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The transient response of the subcritical advanced
burner reactor (SABR) subcritical, sodium-cooled,
transuranic-fueled, fast transmutation reactor design con-
cept, which ensued from several accident initiation events,
has been simulated. The results establish such things as
the number of primary loop pumps that could fail or the
magnitude of flow reduction in the intermediate loop

heat removal capability due to either pump failure or
intermediate heat exchange failure that could be toler-
ated without core damage, the consequences of loss of
electrical power, and the consequences of control rod
ejection or neutron source excursions. Suggestions are
offered for design changes to improve the already good
safety characteristics of the design concept.

I. INTRODUCTION

As the U.S. begins expanding its fleet of nuclear
reactors, there will be increasing pressure to deal with the
rapidly growing quantity of nuclear waste. One possibil-
ity is to recycle the long-lived transuranic ~TRU! iso-
topes in spent nuclear fuel and put them back into reactors
as fuel. By separating the TRUs—many with decay times
far greater than 100 000 yr—from the spent nuclear fuel
~SNF! discharged by light water reactors, it is possible to
fuel advanced burner reactors while reducing the amount
of long-lived SNF that must be stored as high-level waste.
TRUs with enormously long decay times could be trans-
muted into fission products, most of which have half-
lives of less than a few hundred years.

Instead of the traditional once-through nuclear fuel
cycle currently employed in the U.S., repeated reprocess-
ing and recycling of spent fuel and the remaining TRU
would significantly decrease the amount of waste that
must be stored long after the reactor is shut down. By
using a subcritical reactor with a neutron source, longer
fuel residence times and hence far deeper burns of the
TRU can be achieved because in subcritical reactors
the neutron source can be increased to compensate for
the loss of neutron multiplication. With a strong enough

neutron source, the material radiation damage limits be-
come the limit for the fuel cycle. No longer constrained
by criticality, subcritical reactors can obtain significantly
longer fuel residence times.

One such subcritical transmutation reactor concept
is the subcritical advanced burner reactor ~SABR! that
has been developed at the Georgia Institute of Technol-
ogy.1 SABR is a loop-type sodium-cooled fast reactor
with a tokamak deuterium-tritium ~D-T! fusion neutron
source that is capable of burning up to 25% of the TRU
over a 7.7-yr fuel residence time. The amount of TRU
burned in SABR in a single fuel residence time is limited
by the radiation damage accumulation in the structural
and cladding materials, but with repeated reprocessing
and refabrication, more than 90% of the TRU could be
burned.

SABR’s variable-strength tokamak D-T fusion neu-
tron source2 is based on the physics and technology that
will be demonstrated in the International Thermonuclear
Experimental Reactor3 ~ITER!, which will begin opera-
tion in 2017 and will be capable of producing up to
500 MW of power. Since ITER will serve as a prototype
for the SABR neutron source, SABR could be opera-
tional within 15 to 20 yr after ITER.

In general, fast transmutation reactors fueled en-
tirely with TRU would not have the large negative Dopp-
ler coefficient provided by 238U and would have a smaller*E-mail: weston.stacey@nre.gatech.edu
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delayed neutron fraction than a reactor fueled with 235U
and 238U, resulting in some possible safety issues. The
smaller delayed neutron fraction would lead to a smaller
reactivity margin to prompt criticality. However, because
subcritical reactors operate at such a large negative re-
activity, negative 9.26 $ initially in the case of SABR
where b � 3.009 �10�3, the margin to prompt criticality
is increased dramatically, providing subcritical reactors
with a major safety advantage, relative to critical reac-
tors, against inadvertent reactivity insertions. The intro-
duction of a neutron source does, however, introduce
additional possible safety issues.

We have undertaken a set of dynamic safety analyses
of the SABR subcritical fast burner reactor concept in
order to investigate the dynamic safety characteristics of
subcritical transuranic-fueled fast reactors subjected to a
variety of possible accident initiation events. The initial
studies4 emphasized the modeling of the fusion neutron
source dynamics and the reactor neutron dynamics using
a relatively simple representation of the reactor heat re-
moval system. The definition of the SABR core heat
removal system including an intermediate heat ex-
changer ~IHX! has now been developed. The coupled
dynamics of the reactor core with a fixed neutron source
and the sodium heat removal system has been modeled
with the RELAP5-3D reactor dynamics code.5 The pur-
pose of this paper is to report the results of this initial
study of the accident dynamics of a subcritical, TRU-
fueled, sodium-cooled fast reactor with a tokamak D-T
fusion neutron source.

Section II contains an overview of the SABR design.
Section III describes the calculational model used to sim-
ulate transients in SABR. Section IV contains the results
of the transient simulations of accidents initiated in SABR
by a variety of events, and finally, Section V includes a

summary and conclusions about the safety characteris-
tics of SABR.

II. SABR DESIGN OVERVIEW

SABR is a loop-type sodium-cooled, metal-fueled,
fast transmutation reactor with a variable strength toka-
mak D-T fusion neutron source. A simplified, three-
dimensional view of the design is shown in Fig. 1.
Outside the toroidal tokamak fusion plasma chamber is
a 62-cm-thick annular fission core. Both the fusion
plasma and fission core are surrounded by reflector,
tritium-breeding blanket, and shield regions—a com-
bined thickness of 80 cm. Sixteen D-shaped supercon-
ducting toroidal field magnets surround both the fusion
plasma chamber and fission core, as well as the reflec-
tor, breeding blanket, and shield. Figure 1 does not show
the plasma’s divertor system, the sodium coolant pipes,
or the control rod drives.

SABR is designed to transmute the TRU in SNF to
reduce geological high-level-waste storage requirements,
in the process producing 3000 MW~thermal!, which is then
converted into electricity. SABR’s 3.2-m-tall fission core
is composed of 2 m of active fuel, a 1-m fission gas ple-
num, and a 20-cm reflector capping the fuel pin. There are
271 fuel pins in each of the 918 hexagonal fuel assem-
blies, which are arranged vertically in four annular rings
on the outboard of the plasma chamber. Each pin is 4 mm
in diameter and composed of transuranic0zirconium fuel
and clad in oxide dispersion–strengthened ~ODS! steel.
In addition to the 902 fuel assemblies, there are also 16
control rod assemblies composed of boron carbide that pro-
vide about 9 $ of negative reactivity.

Fig. 1. SABR configuration.
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SABR’s metallic fuel has an initial weight percent
composition of 40Zr-10Am-10Np-40Pu. This fuel com-
position, which is under development at Argonne Na-
tional Laboratory, was chosen because of its high thermal
conductivity, high fission gas retention, and ability to
accommodate high actinide density. Zirconium was added
to the fuel to create a small negative Doppler feedback
coefficient, to provide stability during irradiation, and
also to increase the melting temperature of the alloy to
1473 K.

SABR’s fusion neutron source2 is capable of gen-
erating up to 500 MW. Table I lists the required fusion
power levels for the fission core to maintain 3000
MW~thermal! at beginning of life ~BOL!, beginning of
equilibrium cycle ~BOC!, and end of equilibrium cycle
~EOC! as well as the effective multiplication constant
of neutrons born in the fission core, keff , and the multi-
plication constant in the fission core of the neutrons
produced in the fusion neutron source, km. Neutron multi-
plication levels for SABR are from the fuel cycle cal-
culations in Ref. 6.

To cool the reactor, a three-loop cooling system is
utilized with sodium in the primary and intermediate
loops and water in the secondary loop. Heat generated
in the fission core is transferred through four intermedi-
ate straight-tube heat exchangers to sodium in the inter-
mediate loop. The hot sodium in the intermediate loop
then converts water in the secondary loop to steam,
which then passes through turbines to generate electric-
ity. Sodium in the primary loop flows through the core
at 8695 kg0s in a total flow area of 7.5 m2. At steady
state the inlet temperature to the core is 650 K, and the
outlet temperature is 923 K. Because it is difficult to
adequately mix all of the sodium prior to the inlet ple-
num, the sodium travels through two separate circuits
in the primary loop. Each circuit has four electromag-
netic ~EM! coolant pumps and two IHXs for a total of
eight primary coolant pumps and four IHXs. Figure 2
illustrates the coolant flow path that was used in the
RELAP5-3D calculational model, with each pump in
the figure representing four pumps and each heat ex-
changer representing two heat exchangers.

III. DYNAMICS CALCULATION MODEL

Transients develop differently for critical and sub-
critical systems. In a critical system, a small introduction
of positive reactivity will lead to a prompt jump of the
fission power followed by a gradual power increase due
to the decayed neutrons. Positive reactivity insertions
larger than the delayed neutron fraction will make the
reactor prompt supercritical, leading to a rapid exponen-
tial power increase. Negative reactivity insertions in a
critical system will cause a prompt drop in fission rate
followed by a further decay of the fission rate on the
delayed neutron timescale. Negative reactivity feedback
mechanisms can counter these reactivity changes and
bring the reactor to critical at a different power level, and
control rods can be used if these feedback effects are
insufficient.

Reactivity insertions in subcritical systems, how-
ever, will always lead to new steady-state power levels as
long as the neutron source remains active and the reactor
remains subcritical. No matter how large the negative
reactivity insertion, the reactor will continue to generate
some power in the presence of a neutron source. While
shutting off the neutron source is a quick and effective
way to reduce the fission core power level to decay heat
levels, there does not appear to be an inherent negative
feedback mechanism for shutting off the neutron source
during a fission power excursion.

Dynamics calculations for SABR during various tran-
sient conditions were performed using the RELAP5-3D
thermal-hydraulic code,5 which is able to couple the power
generation of the fission core with the thermal hydraulics
of the heat removal system. The ATHENA version of
RELAP5-3D allows for the simulation of liquid-metal
coolants such as sodium. Through a series of connected
one-dimensional volumes and junctions, the hydro-
dynamic state of the sodium coolant can be calculated at
all points in the system. Using the point kinetics equa-
tions ~1! and ~2!, RELAP5-3D is able to calculate the

TABLE I

Required Fusion Neutron Source Strength
versus TRU Fuel Cycle*

BOL BOC EOC

keff 0.972 0.894 0.868
Reactivity ~$! �9.26 �35.2 �43.8
km 0.913 0.753 0.676
Required Pfus ~MW! 73 242 370

*See Ref. 6.

Fig. 2. Sodium heat removal system for SABR.
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total power level of the reactor, which determines how
much power is generated in the fuel pins and how much
heat is transferred to the coolant. Use of point kinetics
equations ~1! and ~2! is a good approximation for SA-
BR’s fission power level because of the high level of
subcriticality at which SABR operates, which in addition
to an annularly symmetric neutron source, should lead to
an annularly symmetric dynamic response of the neutron
flux in the fission core during transient scenarios:

dCj

dt
�

bj

L
n � l j Cj ~1!

and

dn

dt
�

rtot � b

L
n � (

j

l j Cj � S , ~2!

where

Cj � delayed neutron precursor population

bj � fraction of fission neutrons resulting in the for-
mation of a delayed neutron precursor in group
“j” ~b � (j bj!

l j � delayed neutron precursor decay constant

n � neutron density in the reactor

L � neutron lifetime in the reactor.

The total reactivity rtotal is the sum of the subcritical
reactivity, the reactivity due to feedbacks, and any exter-
nal reactivity insertions such as control rod withdrawal.
Changes in the density of the coolant as well as the tem-
perature of the fuel pins can be used to calculate the
reactivity feedbacks. SABR should have a substantial
negative fuel expansion coefficient, but making an accu-
rate calculation of this was beyond the scope of this ini-
tial effort, and it was not included in the calculations
reported in this paper:

rtot � rsub � rDoppler � rNa-void � rexpansion � rexternal .

~3!

The fusion neutron source is incorporated into the
calculations through the source density term S in the
point kinetics equations. RELAP5-3D calculates the nec-
essary source strength required for steady-state operation
at the beginning of the simulation. Unfortunately, this
number cannot be changed during the RELAP5-3D sim-
ulation to represent changes in the neutron source strength.
However, the effect of changes in the source strength can
be simulated indirectly by calculating changes in the ex-
ternal reactivity that would produce the same change in
neutron density.

The power distribution in the fission core throughout
the transient simulations has been simulated by a 33-
group ERANOS calculation7 and represented in the

RELAP5-3D calculations using peak and average power
fuel assemblies, which allows for the calculation of the
maximum and average axial and radial temperature dis-
tribution of the fuel pins. The conditions of the reactor
coolant throughout the transients can be tracked through
the core, primary coolant loop piping, IHX, and other
coolant loops in the system. Heat generated in the fuel
pins is calculated as a function of the core power level
and then transported across the fuel pins into the coolant
and circulated to the heat exchanger coolant pipes, etc.
Figure 2 illustrates the coolant flow path that was used
for the RELAP5-3D calculations. The two coolant flow
paths represent the two separate circuits in the primary
coolant loop. Each pump in the figure represents four EM
coolant pumps while each heat exchanger represents two
IHXs in the RELAP5-3D model.

Axial and radial power peaking factors for the fis-
sion core were generated using the ERANOS code sys-
tem.7 The axial pin power distribution was assumed to be
sinusoidal. Reactivity feedback coefficients8 for Dopp-
ler and sodium voiding were also generated using ERA-
NOS and are given in Table II. The Doppler coefficients
are negative but very small. The positive BOL and EOC
sodium voiding worths are small but positive. The neg-
ative reactivity feedback associated with axial core ex-
pansion in metallic-fueled cores due to increased core
temperatures during accident scenarios was not included
in this study but should be considered during future analy-
ses of SABR’s response to transients. The delayed neu-
tron parameters were found using the VAREX variational
analysis code9 and are given in Table III.

IV. ACCIDENT SIMULATIONS

IV.A. General Considerations

Two types of accidents are simulated to determine
the dynamic safety characteristics of SABR. Accidents
affecting SABR’s heat removal capability in the fission
core are

1. loss-of-flow accident ~LOFA!

2. loss-of-heat-sink accident ~LOHSA!

3. loss-of-power accident ~LOPA!.

TABLE II

Reactivity Feedback Coefficients

BOL BOC EOC

Doppler ~Dk0DTfuel ! �2.32E�8a �8.62E�7 �9.81E�8
Sodium voiding

~Dk0DTcool !
6.01E�6 2.78E�5 8.87E�6

aRead as �2.32 � 10�8.
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Accidents that affect the neutron population of the fis-
sion core are

1. accidental reactivity insertions

2. accidental increases in fusion-generated source
neutrons.

Simulations of the fusion neutron source indicate
that simply turning off the plasma heating power source
will cause the fusion neutron source to be reduced to a
negligible level within a few seconds ~on the energy con-
finement timescale!. This type of reduction in neutron
source strength reduces the power in the reactor core to
the decay heat level in a few seconds.

We have not attempted to simulate detection of ac-
cidents and shutdown of the neutron source to drop the
power level quickly to decay heat levels. Rather, we
have assumed that the transients are undetected and left
the neutron source on ~except, of course, in the LOPA!.
The results give us insight into the consequences of
undetected0uncorrected accidents and also provide an
indication of how much time is available for detection
and correction before core damage occurs. Because
RELAP5-3D does not allow a time-dependent neutron
source, we were unable to calculate the time evolution
of those accidents involving inadvertent transients in
the plasma power output, but we were able to calculate
the bounds of such accidents. Accidents were simulated
at three different points during the fuel cycle: BOL,
BOC, and EOC.

The main criterion used to determine if the core had
reached a limiting condition during an accident is whether
the fuel had exceeded its melting temperature of 1473 K
at any location, which would cause core damage. A sec-
ondary failure criterion that was monitored was whether
the coolant had exceeded its boiling temperature of
1156 K. If the coolant begins to boil during a transient,
this does not necessarily mean that core damage will
occur, because corrective measures could lead to de-
creased core temperatures and the sodium vapor would
return to its liquid phase. On the other hand, fuel melting

cannot be reversed and will lead to significant down time
and repairs for the reactor, if not permanent shutdown.
During the initial scoping simulations,4 it was found that
the sodium boiled before the fuel melted in all accidents
that reached limiting conditions.

Melting of the ODS cladding is not considered be-
cause the 1800 K melting temperature of ODS steel is far
greater than the 1473 K melting temperature of the fuel,
which will always be hotter than the cladding. Cladding
creep is also not considered because it occurs at rela-
tively high temperatures and is only an issue if the clad
remains at elevated temperatures for extended periods of
time. Because damage to the core due to eutectic melting
between the cladding and the fuel is not well understood
and, as with the cladding creep, occurs at elevated tem-
peratures over longer periods of time, the eutectic limit is
not considered as a constraint in the accident scenarios.

To fully understand how different transients affect
SABR, it is useful first to look at SABR’s typical oper-
ating parameters during steady state. Table IV lists some
of the important temperatures in the fission core during
normal 3000-MW operation at the three reference points
during the fuel cycle.

Because of the SABR core’s relatively thin annular
geometry and the presence of a neutron source on the
inside, the fission core will experience higher radial power
peaking values than normally found in fast reactors. Spe-
cial attention must be given to the coolant inlet channels
to ensure that the outlet temperature of the hot assemblies
is not too close to the coolant boiling temperature. Dur-
ing BOL and BOC operation, it is possible to achieve
similar outlet temperatures for both hot and average as-
semblies by modifying the channel inlet flow conditions
to provide more coolant mass flow to the necessary as-
semblies. Because the fuel is not shuffled between BOC
and EOC operation, care must be taken when selecting
the flow inlet conditions for BOC operation to ensure
that the hot assembly outlet temperature at EOC is not
too high.

TABLE III

Delayed Neutron Parameters

Group bi l ~10s!

1 8.308E�5a 1.324E�2
2 7.623E�4 3.019E�2
3 5.836E�4 1.166E�1
4 1.059E�3 3.133E�1
5 4.139E�4 1.046
6 1.069E�4 2.837

Total 3.009E�3 —

aRead as 8.308 � 10�5.

TABLE IV

Steady-State Operating Parameters

BOL BOC EOC

Coolant inlet temperature ~K! 650.0 650.0 650.0
Average coolant outlet temperature

~K!
942 942 942

Maximum coolant temp ~K! 942 942 971
Maximum cladding temperature

~K!
957 956 986

Maximum fuel temperature ~K! 1006 1048 1087
Average coolant temperature ~K! 815 815 815
Average cladding temperature ~K! 824 824 824
Average fuel temperature ~K! 838 838 838
Radial power peaking 1.26 1.80 1.96
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The preliminary safety and dynamics analyses4 for
SABR indicated that the best way to effect small changes
to the power level in the fission core is with control rods,
while fully shutting down the reactor can only be accom-
plished by turning off the neutron source.4 The plasma
power balance is maintained by an external source of
heating power, which can be switched off essentially
instantaneously, after which the plasma cools on the en-
ergy confinement timescale, which is a few seconds. Turn-
ing off the plasma auxiliary heating for the neutron source
will lead to a negligible neutron source in ,3 s, which
would cause the fission power level to promptly decrease
to decay heat levels, or 7.1% of the steady-state power
level. Turning off the plasma heating power serves as an
excellent rapid scram system for a subcritical reactor.

IV.B. Loss-of-Flow Accident

A LOFA, often due to pump failure, is an accident in
which the reactor core experiences less coolant mass flow,
resulting in inadequate heat removal of the heat gener-
ated in the fuel pins, leading to significant increases in
the fuel temperature. For a uranium-fueled reactor with a
large negative Doppler feedback, this increase in fuel
temperature will lead to a significant negative reactivity
insertion and a consequent decrease in fission power.
However, the Doppler coefficient in a TRU-fueled trans-
mutation reactor such as SABR is small. During a LOFA,
if neither coolant nor fuel failure occurs, the reactor will
reach a new equilibrium where the power produced in the
core is removed in the heat exchanger.

A significant problem encountered when designing
any reactor is ensuring that a decrease in coolant mass
flow is distributed over the whole core and not over a few
assemblies. The problem is getting the coolant to mix in
the structure and piping below the active region of the
core so that if one coolant loop experiences decreased
flow, the change is spread over all the assemblies. This
problem is more difficult in SABR because of the annu-
lar nature of the core and the presence of the neutron
source that prevents a cylindrical mixing area below the
core.

LOFAs were simulated as the complete failure of
one or more of the four primary loop pumps, while the
neutron source remains active. These simulations as-
sume that the coolant leaving the four pumps in each
half of the reactor is adequately mixed before flowing
back through the core. Control rods can be used to de-
crease the core fission power level, but as long as the
neutron source remains on, there will be significant fis-
sion power production. Shutting off the neutron source is
the best and only way to counteract the effects of a LOFA
without the use of auxiliary pumps or restarting the failed
pumps.

A series of pump failure transients have been simu-
lated without control action to turn off the neutron source
to determine the amount of time that would be available

to detect the accident and shut down the neutron source
before core damage occurred. For an accident that results
from the failure of a single primary loop coolant pump,
SABR can survive without sustaining fuel melting or
coolant boiling during all reference points during the fuel
cycle ~BOL, BOC, and EOC!. The highest coolant and
fuel pin temperatures, 1068 and 1172 K, respectively,
were experienced at EOC, but these temperatures were
far below the coolant boiling and fuel melting tempera-
tures of 1156 and 1473 K, respectively.

If two or more pumps in the same side of the primary
loop were to fail, however, the coolant mass flow rate
would decrease too much to adequately remove the heat
generated in the fuel pins. During BOL operation, there
would be at most 13.2 s after the loss of the two pumps
before the onset of coolant boiling. This time drops to
7.1 s for the loss of two pumps during EOC operation.
The decreased time before coolant boiling at EOC is due
to the higher outlet temperature for the hot assemblies
during steady-state EOC operation. Fuel melting did not
occur after the failure of two coolant pumps on the same
side of the primary loop. Figure 3 illustrates the maxi-
mum coolant and fuel temperatures during a 25 and 50%
LOFA. Fuel melting was only experienced 15.5 s after
three of the four coolant pumps on the same side of the
primary loop failed at BOL. There are only 9.7 and 8.4 s
after the start of the transient at BOC and EOC, respec-
tively, before fuel melting occurs. At this point SABR
would have sustained irreversible damage to the core.
Because of the highly subcritical nature of the reactor,
increases in the fission power due to the positive sodium
void effect during LOFAs were not large. For example, a
50% LOFA during BOL resulted in a fission power in-
crease of only 22 MW.

Because SABR cannot withstand multiple pump fail-
ures without at least the coolant boiling, the pumps in the
primary loop should be kept on separate systems so that
a failure of one pump is unlikely to be followed by a
second pump failure. Once a single pump failure is de-
tected, most likely by the detection of decreased coolant
mass flow, the fusion neutron source should be turned off
or reduced until the problem can be corrected. The re-
maining pumps would be able to provide enough coolant
mass flow so that the broken pump can be isolated and
repaired. Table V summarizes the maximum tempera-
tures reached during these accidents and the time from
the start of the accident until coolant boiling or fuel melt-
ing occurs.

Future work performed on designing SABR’s heat
removal system must ensure that a loss of pumping power
in a coolant loop does not lead to stagnant coolant in any
one reactor region.

IV.C. Loss-of-Heat-Sink Accident

A LOHSA is any transient that results in an unantici-
pated decrease in the overall heat transfer rate of the
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IHX. This decrease could be a result of a line break in the
intermediate loop, decreased coolant flow in the inter-
mediate loop, or a physical break in the IHX. Without
adequate heat removal, primary loop temperatures will
continue to increase until either a new steady state is
reached or core failure is experienced. SABR’s positive

sodium voiding reactivity feedback will lead to a further
increase in the fission power.

Because simulating a physical break of the heat ex-
changer is difficult, the decrease in the IHX heat transfer
rate was represented by a decrease in the coolant mass
flow of the intermediate loop as a result of a failure of
one or more coolant pumps in the intermediate loop. As
with other accidents, shutting down the neutron source is
the best and fastest way to prevent core damage due to a
LOHSA. The accidents were simulated without any con-
trol action to determine the amount of time available to
detect the accident and shut down the neutron source.

During all three reference points ~BOL, BOC, and
EOC! in the fuel cycle, SABR can withstand up to a 50%
LOHSA without coolant boiling or fuel melting, which
corresponds to half of the intermediate loop coolant pumps
failing. At EOC, the maximum coolant temperature
reaches 1132 K, which is close to the sodium boiling
temperature of 1156 K.

Anything greater than a 50% LOHSA will ultimately
lead to both coolant boiling and fuel melting. For a 75%
LOHSA, the least amount of time before the failure cri-
teria are met is during EOC when there will be 44.9 and
146.6 s before the coolant boils and the fuel melts, re-
spectively. During a complete LOHSA, those times drop
to 24.2 and 56.5 s. As with the primary loop pumps,
despite the fact that the reactor can survive more than one
intermediate loop coolant pump failing, the pumps should
be kept on separate systems so that the likelihood of more
than one pump failing is minimal. The maximum coolant
and fuel temperatures during various LOHSA are illus-
trated in Fig. 4. The results of these accidents are sum-
marized in Table VI.

Fig. 3. Maximum coolant and fuel pin temperature during 25 and 50% LOFA at BOL with neutron source.

TABLE V

Loss-of-Flow Accident Summary

BOL BOC EOC

25% LOFA

Maximum coolant temperature ~K! 1030 1032 1068
Maximum fuel temperature ~K! 1090 1126 1172
Time until coolant boiling ~s! ` ` `
Time until fuel melting ~s! ` ` `

50% LOFA

Maximum coolant temperature ~K! 1216 1217 1266
Maximum fuel temperature ~K! 1266 1302 1360
Time until coolant boiling ~s! 13.2 9.6 7.1
Time until fuel melting ~s! ` ` `

75% LOFA

Maximum coolant temperature ~K! .1156 .1156 .1156
Maximum fuel temperature ~K! .1473 .1473 .1473
Time until coolant boiling ~s! 8.4 5.7 4.9
Time until fuel melting ~s! 15.5 9.7 8.4

Note: Coolant boiling occurs at 1156 K and fuel melting occurs at
1473 K.
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IV.D. Loss-of-Power Accident

A LOPA is an accident where power to SABR’s aux-
iliary systems is lost, meaning all coolant pumps turn off.
Heating power to the plasma also turns off. This accident
is similar to a complete LOFA with immediate corrective
measures. When plasma heating power is lost, the neu-
tron source will quickly shut down, as discussed above,
leaving a subcritical fission core without the source neu-
trons necessary to remain at steady state. The power level
in the fission core will quickly decrease to decay heat
levels. Decay heat production in the core is initially 212
MW~thermal!, or 7.1% of the steady-state power level.
Before coolant mass flow has a chance to significantly
reduce, the core will quickly cool down. But, as the cool-
ant mass flow decays away, the core will begin to heat
back up. If natural circulation does not provide enough
coolant mass flow, the core will overheat and eventually
the coolant will boil and the fuel will melt.

Because the source shuts off so quickly in SABR
during a LOPA, the fission power is able to decay away
faster than the coolant mass flow, leading to only a small
increase in core temperatures. The maximum coolant tem-
perature reached during BOL is 1054 K while the maxi-
mum fuel pin temperature reaches 1057 K, both an
acceptable margin below their respective failure points
of 1156 and 1473 K. The BOC and EOC maximum cool-
ant temperatures are 1103 and 1130 K, respectively, which
are closer to but still below the sodium boiling temper-

ature. The maximum temperatures for a LOPA during
EOC operation are higher because of the higher steady-
state hot assembly temperatures.

Even though the coolant during a LOPA reaches a
maximum temperature close to the coolant boiling tem-
perature, core temperatures quickly decrease until natu-
ral circulation begins to cool the decay heat produced in
the reactor. Ten minutes after the LOPA is initiated, core
temperatures are all ,850 K, and they continue to de-
crease. The maximum coolant and fuel temperatures dur-
ing a LOPA are illustrated in Fig. 5. The results of this
accident are summarized in Table VII.

IV.E. Worst Possible Control Rod Accident

In a critical system, even the smallest reactivity in-
sertion can lead to a steady power increase in the absence
of control mechanisms or negative feedback. Reactivity
insertions in a subcritical system will, however, always
lead to a new steady-state power level as long as the
reactor remains subcritical. In SABR, the most reactive
condition occurs at BOL with entirely fresh fuel in the
reactor. At this point the reactor is negative 9.26 $ sub-
critical, and keff is 0.972. It would require an enormous
positive reactivity insertion to reach criticality.

If during BOL operation the 16 control rods—which
are initially withdrawn and are for safety purposes, not
compensation for reactivity changes—were fully in-
serted, the reactor would be operating at negative 18.26 $

Fig. 4. Maximum coolant and fuel pin temperature during 25, 50, and 75% LOHSA at BOL with neutron source.
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subcritical. In order to maintain 3000 MW~thermal!, the
fusion neutron source strength would have to be nearly
doubled by the operator. If after the fusion neutron source
strength was doubled, the control rods were fully re-
moved and keff � 0.972 reestablished, the new steady-
state power level in the fission core would be 5884
MW~thermal!. The peak fuel temperature would increase
to 1345 K, still below the melting temperature of 1473 K,
but the coolant temperature would exceed its boiling point
of 1156 K in ,13 s. SABR could withstand this accident
without experiencing fuel melting; however, the occur-
rence of sodium boiling in the fission core necessitates
that changes be made to the reactor design to minimize

the magnitude of this accident. It should be noted that
this accident is highly implausible, but it was simulated
because it is the worst possible accident related to reac-
tivity insertions that we could imagine.

One solution is to decrease the worth of the control
rods. Because large negative reactivity insertions from
the control rods are not necessary to control or shut
down the reactor, a lower total control rod worth could
be utilized to eliminate the potential of damage from
this accident scenario. Past studies4 of SABR’s safety
characteristics concluded that a total control rod worth
of approximately half the BOL subcritical reactivity
would result in maximum coolant temperatures just below
boiling during this accident.

Another method to prevent the possibility of damage
from this accident is to decrease the BOL effective multi-
plication constant. The original SABR design used a max-
imum value for keff of 0.95, as compared to the current
value of 0.972, and was able to withstand this accident
without the occurrence of either fuel melting or coolant
boiling. Future iterations of SABR will likely utilize both
methods to provide a significant safety margin against
damage as a result of this highly implausible accident.
The reactor is entirely safe from damage because this
accident would occur during BOC and EOC operation. A
summary of the temperature and fission power increases
for this accident is given in Table VIII.

IV.F. Control Rod Ejection

A more likely reactivity insertion would be the ejec-
tion of one control rod, which corresponds to a reactivity
of 0.56 $. At BOL this would lead to an increase in fission
power of only 190 MW. The peak coolant and fuel pin

TABLE VI

Loss-of-Heat-Sink Accident Summary

BOL BOC EOC

25% LOHSA

Maximum coolant temperature ~K! 981 981 1009
Maximum fuel temperature ~K! 1045 1080 1118
Time until coolant boiling ~s! ` ` `
Time until fuel melting ~s! ` ` `

50% LOHSA

Maximum coolant temperature ~K! 1107 1108 1132
Maximum fuel temperature ~K! 1173 1208 1243
Time until coolant boiling ~s! ` ` `
Time until fuel melting ~s! ` ` `

75% LOHSA

Maximum coolant temperature ~K! .1156 .1156 .1156
Maximum fuel temperature ~K! .1473 .1473 .1473
Time until coolant boiling ~s! 58.6 54.1 44.9
Time until fuel melting ~s! 217.7 170.7 146.6

Complete LOHSA

Maximum coolant temperature ~K! .1156 .1156 .1156
Maximum fuel temperature ~K! .1473 .1473 .1473
Time until coolant boiling ~s! 29.7 26.4 24.2
Time until fuel melting ~s! 70.6 61.0 56.5

Note: Coolant boiling occurs at 1156 K and fuel melting occurs at
1473 K.

TABLE VII

Loss-of-Power Accident Summary

BOL BOC EOC

Maximum coolant temperature ~K! 947 1103 1068
Maximum fuel pin temperature ~K! 1008 1106 1083

TABLE VIII

Summary of Reactivity Insertion Transients

BOL BOC EOC

Control Rods Inserted, Fusion Power Increased to
Compensate, Control Rods Removed

Maximum coolant temperature ~K! .1156 1015 1035
Maximum fuel temperature ~K! 1377 1148 1173
Time to coolant boiling ~s! 12.6 ` `
Time to fuel melting ~s! ` ` `
Fission power increase ~MW! 2884 754 600

Single Control Rod Ejection

Maximum coolant temperature ~K! 963 947 975
Maximum fuel temperature ~K! 1031 1055 1093
Fission power increase ~MW! 190 48 38

Note: Coolant boiling occurs at 1156 K and fuel melting occurs at
1473 K.
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temperatures increase by only 21 and 25 K, respectively.
The results of a single control rod ejection are summa-
rized in Table VIII. SABR could withstand the inadver-
tent ejection of a control rod from the core without
sustaining permanent damage to the reactor.

IV.G. Accidental Increase in Fusion Neutron

Source Strength

In addition to increasing the reactivity in the fission
core, the neutron population, thus the fission power level,
also can be increased by increasing the strength of the
fusion neutron source. Note from Eq. ~1! that the total
neutron source in the reactor consists of three terms:
prompt fission neutrons, delayed neutrons from the decay
of delayed neutron precursors, and the fusion source
neutrons.

It is possible, although unlikely, that an accidental
increase in the plasma fueling source or the plasma heat-
ing source could cause an unintended increase in the
plasma density or temperature, respectively, leading to
an increase in the fusion power level and the fusion neu-
tron source strength in the reactor core. It is also possible
that changes in other plasma parameters that affect the
particle and energy confinement, thus the fusion rate,
could occur. Any change in plasma density or tempera-
ture would take place on the plasma confinement time-
scale of a few seconds.

As a concrete example, the SABR fusion neutron
source has available six 20-MW lower hybrid EM wave
launchers to provide auxiliary heating to the plasma. Not
all of these launchers are needed for all conditions in the
fuel cycle, so there is the possibility that an unused
launcher is inadvertently turned on. In a similar vein,
there are gas injectors for fueling the plasma that are not
always needed, and one of these could inadvertently be
opened.

Just as there are negative temperature feedback mech-
anisms that act to reduce the reactivity and thereby limit
power excursions in fission reactors, there are also neg-
ative density and temperature feedback mechanisms—
density limits and pressure ~beta! limits ~Ref. 9, Chap.
18!—that would act to reduce the energy and particle
confinement and thereby limit power excursions in the
fusion neutron source. As the density approaches the den-
sity limit or the pressure approaches the beta limit, the
plasma confinement decreases strongly, thereby limiting
positive excursions in density or temperature, provided
that the plasma operating conditions are chosen suffi-
ciently close to these limits. No attempt has yet been
made to optimize the SABR neutron source operating
point with respect to these density and pressure limits.

Because RELAP5-3D uses a constant value for the
source term in the point kinetics equations ~1! and ~2!, it
is impossible to capture all of the dynamics of the fusion
neutron source for these calculations. For this reason, a

Fig. 5. Maximum fuel and coolant temperatures during LOPA at BOL without neutron source.
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series of calculations4 was first performed using the point
kinetics equations to represent the fission power level,
the equivalent global plasma power and particle balance
equations9 to represent the fusion neutron source dynam-
ics, and a simple model for the sodium heat removal
system. The density and pressure limits were represented
by empirical expressions but were not incorporated into
the dynamics calculations. Rather, when one of these
limits was surpassed it was assumed that the neutron
source had been turned off by plasma confinement
degradation.

The results of these calculations provided useful in-
sights that guided subsequent RELAP5-3D calculations,
but the quantitative results were questionable because of
the simplified heat removal system model employed. To
obtain a quantitative estimate of limiting temperatures
and power levels in the fission core that might occur as a
result of fusion source excursions, a second series of
calculations was carried out with the more realistic
RELAP5-3D model of the heat removal systems, using
fixed plasma sources at various levels to determine the
maximum fusion neutron source strength that SABR could
tolerate without experiencing coolant boiling or fuel melt-
ing in the fission core.

The Greenwald Density Limit ~Ref. 9, Chap. 19! is a
simple empirical fit that bounds the densities for toka-
mak plasmas. The plasma neutron source operating den-
sity was well below this limit and was not reached in any
of the transients simulated.

The Troyon Beta Limit ~Ref. 9, Chap. 19! provides
an upper limit on both the plasma temperature and the ion
density, beyond which plasma stability and confinement
are degraded. The plasma operating parameters used dur-
ing BOL operation provided a large margin at steady
state before the Troyon Beta Limit was exceeded. How-
ever, the margin during BOC and EOC operation before
the Troyon Beta Limit was exceeded was much smaller.
It was apparent that optimization of the plasma current
profile was necessary for BOC and EOC plasma operat-
ing parameters to allow for operation just enough below
this limit to provide an inherent feedback against power
excursions in the fusion neutron source due to inadver-
tent turn on of additional plasma heat sources.4

Simulations representing inadvertent increases in
plasma fuel injection indicated that at BOL, BOC, and
EOC, SABR could withstand up to 11, 1, and 2% in-
creases, respectively, in the plasma ion density before the
Troyon Beta Limit was exceeded. When compared with
the 12, 17, and 19% increases that were required before
coolant boiling occurred, it was determined that the Troyon
Beta Limit provided a natural feedback mechanism that
prevented reactor damage due to accidental increases in
the plasma fueling rate. Ion density increases of 19, 29,
and 32% at BOL, BOC, and EOC, respectively, were
required before fuel melting occurred.

It should be noted that changes in the plasma ion
density did not produce a linearly proportional change in

the fusion power level. For a 5% increase in the plasma
ion density at BOL, the fusion power increased by more
than 20%. A 12% increase in the plasma ion density at
BOL led to a nearly 60% increase in the fusion power
level.

The second fusion transient that was examined for
the fusion neutron source was an increase in the plasma
auxiliary heating. This could result from one or more
unused 20-MW heating launchers accidentally turning
on. For the case of one extra 20-MW plasma auxiliary
heating launcher turning on at BOL, SABR experienced
a 41% increase in fusion power and maximum coolant
and fuel temperatures of 1079 and 1142 K, respectively,
both below their respective failure temperatures of 1156
and 1473 K. In every other case considered, whether it
was two or more extra 20-MW auxiliary heating launch-
ers or one extra 20-MW heating launcher at BOC and
EOC, the Troyon Beta Limit was exceeded, indicating
that the plasma energy confinement would have de-
creased and terminated the source excursion before any
damage to SABR’s fission core occurred.

Because more complicated transients for the fusion
neutron source could not be simulated with the
RELAP5-3D model, the maximum allowable neutron
source strength was calculated before either coolant boil-
ing or fuel melting occurred. Changes in the neutron
source strength may be simulated as external reactivity
insertions when using the point kinetics equations. This
is a valid approximation because both the delayed neu-
tron fraction b and the neutron lifetime L in Eq. ~1!
will change a negligible amount during changes in ei-
ther the level of subcriticality or the neutron source
strength. The response due to reactivity feedbacks was
allowed to progress as it naturally would so that the
final fission power level due to a change in the neutron
source strength was maintained. Hand calculations were
performed to determine what the necessary external re-
activity insertion would be to match various neutron
source strength changes.

Table IX lists the minimum fusion power levels that
led to coolant boiling in the fission core. In all three cases
the fusion power level must increase by more than 50%
before coolant boiling begins. The corresponding maxi-
mum fuel temperatures calculated for an increase in the
fusion neutron source power level at BOL, BOC, and
EOC were all .100 K below the fuel melting tempera-
ture of 1473 K.

V. SUMMARY AND CONCLUSIONS

The LOPA, LOHSA, LOFA, control rod ejection,
and neutron source excursion accidents were simulated
using the RELAP5-3D code to model the reactor and
heat removal systems dynamics, together with a plasma
power and particle balance model for the neutron source
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dynamics. It was found that ~a! the core power can be
reduced to decay heat levels in a couple of seconds by
turning off the neutron source heating power when any
accident condition is detected; ~b! a LOPA thus reduces
the core to the decay heat level in a couple of seconds and
natural circulation prevents core damage; ~c! undetected
LOFAs in which 50% of the primary coolant pumps fail
can be survived without core damage, and only when
75% of the pumps fail does fuel melting occur ~at 8.4 s!;
~d! an undetected LOHSA with 50% loss of sodium flow
in the intermediate loop can be survived without core
damage, and only with 75% loss-of-sodium flow in the
intermediate loop does fuel melting occur ~at 150 s!; and
~e! neutron source excursions due to inadvertent in-
creases in plasma heating or fueling could be limited by
operation near inherent density and beta limits.

SABR can withstand the failure of up to one-quarter
of the coolant pumps in either the primary or intermedi-
ate coolant loops without coolant boiling. If any addi-
tional coolant pumps fail, the coolant will either exceed
or come very close to its boiling temperature. However,
a failure of three-quarters of the coolant pumps in either
the primary or intermediate coolant loops will result in
fuel melting. With only ;10 s before fuel melting begins,
there is not enough time for operator intervention to ter-
minate the transient, and this indicates the need for an
automatic control system.

Because SABR cannot sustain multiple pump fail-
ures without experiencing coolant boiling and possibly
fuel melting, coolant pumps in both the primary and in-
termediate coolant loops should be kept on entirely sep-
arate electrical systems from any other pump to ensure
that a failure of one pump is not likely to be followed by
a second pump failure. After a single pump failure is
detected, the neutron source should be quickly shut off.
Even if all of SABR’s pumps fail, if the neutron source is
shut down at the same time, natural circulation will pro-
vide enough coolant mass flow to remove the decay heat
being generated in the fission core.

The other category of transients is those affecting
SABR’s neutron population in the fission core. To pre-
vent accidents related to inadvertent control rod remov-
als from possibly causing coolant boiling in the fission
core, two design changes are possible. The best option is
to decrease the total control rod worth. Because control
rods are used only for small changes in the fission power
level and they are not essential to shut down the reactor,
a decrease in control rod worth would not be a reduction
in the SABR’s level of safety.

Rather large increases in fusion neutron source
strength can be tolerated before coolant boiling or fuel
melting occurs. Throughout the fuel cycle, it would take
an increase of at least 50% of the neutron source strength
before SABR’s heat removal system would be incapable
of regulating core temperatures. In the case of EOC op-
eration, the neutron source would have to exceed its max-
imum design strength before core failure occurs.

While some of the accidents simulated can cause
damage in SABR if uncontrolled, core damage can be
prevented for all transients by shutting off the neutron
source. The fission core power level will quickly de-
crease to decay heat levels, leaving at most 7.1% power
and enough coolant mass flow from natural circulation to
cool the reactor until whatever caused the accident can be
corrected. Whether a pump or a heat exchanger fails or a
reactor operator utilizes the control rods improperly, sim-
ply eliminating the source neutrons will allow for a safe
progression of the ensuing accident.
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