Fuel Doppler – the net increase in the neutron absorption cross-section caused by an increase in 
fuel temperature, introducing negative reactivity feedback, or the decrease in neutron absorption 
cross-section caused by a decrease in fuel temperature causing positive reactivity feedback.  
Different fuel types have different Doppler coefficients, e.g., the Doppler coefficient for oxide fuel 
is more negative than for metallic fuel.  However, Doppler feedback is affected by other inherent 
characteristics of the fuel, including thermophysical properties such as thermal conductivity since 
it affects steady-state fuel temperature and the magnitude of temperature changes during transient 
conditions.   
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� Coolant Density – increasing coolant temperature reduces the coolant density, mainly reducing the 
moderating and reflecting effects of the sodium coolant.  The reactivity effect of coolant density 
varies across the core, being more positive in the core interior where the moderating effect is 
dominant and negative at the core boundaries where the leakage effect is more important.  
Depending on design choices affecting the relative importance of moderation and leakage, the 
reactivity feedback from increases in coolant temperature (reduction in coolant density) can be 
either positive or negative.  Large reactor cores with similar core height and diameter are usually 
dominated overall by the moderating effect, so that increasing coolant temperature causes positive 
reactivity feedback, while small cores where height is much smaller than the diameter can be 
dominated by the leakage effect and increasing coolant temperature results in negative reactivity 
feedback. 

� Fuel Axial Expansion – an increase in fuel temperature causes the fuel to expand axially based on 
the thermal expansion coefficient of either the fuel or cladding, or both, depending on the 
chemical and stress conditions at the fuel / cladding interface.  Similarly, a decrease in fuel 
temperature will cause the fuel to contract axially, resulting in positive reactivity feedback.  The 
reactivity feedback from fuel expansion or contraction depends on the thermal expansion 
coefficient(s) and the change in fuel and/or cladding temperature during transient conditions. 

� Core Radial Expansion – fast reactor cores have a significant neutron leakage fraction due to the 
neutron mean free path length, resulting in a large gradient of fuel reactivity worth at the edges of 
the core, and making the reactivity of the core sensitive to changes in core geometry.  If core 
subassemblies move outward in the radial direction, increasing the effective diameter of the core 
and moving fuel from a region of higher worth to one of lower worth, negative reactivity feedback 
is generated.  Conversely, if the core subassemblies move inward, positive reactivity feedback 
results. 

� Control Rod Driveline Expansion – the relative motion between the core and the control rods 
caused by a change in temperature of the control rod drivelines.  The drivelines are normally 
located in the coolant outlet, or hot, plenum, and respond to changes in core outlet temperature.  
An increase in control rod driveline temperature will cause the control rods to move further into 
the core, introducing negative reactivity feedback.  A decrease in control rod driveline temperature 
will cause the control rods to move further out of the core, causing positive reactivity feedback. 

Depending on the reactor design, there can be other components of reactivity feedback, such as in a 
pool plant where the control rods are suspended from the closure deck and control rod position in the 
core is determined not only by the temperature of the control rod driveline but by the vessel wall 
temperature as well since the core is supported by the vessel wall.  All such effects must be considered 
to determine all of the inherent reactivity feedback mechanisms for evaluating their ability to 
compensate for conditions in accident situations. 

The reactor core design choices can have a strong influence on the ability to use these inherent 
reactivity feedback mechanisms to favorably compensate for undesirable changes in core power and 
temperature during accident conditions.  It is important to recognize that the reactivity feedback 
mechanisms can act in either a beneficial or detrimental manner, depending on what is required to 
keep the reactor power and temperatures within limits, depending on the accident conditions.  For 
example, some accident conditions require a response to an inadvertent introduction of positive 
reactivity in the core, as occurs in the UTOP event.  In this case, larger feedback from fuel Doppler 
can be beneficial.  However, in other accidents, it is necessary to terminate the fission process and 
reduce core power to decay heat level, as in the ULOF and ULOHS, and lower feedback from fuel 
Doppler is preferred.  It is also important to recognize that the change in core reactivity is the result of 
all of the reactivity feedback mechanisms, not any individual one.  Proper incorporation of inherent 
reactivity feedback in reactor design requires a balanced approach that considers all potential accident 
conditions to achieve the best overall performance.  
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3. Reactor Core Cooling 

The primary coolant system in modern sodium-cooled fast reactors can easily be configured to provide 
natural circulation shutdown heat removal.  The capability to remove shutdown decay heat with 
natural circulation provides a means to maintain reactor component temperatures at acceptable levels 
even in the event of loss of all off-site and emergency on-site power supplies.  As a result, natural 
circulation heat removal can play an important role in the overall inherent safety approach. 

Natural circulation flow arises due to the effect of gravity on a continuous fluid with a density 
difference along the elevation.  Heavy fluid sinks to displace lighter fluid.  Buoyancy-induced flow 
can be established when a fluid is heated, decreasing its density, at an axial position below the 
elevation at which the fluid is cooled, increasing its density.  In a one-dimensional model, flow occurs 
when the buoyancy force is great enough to overcome form, friction, and shear losses.  The natural 
circulation flow rate is regulated by the balance between the buoyancy force and the flow-related 
pressure losses. When the buoyancy force is provided by a thermally-driven density difference, the 
fluid flow rate will be determined by the fluid properties, the elevation difference between the heat 
sink and the heat source, and the temperature difference in the fluid between the heat source and the 
heat sink. 

Liquid sodium and its alloys are excellent fluids for natural circulation heat removal because of their 
thermo-physical properties.  Due primarily to its high thermal conductivity, liquid sodium is capable 
of very high convective heat transfer rates, even at the modest fluid velocities characteristic of natural 
circulation.  This tends to minimize the temperature differences between the heat source and the fluid, 
and between the fluid and the heat sink, and to reduce the overall source-to-sink temperature 
difference required for natural circulation cooling. 

Sodium-cooled fast reactors can be configured to promote natural circulation shutdown heat removal.  
The key design parameters are 1) provision for a relatively free-flowing fluid natural circulation path, 
and 2) provision for sufficient elevation difference between the heat source and the heat sink.   

In the primary coolant circuit, natural circulation flow may be established along the same flow path 
used for normal operation.  Along this path, coolant is heated in the reactor, rises to the hot plenum, 
and flows through the intermediate heat exchangers (IHX) to the cold plenum and back to the reactor 
core.  In accidents or emergency shutdown conditions in which no heat is removed in the IHX, heat 
can be removed by independent heat exchanger in series with the IHX for loop-type reactor designs.  
Alternatively, for pool-type reactor designs, direct reactor auxiliary cooling system (DRACS) heat 
exchangers may be located high in the cold pool.  Primary coolant chilled in the DRACS heat 
exchangers falls to near the bottom of the cold pool, where enters the primary coolant pump inlet and 
travels back to the reactor.  For either loop- or pool-type reactor configurations, primary coolant 
natural circulation carries heat from the reactor to the IHX or auxiliary heat exchangers.  

Heat transferred at the IHX may be removed by natural circulation in the intermediate coolant loop, if 
sufficient elevation of the ultimate heat sink is provided.  This mode of shutdown heat removal has 
been demonstrated in the loop-type FFTF reactor.[8]  If the IHX path is not available, heat may be 
removed through the auxiliary heat exchangers to a second natural circulation loop.  The working fluid 
in this second loop is often specified as sodium-potassium alloy (NaK).  The NaK loop carries the heat 
through piping to a second heat exchanger located at a high elevation outside the containment 
building, where the heat is rejected to environmental air.  The relatively low melting point of NaK 
minimizes the potential for freezing in the secondary loop.  Shutdown heat removal through such an 
auxiliary cooling system has been demonstrated in the pool-type EBR-II reactor.[9] 

4. Containment of Reactor Fuel 

The reactor fuel poses the greatest hazard from radioactive materials in a reactor and reactor designs 
are expected to contain many barriers to prevent release of these materials that would expose the 
public, another example of defense-in-depth.  Under normal circumstances, the reactor fuel is 
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contained within the fuel cladding, providing the first level of containment, or barrier to release.  This 
is supplemented by the primary coolant circuit, including the reactor vessel, whose boundary provides 
the second barrier to release.  The reactor vessel and primary circuit is located within another structure 
to provide a third barrier to release, which may be the robust ‘containment building’ that is used for 
light water reactors.  It is one of the goals of reactor design to limit failure of the fuel cladding, the 
first barrier, to accidents of very low probability, lower than that for accidents used as part of the 
design basis, and typically on the order of about 10-4 per reactor year or lower.  Such ‘beyond design 
basis accidents’ normally include the ULOF, ULOHS, and UTOP scenarios where fuel pin failure may 
occur, depending on the details of the design, as was the case for the CRBR.  However, as described 
above, the use of inherent favorable reactivity feedback and natural circulation cooling can prevent 
fuel pin failures for these accidents, requiring much more severe accident initiators before fuel pin 
failures would occur. 

For more extreme accident initiators, it is possible to overcome the beneficial effects of reactivity 
feedback and natural convection to cause the fuel to overheat sufficiently to fail the cladding and melt 
the fuel, releasing molten fuel into the coolant channels of the fuel subassembly.  The probability of 
such events is expected to be lower than 10-6 per reactor year, possibly even much lower.  Once fuel 
pin failure occurs, the course of the accident will depend mainly on when and how the fuel relocates, a 
process that can be affected by the conditions in the coolant channel as well.  As mentioned in the 
Introduction, the fuel in a fast reactor is not in the most critical configuration for nuclear fission, and 
there is the potential for fuel relocation to substantially increase core reactivity, even to the extent of 
exceeding prompt criticality.  As a result, the movement of fuel after fuel pin failure sets the course for 
the events that follow.  The most favorable occurrence under these conditions would be to be able to 
rapidly remove sufficient fuel from the core region so that the remaining fuel is not capable of 
maintaining nuclear criticality.   

Experimental and analytical efforts for the past few decades have explored the capability of the two 
main types of reactor fuel, oxide and metal, to achieve such relocation outside of the reactor 
core.[10],[11]  Inherent capability to achieve such fuel relocation in a timely manner sufficient to limit 
accident consequences so that the second containment barrier is not threatened represents the third 
inherent safety principle. 

4.1. Oxide Fuel 

For the case of oxide fuel, the high melting point of both the fuel (3025 K) and cladding (1700 K) 
delay fuel pin failure until the sodium coolant is rapidly boiling away (1200-1300 K) or has been 
completely vaporized in the coolant channel.  The initial failure of the fuel occurs only in the relatively 
few hottest fuel subassemblies and is usually in the upper part of the active (fueled) core region 
because of the axial coolant temperature profile in the core, although in the case where coolant has 
already vaporized or where reactivity addition is very rapid, many dollars per second, the fuel pin 
failure can occur closer to the core midplane in response to the power profile.  In either case, the 
movement of the core materials, both fuel and steel, usually causing unfavorable changes in core 
reactivity.  In addition, the initial movement of molten fuel or steel into the cooler regions above and 
below the active core region rapidly results in freezing of the molten core materials, blocking the 
coolant channels and preventing any further movement of fuel or steel out of the core region in that 
subassembly.  Once these events have occurred, the accident inevitably continues with fuel pin failures 
in other subassemblies until most of, or the entire, core has melted.  Analyses of this sequence of 
events have shown that significant recriticalities will occur, with transient power peaks of several 
hundreds or thousands of times nominal power.  Termination of this accident occurs with an energetic 
disassembly of the reactor core, potentially damaging or breaking the reactor vessel and threatening 
the containment building.   

There are ongoing efforts to use design modifications to alter the course of these types of accidents 
such that cooling can be maintained and there are no significant recriticalities, such as the FAIDUS 
device.[12]  This design modification is intended to facilitate significant relocation of fuel outside of 
the active core region, introducing such large negative reactivity that the reactor is no longer capable 
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of sustaining fission so that the subsequent events may allow the reactor temperatures to remain 
sufficiently low to prevent further core damage, although timing of the various events during the 
transient is important and the effectiveness of this or other such concepts needs to be experimentally 
measured.  Achieving such response is not the result of an active system, but is only driven by inherent 
phenomena such as gravity or pressure-driven flow, although at a small penalty in reactor core 
performance due the fewer number of fuel pins per subassembly. 

4.2. Metallic Fuel 

With metallic fuel, the relatively low melting point of the fuel (1350 K) and cladding (1000 K after 
alloying with the fuel) generally results in fuel pin failure before the sodium coolant boils (1200-1300 
K).  As with the oxide fuel, the initial fuel pin failure occurs only in the relatively few hottest fuel 
subassemblies, but the failure is earlier in the transient with metallic fuel due to the lower temperatures 
required for melting and the failure location tends to be fairly high in the upper part of the active 
(fueled) core region since the core temperatures are still more closely related to the coolant 
temperature profile than to the power profile.  The relatively low temperature of the molten fuel/steel 
alloy, at or below the sodium boiling point, does not contribute to vaporization of sodium within the 
core region and avoids the corresponding introduction of positive reactivity, limiting power rise during 
this stage of the accident.  The movement of the core materials, in this case an alloyed mixture of the 
fuel and cladding steel, into the liquid sodium coolant facilitates movement towards the upper core 
boundary.  However, in this case, the cooler region above the active core region has a temperature 
above the melting point of the alloyed mixture, preventing freezing such that movement of the 
fuel/steel alloy away from the core region can occur, introducing such large negative reactivity that the 
reactor is no longer capable of sustaining fission.  Since the coolant channels remain open, the core 
temperatures can be maintained.  In this case, no design modifications are required to achieve such 
performance, since it is the result of the inherent thermophysical properties of metallic fuel and the 
interaction with steel cladding.  Again, achieving such response is not the result of an active system, 
but is driven by other inherent phenomena such as gravity or pressure-driven flow. 

5. Integrated Inherent Safety Approach 

Using these inherent safety principles, it is possible to design a reactor that has the ability to respond 
to accident initiators such as UTOP, ULOF, and ULOHS without damage, as long as the appropriate 
design choices are made.  For such accidents, it would be desirable to achieve a balance of reactivity 
feedback mechanisms so that the response is favorable to all of the accident initiators.  In practice, one 
may also have to rely on design features that limit the severity of the accident initiator to ensure a 
benign termination of the event, such as using control rod motion limiters to restrict the amount of 
reactivity that can be introduced into the core from an inadvertent control rod withdrawal, or extending 
the inertial coastdown of the coolant pumps to provide sufficient time for the inherent reactivity 
feedback to reduce core power and limit the mismatch between the coolant flow and core power.  If 
these and other similar considerations are included at the design phase of the reactor, it is possible for 
the reactor system to respond to a wide range of potential accident initiators without resulting in core 
damage or more serious consequences. 

5.1. ULOF Accident 

An example of the favorable performance potential using inherent features is shown in Figures 1-3, 
where the reactor response to a ULOF accident is shown for a 3500 MWth pool-type reactor using 
metallic fuel.[13]  The reactor core is of a compact and efficient design, with a height of about 1 m and 
a core diameter of about 4.5 m, and a sodium void worth of 7.26$.  Figure 1 shows the flow coastdown 
and the decrease in power that results from the inherent reactivity feedback, where the mismatch in 
core power and coolant flow reaches a maximum about 50 seconds after the start of the accident.     
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FIG. 1    Normalized Power and Flow in Response to a ULOF Accident 
               for a Large Metallic-Fueled Fast Reactor. 

FIG. 2.   Transient Peak Core Temperatures in Response to a ULOF Accident 
               for a Large Metallic-Fueled Fast Reactor 

FIG. 3.  Transient Reactivity Feedback in Response to a ULOF Accident 
              for a Large Metallic-Fueled Fast Reactor 
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Figure 2 shows the change in peak core temperatures during the accident, where it is seen that the peak 
coolant temperature has a minimum margin to coolant boiling of about 125 °C about 50-100 seconds 
after the start of the accident, which then increases as system temperatures drop back towards their 
steady-state values and natural circulation cooling is established.  There is no fuel pin failure or fuel 
melting in this case.  The peak fuel temperature is also relatively low due to the high thermal 
conductivity of metallic fuel, which is a significant advantage for this type of accident since core 
power must be reduced to decay heat levels in the absence of forced cooling from the coolant pumps.   

Figure 3 shows the reactivity feedback from each major mechanism as well as the total reactivity 
feedback.  The dominant favorable feedbacks are from radial expansion of the reactor core and 
thermal expansion of the control rod driveline.  Early in the transient, unfavorable feedback is limited 
to the effect of decreasing coolant density.  The net reactivity reaches a minimum of about -0.40$ from 
about 50 to 150 seconds after the start of the accident, sufficient to reduce core power quickly enough 
to limit the mismatch in power and flow as shown in Figure 1.  Note that as core power is reduced to 
decay heat levels, most reactivity feedback mechanisms result in positive reactivity feedback due to 
the lower fuel and coolant temperatures, but the total reactivity feedback is still negative.  It is 
important to recognize that the reactor does not reach a neutronic shutdown for such events, but will 
essentially stabilize at zero fission power and zero reactivity.  As the transient progresses, the final 
state will be an equilibrium between the core power and the heat removal capability, whether provided 
by the normal heat removal path or by an auxiliary decay heat removal system, until the reactor can be 
scrammed.   

Similar analyses have been performed using oxide fuel, showing that it is more difficult to achieve the 
same inherent performance due to the different magnitude of the reactivity feedback mechanisms and 
the much higher steady-state fuel temperatures since these result in a less negative total reactivity as 
core power and temperatures are reduced, particularly from the fuel Doppler.  Achieving a benign 
termination to this accident requires design modifications such as extending the flow coastdown to 
provide more time for the inherent power reduction, limiting the mismatch in power and flow.  Other 
approaches are also beneficial, such as lowering the steady-state fuel temperature by lowering the 
power density or by using smaller diameter fuel pins.   

5.2. Instantaneous ULOF Accident 

To demonstrate the potential performance for even more extreme events where fuel melting and fuel 
pin failure is unavoidable when there is a failure to scram the reactor, the example of an instantaneous 
loss of flow without scram is used.  In this case, there is no flow coastdown, which could occur as a 
result of a severe earthquake that damages all of the coolant pumps, or from other similar highly 
unlikely events.[14],[15] The analysis results are shown in Figures 4 and 5, again for a 900 MWth 
pool-type reactor using metallic fuel with a sodium void worth of 5.4$.  The accident events occur 
much more rapidly in this case.   

Without a flow coastdown, core temperatures begin to rise almost immediately, and power begins to 
rise as well.  Boiling begins in the hottest subassemblies at about 2.4 seconds, leading to a more rapid 
rise in power as shown in Figure 4.  As boiling spreads rapidly to other subassemblies, fuel melting 
within the fuel pin, eventually allowing the fuel to move axially within the pin into the lower part of 
the fission gas plenum.  This introduces substantial negative reactivity, sufficient to stop the first 
power rise at 2.97 seconds and a core power of about 3.5 times nominal power.  About 28% of the 
core subassemblies were experiencing some coolant boiling at this time.  The subsequent peaks in 
power are caused by further coolant boiling, with each power rise terminated by fuel melting within 
the fuel pins in other fuel subassemblies. 

Fuel pin failure occurs in the hottest subassemblies at about 3.5 seconds with power at 150% on 
nominal power.  84% of the core subassemblies are experiencing some boiling at this time, and the 
positive reactivity from coolant boiling is 3.05$.  The fuel pin failure is at 75% of the core height, so 
that there is only a slight positive reactivity effect as molten fuel moves towards the failure location 
before dispersal in the coolant channel occurs, as described above for metallic fuel, and causes a large 
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loss of reactivity for the reactor core at a rate of about -7$/second.  The reactor becomes subcritical at 
about 3.6 seconds.  At the end of the calculation, the reactor is -3$ subcritical and decreasing rapidly, 
essentially shutting down the reactor.  Fuel pin failures have occurred in about 44% of the core 
subassemblies, removing a substantial amount of fuel from the core.  The coolant channels in all 
subassemblies remain open, even in those where fuel pin failure and fuel relocation has occurred.  
Natural circulation cooling is established shortly, terminating the accident without any threat to the 
primary coolant system boundary and there are no releases to the containment or the environment, 
even though much of the fuel in the reactor core has been damaged or failed. 

FIG. 4.   Normalized Power and Flow in Response to an Instantaneous ULOF 
              for a Medium-Sized Metallic-Fueled Reactor  

FIG. 5.  Transient Reactivity Feedback in Response to an Instantaneous ULOF 
              for a Medium-Sized Metallic-Fueled Reactor 

This performance is attributable to a number of design choices, including the use of metallic fuel, low 
steady-state fuel operating temperatures, and a system design that encourages natural circulation 
cooling.  Such performance is not achievable with oxide fuel, as discussed in the previous section, 
although it may be that some of the proposed design modifications such as the FAIDUS device could 
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greatly improve reactor response for such events when oxide fuel is used.  As with the use of inherent 
reactivity feedback to prevent serious damage in the case of ULOF, ULOHS, and UTOP, it is much 
easier to achieve a favorable outcome with metallic fuel. 

6. Conclusions 

In this paper, the inherent safety principles have been described and reviewed for the potential 
effectiveness when used to influence the reactor design.  Examples have been given to illustrate the 
safety performance that is achievable when these principles are used, resulting in a level of overall 
safety that conceivably could limit any possibility of release of radioactive materials to the 
containment to a probability of much less than 10-6 per reactor year.  The probability of a threat to the 
containment building is lower still, perhaps such that there is no credible accident scenario for this 
situation. 

As discussed above, designers are faced with choices in the implementation of the inherent safety 
principles.  One could choose to take advantage of the superior inherent response by eliminating one 
or more of the redundant safety systems that are typically designed into modern sodium-cooled fast 
reactors.  While this would certainly result in an equivalent level of safety, it may be difficult to show 
that the reactor has an enhanced level of safety compared to today’s nuclear reactors.  Another 
approach is the use inherent safety principles in addition to the traditional defense-in-depth design 
philosophy, an approach which will result in levels of safety such that releases of highly radioactive 
materials from the reactor site could be made virtually impossible for any conceivable accident 
scenario. 
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