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The design concept of a subcritical advanced burner
reactor (SABR) is described. SABR is fueled with trans-
uranics (TRUs) discharged from thermal reactors cast
into a TRU-Zr metal fuel pin and is cooled with sodium.
The reactor operates subcritical to achieve a deep-burn
Sfour-batch fuel cycle that fissions 25% of the TRU in an
8.2-yr residence time, limited by radiation damage ac-
cumulation (200 displacements per atom) in the oxygen
dispersion strengthened clad and structure. The annual
TRU fission rate in SABR [3000 MW (thermal)] is com-
parable to the annual TRU discharge of three to five
1000-MW(electric) light water reactors, depending on
the plant capacity factor of SABR. A tokamak D-T fu-
sion neutron source based on physics and technology
that will be demonstrated in ITER supports the subcrit-
ical operation.

I. INTRODUCTION

Closing the nuclear fuel cycle is the major technical
challenge to the expansion of nuclear energy to meet the
world’s growing need for environmentally benign elec-
trical power for the remainder of the century. The U.S.
Department of Energy (DOE) Global Nuclear Energy
Partnership! (GNEP) and Generation IV Initiative? (GEN-
IV) are addressing this challenge by developing the nu-
clear technology to minimize the long-lived transuranics
(TRUs) in spent nuclear fuel (SNF) that must be stored in
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high-level waste repositories (HLWR) and to better uti-
lize the potential energy content of the uranium fuel re-
source. Specifically, the GNEP will develop a consolidated
fuel treatment center for separating the TRUs from the
SNF discharged by light water reactors (LWRs) to use as
fuel in an advanced burner reactor (ABR). The GEN-IV
effort is focusing on fast reactors that will be able to
transmute the nonfissionable 233U (99.3% of natural ura-
nium) into fissionable TRU isotopes (and on other ad-
vanced reactors for other missions).

The concept of separating the TRUs in SNF dis-
charged from LWRs and using it as fuel in fast (and
thermal) reactors, with the primary motivation of reduc-
ing the long-lived radioactive TRU isotopes in the waste
sent to HLWRs, was extensively investigated3~° in the
1990s. The general conclusion of these investigations
was that, by repeatedly reprocessing the fuel and re-
cycling the remaining TRU, the TRU in the waste ulti-
mately sent to HLWRs could be reduced by a large factor
(>90%). Another conclusion was that the use of sub-
critical reactors that could operate with highly burned
fuel or with fuel consisting of the minor actinides (Am,
Cm) would be necessary to achieve >>90% burnup of
the TRU.

Several conceptual designs and fuel cycle analyses
of subcritical transmutation reactors with an accelerator-
spallation neutron source®~© were investigated during the
1990s. Subsequently, a series of conceptual designs and
fuel cycle analyses of subcritical fast transmutation re-
actors with tokamak D-T fusion neutron sources were
developed at Georgia Institute of Technology.”"'?> A gen-
eral conclusion of these studies was that subcritical op-
eration provides much greater fuel cycle flexibility to
achieve “deep burn” of a large quantity of TRU, hence to
significantly (i.e., by one to two orders of magnitude)
reduce the HLWR requirements.

53



Stacey et al.

Our initial fast reactor design’ with a fusion neutron
source was based on the metal-fuel sodium-cooled and
lead-bismuth—cooled fast reactor designs'>'# that had
been developed for the transmutation reactor design
with an accelerator neutron source, but with a lead-
lithium coolant in order also to achieve tritium breeding.
Then, a series of helium-cooled TRU-fueled fast reactor
designs®10 were carried out to investigate the prospects
for achieving deep burnup of the TRU in TRISO fuel
particles that then could be placed in the HLWR without
further reprocessing.

Now, with the GNEP emphasis on early deployment
of an ABR, the conceptual design of a TRU metal-fuel
sodium-cooled fast subcritical ABR (SABR) with a to-
kamak D-T fusion neutron source is proposed, in order to
take advantage of the added flexibility for achieving deep
burnup of the TRU provided by subcritical operation.
Since the fusion neutron source design'? is based on the
physics and technology that has been developed for and
that will be demonstrated in the International Thermo-
nuclear Experimental Reactor!'® (ITER), which will begin
operation in 2017, the SABR is proposed as a possible
second-generation ABR.

1. DESIGN OVERVIEW

II.A. Configuration and Dimensions

The SABR is a subcritical metal-fueled sodium-
cooled fast reactor driven by a tokamak D-T fusion neu-
tron source. A simplified three-dimensional (3-D) view
of the design is shown in Fig. 1. The annular fission core
surrounds the fusion neutron source on the outboard side.
The fission core and the plasma are surrounded first by a
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combination of reflector and tritium-breeding blanket,
then by a shield; the combined thickness of these mate-
rials is 80 cm. Items not shown in Fig. 1 include the
divertor below the plasma, an emergency core cooling
system above the core, coolant flow pipes, control rod
drives above the core, and other systems that were not
developed in detail.

The primary objective of SABR is to transmute the
TRUs in SNF in order to reduce HLWR requirements. In
the process, power will be produced that will be con-
verted to electricity. In order to reach this secondary
objective, a three-loop cooling system is employed with
sodium as the primary and intermediate coolant. The sec-
ondary loop, with water as the working fluid in a Rankine
cycle, will employ high-pressure and low-pressure tur-
bines to produce power.

The 3.2-m core height shown in Fig. 1 corresponds
to the 2-m active length of the fuel, a 1-m gas plenum,
and a 20-cm reflector included within the fuel rod to
reduce neutron leakage into the plenum. The fuel pin is a
4-mm-diam metallic TRU-Zr slug, clad in ODS steel with
a sodium bond. The outer diameter of the fuel pin is
7.26 mm. The reactor core consists of 918 hexagonal fuel
assemblies, each containing 271 fuel pins. Sixteen as-
semblies contain enriched boron carbide control rods.

Figure 2, which is the model used for neutronics
calculations, shows the detailed dimensions of the reac-
tor. This model simplifies the actual geometry above and
below the core and plasma. For example, the shield con-
figuration must allow for a divertor below the plasma
and control rod drives above the core. As seen in Fig. 2,
the fission core is divided into four regions, each with an
equal number of assemblies (for fuel shuffling). The de-
tailed layout of the assemblies and the batch arrangement
is shown in Fig. 3. Every 750 days, the most burned batch
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Fig. 1. Configuration of the SABR.
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Fig. 2. Cross section of the SABR calculation model.

will be discharged, a fresh batch will be added, and the
remaining assemblies will be moved.

The design for the toroidal tokamak neutron source
is taken from a previous design®!° and is a scaled-down
version of the ITER design.!® The height of the plasma
chamber is 3.76 m, and the width is 2.16 m. A divertor
(not shown) is located below the plasma chamber. Six-
teen “D-shaped” superconducting toroidal field magnets
surround the reactor. Each magnet is 5.4 m in horizontal
bore and 8.4 m in vertical bore, with radial thickness of
43 cm and toroidal thickness of 36 cm. This leaves ~1 m
of free space for access between the shield and the mag-
nets on the top and outboard. The superconducting cen-
tral solenoid magnet has an inner radius of 94 cm and a
thickness of 70 cm.

11.B. Major Parameters and Materials

Table I gives a summary of the major parameters
and materials used in the SABR design. The isotopic
composition of the TRU fuel is given later. All other
materials are commercially available items. Unless other-
wise noted, all structural material is oxygen dispersion
strengthened (ODS) (MA957) steel. Fig. 3. Four-batch layout of fuel assemblies.
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TABLE 1
Major Parameters and Materials of the SABR

Fission core
Fission power
TRU fuel composition (wt%)
Fuel density
Mass of TRU/fuel material
Specific power
Maximum k.
Major dimensions
Fuel pin
Coolant mass flow rate, temperature
Power density, maximum T/ Teiaa
Linear fuel pin power
Clad, wire wrap, and flow tube
Fuel/clad, gap, LiNbO;/structure/coolant (vol%)
Fuel assembly

Reflector, blanket, and shield
Reflector/shield materials
Tritium breeder
Combined thickness
Tritium breeding ratio
Coolant mass flow rate
Minimum and maximum blanket temperatures

Plasma
Plasma current
Fusion power/neutron source rate
Fusion gain (Qp = Pfus/Pplasma heating)

Superconducting magnets

Toroidal field coil magnet dimensions

Divertor
Materials
Heat flux
Coolant mass flow rate

First wall
Materials
Surface area
Average neutron wall load (14 MeV)
Average heat flux (500 MW)
Coolant mass flow rate

Field central solenoid, toroidal field coil, at center of plasma

3000 MW(thermal)

40Zr-10Am-10Np-40Pu

9.595 g/cm3

36 t/60 t

83.3 kW(thermal)/kg TRU

0.95

Ry,,=5m,R,,,=562m, H,.;jpe =2 m

Number = 248778, Dg;,, = 4.00 mm, D, = 7.26 mm

m = 8700 kg/s, T;,,/T,.. = 377/650°C

q"" = 72.5 MW/m3, Ty, max = 715°C, To1ad,max = 660°C
6 kW/m

ODS ferritic steel, t = 0.5, 2.2, 2.0 mm

15/35/14/36

Number = 918, hex, Dyqs = 15.5 cm, Dyiq. = 8.95 cm

ODS steel, boron carbide, tungsten, Na cooled
Li,SiOy4

80 cm

1.16

m=0.2kg/s

Tnin = 450°C/Tpax = 640°C

8 to 10.0 MA
(50 to 500 MW) /(1.8 X 10" to 1.8 X 1020 s~ 1)
180 MW(thermal)/58 MW(thermal) = 3.2

135T,11.8T,59T
w=54m,h=84m,t,, =43 cm,t,, =36 cm

Tungsten, CuCrZr, Na cooled
1 to 8 MW/m?
= 0.09 kg/s

Beryllium on ODS, Na cooled
223 m?

1.0 MW/m?

0.25 MW/m?

m = 0.057 kg/s

11.C. Calculation of Fuel Loading

The SABR is designed to be operated as a subcrit-
ical source-driven reactor, and the maximum value of
ke, which will occur for initial startup with fresh TRU
fuel in all assemblies, is specified to be no more than
0.95. To determine the amount of fuel necessary to
achieve this multiplication, the core was modeled using
the 3-D continuous-energy Monte Carlo code MCNP
(Ref. 17), with temperature-corrected cross sections gen-
erated with NJOY (Ref. 18) from ENDF/B-VI.6 and
ENDF/B-VII libraries.!® Using the core dimensions in
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Table I, it was determined that 36 t of TRUs (60 t of
40Zr-10Am-10Np-40Pu fuel) was necessary to achieve
key = 0.95 for all fresh fuel. The reactivity decrease
due to fuel burnup will be compensated by increasing
the neutron source.

11.D. Fabrication and Reprocessing

The fuel will be fabricated through arc casting and
will be reprocessed using pyrometallurgical reprocess-
ing. A single arc-casting facility can annually fabricate
approximately 60581 fuel pins containing a total of
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8760 kg of TRU. Pyroprocessing is based on the use of
high-temperature fused chloride salts to melt the fuel,
along with electrorefining techniques to separate the TRUs
and fission products. Pyroprocessing is specifically suited
for metallic fuels. A key benefit of pyroprocessing is that
the actinides are never separated individually, but are
instead recycled as one group, making them highly pro-
liferation resistant.

II.LE. Component Lifetime

The length of time that the reactor can operate con-
tinuously is determined by the expected time-to-failure
of the various components. Interactions with fast (>0.1
MeV) neutrons cause atomic displacements, transmuta-
tion of atoms, and hydrogen and helium gas production
within the fuel pin and other components. These damag-
ing effects determine how long essential reactor compo-
nents such as cladding, fuel, first wall, and magnets can
remain in operation. Using a damage limit of 200 dis-
placements per atom (dpa) for ODS steel, the radiation
damage lifetime of the clad and fuel assembly structure is
found to be somewhat more than 8 yr. This places an
upper limit of 3000 days on the fuel residence time. The
first wall is found to have a radiation damage lifetime of
somewhat more than 8 yr. Therefore, it will have to be
replaced several times over the life of the reactor. The
shield is designed so that the magnets will not have to be
replaced during the lifetime of the reactor.

IL.LF. Transmutation, Electrical, and Safety Performance

As mentioned previously, the primary purpose of the
SABR is to burn the TRUs produced by LWRs to reduce
the requirements for HLWRs. The SABR is successful in
this goal as it achieves a transmutation rate of 1.06 t of
TRU per full power year. The annual production of SNF
in the United States is ~2000 t U/yr (Ref. 6) for ~100 000
MW(electric). Of this, only 1% is TRUs (Ref. 20). This
means that, on average, one 1000-MW(electric) LWR
discharges 0.2 t of TRU per year. The support ratio for
SABR is determined by the transmutation rate and the
availability of the reactor. At 100% (60%) availability
the SABR can burn the TRU discharged annually from
five (three) 1000-MW(electric) LWRs.

The SABR fission core produces 3000-MW(thermal)
power. The gross power produced by the turbine in the
final loop is 1049 MW(electric). Some of this power
will be reused by the system to power supporting sys-
tems, such as the coolant flow pumps and plasma heat-
ing source. The power required to operate the fusion
neutron source is 90 MW(electric) (Ref. 10). Total power
required to run all pumps in the system is 7.65 MW(elec-
tric). Heaters take up an additional 30 MW(electric) on
a Rankine cycle. Therefore, the net electrical power
produced is 921 MW(electric). This corresponds to a
30.7% net efficiency for the plant (conversion effi-
NUCLEAR TECHNOLOGY
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ciency was not a design priority, and this value could
certainly be increased).

Dynamic simulations indicate that accidental reduc-
tion in coolant flow by up to approximately two-thirds
could be passively tolerated without sodium boiling or
fuel melting and that tens of seconds would be avail-
able to prevent sodium boiling or fuel melting by con-
trol action—neutron source termination or control rod
insertion—for larger reductions in coolant flow.

lll. FUELS

I1I.LA. Metal TRU Fuel

Fuel candidates for transmutation reactor design can
be divided into two groups based upon the type of repro-
cessing that they require. The first group consists of oxide,
nitride, and carbide fuel types that are reprocessed using
aqueous methods. The second group consists solely of
metal fuels that are reprocessed using pyrometallurgic
processes. The decision for fuel type was therefore con-
tingent on both fuel type and reprocessing method. Cur-
rent research in the United States for transmutation reactor
designs with high minor actinide content indicates that
the nitride and metal-based fuel elements are the front-
runners.?! Therefore, only nitride and metal fuels were
considered for use in the SABR. Nitride fuels have been
successfully irradiated up to 5.5% burnup in JMTR
(Ref. 22), while metal fuels have been successfully ir-
radiated up to ~20% in EBR-II (Ref. 23). Both candi-
dates show excellent fission gas retention,?'>? and both
have excellent thermal conductivities.?>>*

A major factor in the fuel choice decision was that
the aqueous reprocessing associated with nitride fuel was
determined to be inferior to pyroprocessing. The two
main advantages of pyroprocessing are that the process is
proliferation resistant and can be accomplished with an
on-site facility, which reduces the costs and associated
risks of transporting the spent fuel from the reactor.?
The disadvantages associated with using aqueous repro-
cessing methods include large amounts of high activity
fission product-bearing aqueous and nonaqueous wastes,
the necessity of large production sites and production-
scale equipment, and proliferation concerns due to the
ability of the process to generate highly purified and
separate uranium and plutonium.?? Also, there are recov-
ery issues concerning '’N-enriched gas when using aque-
ous reprocessing with nitride fuel.??

Metal TRU-Zr fuel is proposed for the liquid sodium—
cooled SABR. The fuel will have a weight percent com-
position of 40Zr-10Am-10Np-40Pu. This fuel type was
chosen because it is currently being developed at Ar-
gonne National Laboratory (ANL) for use in the U.S.
advanced fuel cycle initiative.>* In general, metal fuel
has properties that prove favorable for applications with
priority of high burnup of TRU, including high thermal
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conductivity, the ability to accommodate a high actinide
density, and the ability to be directly fed into pyropro-
cessing and refabrication facilities.?!

Zirconium is selected as the alloying element be-
cause it has been successfully fabricated and repro-
cessed. In addition, metal fuel dispersed in a zirconium
matrix has demonstrated excellent radiation resistance.?%
The inclusion of zirconium in the metal composition raises
the alloy solidus temperature, provides resistance be-
tween clad and fuel interactions,?’ provides dimensional
stability during irradiation,® and provides the possibility
of a negative Doppler coefficient in TRU fuel that is free
of 238U.

111.B. ODS Steel Cladding

Both ferretic and ODS ferretic steel were considered
for the cladding material. ODS ferretic steel was favored
on the basis that ODS steels are mechanically superior,
have much better resistance to thermal creep at higher
temperatures, and are compatible with both the fuel and
liquid sodium.?*-3! MA957, a mechanically alloyed and
commercially available ODS steel developed by INCO
Metals, was chosen for the reference cladding material.
Several experimental ODS steels undergoing develop-
ment may show better mechanical properties than MA957
(Table II); however, at the present time, MA957 has en-
dured a much more comprehensive battery of tests for
suitability in a fast reactor setting.>>3?

I11.C. Fuel Element Design

The fuel pin design is determined by the requirement
to provide enough fuel to enable SABR to produce 3000
MW(thermal) over a four-batch burn cycle and by the
thermal and structural limitations of the materials. To aid
in the choices of pin design, similar reactors with sodium-
cooled metal-fuel designs such as the HYPER (Ref. 34),
JAERI (Ref. 35), and ALMR (Ref. 36) were reviewed.
The dimensions were chosen such that the operating tem-
perature of the clad should not exceed 700°C anywhere

TABLE 1I
Properties of MA957

Density 7.3 g/cm? (300 K)
Melting point 1800 K
Recrystallization temperature 1620 K
Ductile to brittle transformation 220 to 330K

Linear coefficient of thermal 1.4 X 1075/K (650°C)
expansion

Thermal conductivity

Specific heat

Composition by weight percent:

84.55Fe-14Cr-0.9Ti-0.3Mo0-0.25Y,0;

20 W/m K (650°C)
600 J/kg K (650°C)
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in the core. Temperatures above this point in stainless
steels have been found experimentally to have unaccept-
able stresses caused by fuel swelling and fission gas
buildup.?’ Fuel swelling and fission gas buildup must be
accounted for to prevent the clad from expanding or rup-
turing. Coolant flow area must be large enough to cool
the core and keep velocity below 8 m/s to prevent struc-
tural vibration.’”

The starting point of the design was the fuel choice
of 40Zr-10Am-10Np-40Pu (wt%), which is being devel-
oped at ANL. The ANL reports?! used a 4-mm-diam fuel
pin and a 0.455-mm clad thickness. As a result, this was
chosen to be the diameter of the fuel material in this
design. The clad thickness was increased slightly to
0.5 mm. This value is within the range of values used for
JAERI (Ref. 35) (0.3-mm ODS), ALMR (Ref. 36)
(0.5-mm HT9), and HYPER (Ref. 34) (0.7-mm HT9).
Neutronics calculations discussed in Sec. IV were made
to determine the amount of fresh fuel needed for a k. of
0.95. These calculations combined with the constraints
listed above led to an active fuel length choice of 2.0 m.
This gives a modest linear power density of 6 kW/m
(45 kW/m is more typical of fast reactors).

A critical issue that is linked with transmutation fuels
is the high helium generation rates due to the alpha decay
of 2*'Am. This helium gas production substantially in-
creases the plenum requirements of the fuel pin and can
cause substantial fuel swelling.?! The fission gas plenum
for this reactor is based on the findings of the Korean
HYPER design. With a similar TRU fuel and clad thick-
ness, it was found that the cladding strain values are 3.3,
3.1, and 3.01% at 30 at.% burnup for the 0.5, 1.0, and 1.5
plenum-to-fuel ratios, respectively.®® The limiting value
of the strain is normally taken to be 3.0% for HT9 steel.*8
Therefore, it is recommended that a 1.5 plenum-to-fuel
ratio is used. ODS steels, however, are expected to out-
perform HT9 in fast reactors at high temperatures. In
view of the fact that the strain values vary only slightly
between the cases and that increasing the dimensions
comes with such a high cost, this design will use a mod-
est plenum-to-fuel ratio of 1.0. This corresponds to a
1.0-m plenum on top of the core. The plenum is initially
vacant space and gradually becomes filled with gas as the
fuel is irradiated.

Nuclear fuel swells as it is fissioned because of the
quantum mechanical nature of atoms occupying approx-
imately the same volume (10~2° m?) regardless of mass.?’
To allow room for fuel expansion due to solid fission
products, a large fuel to clad gap size is designed for
beginning of life. A typical design is for the fuel to oc-
cupy 75% of the cross-sectional area of the interior tube.?!
This allows the fuel volume to increase by ~30% before
coming into contact with the clad. However, for this re-
actor, the gap size is nearly doubled to be conservative.
This also allows the gas plenum volume to be larger with
minimal length. The gap is filled with sodium, instead of
helium, to increase conductivity across the gap. This is
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Fig. 5. Axial view of fuel pin.

necessary because of the high coolant outlet temperature
and the relatively low melting temperature of the fuel. If
a helium gap can be used, it would not be necessary to
have the 1-m-long fission plenum above the rods, as the
gases would be free to fill the radial gap space. Ulti-
mately, the design decision is a tradeoff that must be
optimized depending on the specific design objectives.
The actual amount of fuel expansion cannot be deter-
mined without experiments, but this design is expected to
be conservative. The fuel pin design parameters are given
in Figs. 4 and 5 and in Table III.

The fuel rods are arranged into 918 hexagonal fuel
assemblies with 271 rods per assembly (Fig. 6). Assem-
blies are fully wrapped with 2-mm-thick ODS steel. Rods
are held in place and prevented from bowing by wire

TRU-Zr-FUELED Na-COOLED SUBCRITICAL BURNER REACTOR

855em

Fig. 6. Cross-sectional view of fuel assembly.

wrap spacers of thickness 2.24 mm. Detailed dimensions
and parameters of the fuel pin and assembly are shown in
Table I1I.

Boron carbide control rods will be used for the pur-
pose of shutting down the reactor. Detailed design of
these control rods has not been carried out yet. However,
it is estimated that there will be 16 control assemblies,
one between each toroidal field magnet. Since the control
rods are 2 m in length and remain above the core during
steady operation, additional design is required for the
upper reflector, shield, and blanket regions.

111.D. Reprocessing

Pyrometallurgical reprocessing has been identified
as the most appropriate means of reprocessing for the
selected metal TRU-Zr fuel. This process is based on the
use of high-temperature fused chloride salts to melt

TABLE III
Key Design Parameters of Fuel Pin and Assembly

Length of rods (m) 3.2 Total pins in core 248778
Length of fuel material (m) 2 Diameter of flats (cm) 15.5
Length of plenum (m) 1 Diameter of points (cm) 17.9
Length of reflector (m) 0.2 Length of side (cm) 8.95
Radius of fuel material (mm) 2 Pitch (mm) 9.41
Thickness of clad (mm) 0.5 Pitch-to-diameter ratio 1.3
Thickness of Na gap (mm) 0.83 Total assemblies 918
Thickness of LiNbO3 (mm) 0.3 Pins per assembly 271
Radius of rod with clad (mm) 3.63 Flow tube thickness (mm) 2
Mass of fuel material per rod (g) 241 Wire wrap diameter (mm) 2.24
Volume pyem/ Volumey,, 1 Coolant flow area/assembly (cm?) 75

NUCLEAR TECHNOLOGY VOL. 162 APR. 2008
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the fuel, along with electrorefining techniques to sepa-
rate the TRUs and fission products.®*# It was considered
along with the aqueous PUREX reprocessing; however,
pyroprocessing was deemed most appropriate. It has been
shown to be especially suited for use with advanced fuels
such as the TRU-Zr fuel employed here.?!:?2:24 In the case
of metallic alloy fuels, the PUREX process is more cum-
bersome and costly, since the irradiated fuel is brought
from the metallic state to an aqueous solution, processed,
and then converted again to metal through a number of
reconversion steps. The pyrochemical reprocessing
method, on the other hand, directly yields metal as the
product.*! A wider temperature range is available to am-
plify the differences in the thermodynamic stabilities that
control the separation factors.3**! The ability to accom-
modate short-cooled and high-burnup fuels due to the
higher radiation stabilities of nonaqueous reagents makes
pyroprocessing especially suited for reprocessing of fast
reactor fuels.

Proliferation resistance is one of the most attractive
qualities of pyroprocessing.3*#1*42 The Pu is never sepa-
rated from the highly radioactive minor actinides, which
is important for proliferation resistance because the
fission products are short-lived and their gamma contri-
bution to 1 kg of TRU metal decreases to below self-
protection levels 2 yr after being discharged.>® Another
attractive quality of pyroprocessing in terms of nonpro-
liferation lies in that all of the reprocessing facilities can
be located on-site, localizing problem areas, reducing
diversion paths, and simplifying accountability.**:4?

Pyroprocessing separates the spent fuel by means of
high-temperature molten salts and electrolytic separa-
tion.*® The metals in the fuel rod are dissolved in the
high-temperature melt, then oxidized into chloride com-

TRU-Zr-FUELED Na-COOLED SUBCRITICAL BURNER REACTOR

plexes. In the next process, the highly reactive metals are
electrochemically deposited on the electrodes as voltage
is applied.*? Figure 7 shows a flow chart of the facilities
involved in pyroprocessing

Pyrochemical reprocessing has been used only on
a limited basis for making metal fuel for EBR-I and
EBR-II. However, significant research and develop-
ment has been performed at ANL (Refs. 21 and 27). At
this time, there is no industrial-scale experience with
metal fuel, pyroprocessing, or the reprocessing of fast
reactor fuel. The following recovery rates, found in lit-
erature,*> were used: Pu and Np 99.85%, Am 99.97%,
and Cm 99.95%.

I1L.E. Fabrication

Fabrication of the TRU-Zr metal fuel will be accom-
plished through arc casting, which is a modified form of
melt casting designed to allow the incorporation of acti-
nides. Melt casting is currently used to fabricate pluto-
nium and uranium metal rods and possesses numerous
attractive qualities.** The process uniformly distributes
the alloy so that the rods are homogenous and have iden-
tical compositions. Melt casting is very fast, with the
actual casting of the fuel pins occurring in <1 s, and
allows for hundreds of fuel rods to be cast at a time,
which minimizes the time necessary to fabricate an entire
batch of fuel.#443

The primary concern when fabricating fuel with high
actinide content is the susceptibility of low vapor pres-
sure actinides to vaporization during the melting of the
alloy and the transporting of the alloy throughout the
furnace.*® Using the standard casting method, ameri-
cium loss of >40% has been measured.*’” Arc casting is

l Salt
Oxide et | Electrorefiner Fabrication
Reduction N of New
- TRUs Fuel
LWR Spent t + “
Fuel Oxide Metal salt
Cathode
Cladding + Fission Processor
Products
Salt
Melting Zeolite Zc'i““' -
- — » Furnace
Furnace Columns fission
products
Ceramic Waste
Y
High
» Level
Metal Waste Waste

Fig. 7. Flowchart of pyroprocessing facilities.*3
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very similar to the standard melt casting method but
with two alterations designed to minimize the loss of
actinides to vaporization. Arc casting uses a low-
voltage high-current arc to rapidly melt the alloy on the
order of 5 to 20 s. This decreases the time to melt, and
the actinides do not have enough time to escape.?' Arc
casting has been studied at ANL for 40Zr-10Am-10Np-
40Pu fuel. Laboratory-scale tests have been done to test
the ratio of the americium to zirconium content in the
melt before casting and in the cast rods, and a ratio of
close to one has been achieved.*® Arc casting has been
successfully completed at the laboratory level to fabri-
cate rods for testing purposes, but the procedure is not
believed to be reasonable for large-scale batches.

In order to maximize the throughput of transmuta-
tion fuel, the fabrication process will be automated. An
automated process can be achieved by using commer-
cially available equipment and constructing a hot cell.
The hot cell would require robotic equipment and remote
control and surveillance technology.*® After casting, the
rods would be mechanically sheared to the desired length,
measured, weighed, and chemically analyzed. After fill-
ing the pin with sodium, the fuel rod will then be capped
and welded shut. Integral quality control will be part of
the production process.

The batch sizes may not contain more than 3 kg of
TRU because of criticality concerns.’ Casting and cool-
ing the rods requires the longest time of any step in the
cycle and is estimated to take 2 h, while the remaining
fabrication steps should take under 2 h (Ref. 50). Assum-
ing a facility down time of one-third with 24-h produc-
tion, one facility could process ~8760 kg/yr. This is
~45% of the 20 t of TRUs that are produced annually by
100 GW(electric) of LWRs in the United States.®>! Using
the proposed fuel dimensions, density, and compositions
for SABR, there are 241 g of TRU per pin, which means
60581 fuel pins could be produced annually. The initial
fuel loading in SABR, which includes four batches of
fuel, requires a total of 248 778 rods. Therefore, approx-
imately four facilities based on arc-casting technology
would be necessary to produce the fuel in a 1-yr time
frame. New casting methods with larger batch size capa-
bilities should be investigated. Induction casting may be
a promising option. It is basically an extrapolation of the
arc casting design. The method requires that the materi-
als flow as solid materials and powders instead of as a
molten alloy until they are quickly melted and cast.>>

IV. NUCLEAR

IV.A. Neutronics Models

The fission core is an annulus, with dimensions given
in Table I. The primary codes used to model the neutron-
ics characteristics of this core were the multidimensional
multigroup spherical harmonics code EVENT (Ref. 53)
NUCLEAR TECHNOLOGY
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and the 3-D continuous-energy Monte Carlo code MCNP
(Ref. 17). Due to the annular symmetry of the reactor,
only a two-dimensional r-z model was used for EVENT.
The CSAS sequences>* were to create cross-section li-
braries for use in EVENT, and calculations were per-
formed using a fifth-order (P5) spherical harmonic
approximation and both the standard-scale 238-group en-
ergy structure and a reduced 27-group energy structure.
This 27-group structure ranged from 0.1 meV to 20 MeV,
with 20 fast groups above 10 keV. For the MCNP model,
cross sections were generated using NJOY (Ref. 18) to
Doppler-broaden the ENDF/B-VI.6 and ENDF/B-VII zero
Kelvin libraries.'® In the following sections, “beginning
of life” refers to fresh TRU fuel in all locations, and
“beginning of cycle” (BOC) and “end of cycle” (EOC)
refer to the beginning and end, respectively, of the equi-
librium fuel cycle in the in-to-out fuel shuffling scheme
to be discussed in Sec. VL.

IV.B. Neutronics Properties

IV.B.1. Multiplication Constant

The SABR is designed to operate at a constant fis-
sion power level of 3000 MW(thermal). To compensate
for the effects of burnup and fuel loading, the fusion
power will be modulated as necessary to modulate the
neutron source to maintain this power level. The fusion
power required depends on the neutron multiplication
of those source neutrons within the core. The fusion
neutron source must be able to accommodate the asso-
ciated decrease in neutron multiplication as the fuel is
depleted. If M is the overall multiplication of source
neutrons within the fission core, then k,, = 1 — 1/M is
the multiplication constant of those neutrons. Then, Py,
is given approximately by Py, = (Eps/Ep)v(1 — k,,)/
ky,+ Ppis. For D-T fusion and actinide fission, Eg,, = 17.6
MeV and Ej;; = 197 MeV, and an effective v was calcu-
lated by MCNP to be 2.98. For fresh fuel with k,, =
0.95, Py, = 42 MW is required. Because the fusion
neutron source can produce up to P, = 500 MW, the
reactor can be operated with a k,, as low as 0.615.

IV.B.2. Energy Spectra

The neutron energy spectra are shown in Fig. 8 for
BOC with all fresh fuel in all four core regions (see Fig. 2
for location) and in the tritium breeding blanket. The
larger low-energy flux in region 1, closest to the fusion
neutron source, is due to neutrons reflected from inboard
of the neutron source across the plasma into the core.

IV.B.3. Control Rod Worth

Shutdown control of the reactor will be accom-
plished using a set of boron carbide control rods. As there
are 16 gaps between the magnets of the SABR, it is
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Fig. 8. Energy spectrum.

logical to use 16 control assemblies spaced evenly through-
out the reactor. The removal of 16 assemblies of fuel
material from the reactor causes <1% change in k. The
worth of 16 control rod assemblies, each with a B,C
mass of 10 kg, was calculated to be roughly 9 $ (8~ 300
pcm). Higher or lower overall worths can be easily ac-
commodated if needed.

IV.C. Reactivity Coefficients

The Doppler and sodium voiding coefficients of re-
activity are traditionally the most important in sodium-
cooled fast reactors. The absence of 2*¥U in pure TRU
fuel will tend to make the Doppler temperature coeffi-
cient less negative than in previous designs, or even pos-
itive, an effect which is offset somewhat by the zirconium
matrix material in the fuel. The narrow tall annulus de-
sign of the SABR was chosen to maximize the negative
leakage component of the sodium void worth.

IV.C.1. Doppler Temperature Coefficient of Reactivity

The EVENT code was used to calculate the Doppler
coefficient, using data files generated in SCALE (Ref. 55).
Cases were run every 100 K from an average fuel tem-
perature of 535 K to 1135 K for the Doppler coefficient.
A cladding temperature of 621 K and a coolant temper-
ature of 600 K were used in all calculations. Cases were
run for the beginning of life, where all fuel is fresh, and
to the beginning and end of the equilibrium fuel cycle
(see Sec. VI).

The Doppler coefficient p/AT = ((k, — ky) /k k) /AT
was calculated using the k.4 from EVENT for fuel tem-
peratures differing by 100 K. For example, k; for the first
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Fig. 9. Doppler coefficient versus average fuel temperature.

point corresponds to 535 K and k, corresponds to 635 K,
with AT = 100 K, and the point is plotted at 585 K. The
results are shown Fig. 9. The Doppler coefficients are
very small, but generally negative, indicating the near
cancellation of the positive contributions of 23°Pu and
241Py with the negative contributions of >*°Pu, the minor
actinides, and the zirconium. Similar calculations made
with MCNP, with cross sections Doppler-broadened using
NJOY, yielded similar magnitude but positive Doppler
coefficients; however, the statistical error was larger than
the magnitude of the coefficient.

1V.C.2. Sodium Voiding Worth

The sodium density reactivity p = (ko — ky)/k1k»
was determined relative to the nominal density, where &,
corresponds to the k. from EVENT corresponding to the
reduced sodium density and k, corresponds to the k. for
the nominal sodium density. These calculations assume a
nominal average fuel temperature of 735 K, a nominal
average cladding temperature of 621 K, and a nominal
coolant and gap temperature of 600 K. The results are
shown in Fig. 10. The sodium voiding worth is positive
and approximately linear with decrease in sodium density.

An attempt to confirm these reactivity calculations
using MCNP with cross sections processed using NJOY
was unsuccessful because the statistical uncertainty in
k. was too large.

IV.D. Tritium Production

The SABR design must be tritium self-sufficient with
respect to fueling the D-T fusion neutron source. Lithium
silicate was chosen for the breeding material because of
its high lithium atom density and low probability of hy-
droxide formation, a safety consideration. Lithium has
two naturally occurring isotopes, 93% ’Li and 7% °Li,
which has a large lower-energy (n, @) cross section. As
indicated in Fig. 2, a natural lithium blanket was placed
around the plasma neutron source and a blanket enriched
to 90% in °Li was placed around the fission core.
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The requirement for tritium self-sufficiency over a
nominal 750-day burn cycle, with enough excess tritium
to start up the neutron source after a 60-day shutdown for
fuel shuffling and to fuel it for one week into the next
burn cycle, was taken as a design objective.

Previous experience® indicates that a tritium breed-
ing ratio (TBR) (ratio of tritium production rate by neu-
tron capture in lithium to fusion neutron source rate) of
about 1.1 is sufficient to meet this requirement. The 27-
group EVENT calculation of TBR, using cross sections
generated with NJOY, yielded a TBR of 1.16.

An independent time-dependent tritium inventory cal-
culation was performed with ORIGEN-S, using fluxes
calculated by EVENT. This calculation indicated that the
amount of tritium needed at the beginning of the burn
cycleis 64 kg and that 69.8 kg of tritium would be present
at this time.

TRU-Zr-FUELED Na-COOLED SUBCRITICAL BURNER REACTOR

IV.E. Shield Design

The purpose of the radiation shield is to attenuate
the neutron and gamma radiation in order to limit radi-
ation damage to the toroidal field magnets and to limit
the activation of external reactor components to levels
which permit personnel access within a reasonable pe-
riod after shutdown. The maximum allowable dose
1imit>%37 to the superconducting magnet insulators is
estimated at 1 X 10° rads for organic insulators, and
1 X 10'0 rads for ceramic insulators. The maximum
allowable fast neutron fluence to the superconductor is
in the range’’>8 of 5 X 10" n/cm? to 1 X 10'°.

The shield was modeled using the Monte Carlo code
MCNP (Ref. 17). The reactor module consisting of the
core, plasma, tritium blanket, shield, fuel, and magnet
was modeled as a series of cells bounded by right cir-
cular cylindrical surfaces, with the dimensions shown
in Fig. 2.

The fusion neutron source was modeled as a volu-
metric, monoenergetic 14-MeV source. Calculation of
the fluence and dose in the toroidal field magnets was
based on an average volume tally for the area at the
center of the inner magnet region where the fluence was
the highest.

The first layer of the shield around the fission core
(the tritium breeding blanket) contained a reflector re-
gion composed of ODS ferritic steel (Type 12YWT) and
lithium silicate, which was used to reflect as many neu-
trons as possible back into the core region. Three layers
of tungsten heavy alloy (Grade SDD185) were used to
attenuate gamma photons and fusion neutrons, and a sin-
gle layer of boron carbide was used as a thermal neutron
absorber at the outside of the shield. Four sodium cooling
channels were placed between each shielding layer to
evacuate heat due to nuclear heating. The shield was
designed to operate within the 500 to 800°C range.
Table I'V shows the arrangement of the shield layers from
the inner to the outer region.

TABLE IV
Shield Layers and Compositions
Thickness Density
Layer Material (cm) (g/cm?)
Reflector ODS steel (12YWT) 16 7.8
Cooling channel A Sodium-22 1 0.927
1 Tungsten heavy alloy (SDD185) 12 18.25
Cooling channel B Sodium-22 1 0.927
2 Tungsten heavy alloy (SDD185) 10 18.25
Cooling channel C Sodium-22 1 0.927
3 Boron carbide (B4C) 12 2.52
Cooling channel D Sodium-22 1 0.927
4 Tungsten heavy alloy (SDD185) 10 18.25
NUCLEAR TECHNOLOGY ~ VOL. 162  APR. 2008 63
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Basing the calculation on the maximum operating
power level of 500 MW for the fusion neutron source and
the 3000 MW(thermal) of fission power, it is calculated
that the magnets will remain functional for their antici-
pated lifetime of 40 yr at 75% availability. Dose rate
conversions were performed using ICRP-21 guidelines.
The radiation limits>%>7 to the magnets are a fast (>0.1
MeV) neutron fluence of 10'” n/cm? in the supercon-
ductor and an absorbed dose in the insulator of 10° (101°)
rads for organic (ceramic) insulators. The calculated ra-
diation for 40-yr operation at 75% availability are a fast
neutron fluence of 6.9 X 10'® n/cm? and an absorbed
dose of 7.2 X 107 rads.

V. THERMAL

V.A. Heat Removal

The core heat removal system will be a three-loop
system, as shown in Fig. 11. The primary loop with liquid
sodium coolant removes heat from the core and transfers
it to an intermediate heat exchanger (IHX). An intermedi-
ate loop, with liquid sodium coolant, transfers heat from
the THX to the steam generator. The secondary loop con-
verts the heat removed from the core to useful electrical
energy.

The primary system is similar to other LMFBR de-
signs, comprising core, IHX, piping, and sodium pumps.
An intermediate sodium loop is employed for safety rea-
sons, to separate the primary sodium from potential water
ingress by tube rupture from the Rankine cycle. The sec-
ondary loop is a conventional Rankine steam cycle with
a steam generator, turbine, condenser, and condensate
pump. The steam generator provides superheated steam
to drive the high-pressure and low-pressure turbines.

TRU-Zr-FUELED Na-COOLED SUBCRITICAL BURNER REACTOR

The mass flow rate through the core [3000 MW(ther-
mal)] was calculated to be 8700 kg/s, with coolant 7}, =
377°Cand T,,, = 660°C, and ¢,, N, = 1.27 J/g K. The core
power density is 73 MW/m3. Coolant flow is upward
through the core.

V.B. Fuel Pin Temperature Distribution

The quantities used to determine the temperature dis-
tributions of a fuel pin are linear heat rate; temperature of
the coolant flowing into the core; and material properties
of the coolant, cladding, and fuel. The thermal resistance
equations® are used to calculate the temperate at the
lithium niobate coating outside 77 ;o, Lithium niobate in-
side Ly, cladding outside T,,, the cladding inside T,
the fuel outside 7, and the fuel centerline Tj,,.. The
radius (R) and the conductivities>® are given in Table V.
The average linear heat rate ¢’ was calculated® using
q' = Q/NL, where Q is the thermal power deposited in
the fuel pins, N is the number of fuel pins, and L is the
active length of the fuel pins.

The clad-coolant heat transfer coefficient 4 was cal-
culated from the Nusselt number Nu times the conduc-
tivity k of liquid sodium divided by the hydraulic diameter
Dy;. The Nusselt number was calculated using the Wes-
tinghouse correlation®® Nu = 4.0 + 0.33(P/D)3#(Pe/
100)%8¢ + 0.16(P/D)>°, which is valid for pitch-to-
diameter ratio of 1.1 = (P/D) =1.4 and a Peclet number
of 10 = Pe = 5000. The Peclet number is the product of
the Reynolds number and the Prandtl number.

The coolant temperature as a function of height along
the fuel pin was calculated® using an inlet temperature
of 377°C to ensure that the liquid sodium does not solidify.

The core thermal properties are summarized in
Table V, and the nominal temperature distributions within
a fuel pin are shown in Fig. 12. The temperature rise
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Fig. 11. Heat removal and power generation cycle.
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TABLE V

Thermal Properties of Fuel Pin and Coolant

Conductivity of sodium (k) 6.26 X 107> MW/m-°C
Specific heat capacity (c,) 1.27 kJ/kg-°C
Heat transfer coefficient (/) 0.05731 MW/m?2-°C

Nusselt number (Nu) 5.74

Reynolds number (Re) 28700
Prandtl number (Pr) 4.63 X 1073
Average linear heat rate (g') 0.006 MW/m

Pitch to diameter (P/D) 1.3

Conductivity of cladding (k.) 3.0 X 107> MW/m-°C
Conductivity of fuel (ks) 1.0 X 107> MW/m-°C
Conductivity of gap (k) 0.00005 MW/m?-°C

R 0.0033 m
R.; 0.0028 m
Ry, 0.002 m
Flow area of core 7.5 m?
Pump efficiency (1) 0.85
Density of sodium (p) 829 kg/m3
Pressure drop (AP) 36900 Pa

Electrical conductivity of 1.10 X 1072 (Qm) !
the tube wall o

Electrical conductivity of
the coolant oy

Conductivity of LiNbO3 (kg ;)
(Ref. 60)

2.27 X 107 (Qm)~!

0.0039 MW/m-°C

through the lithium niobate coating was found to be
negligible.

V.C. Coolant Pumping

The conventional pumping power was calculated>’
using Py, = AP-1m/n-p where AP is the pressure drop
due to friction and gravity, m is mass flow rate,  is the
pump efficiency, and p is the density of liquid sodium.
The pumping power is 0.454 MW for the core.
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A set of pumps moves the liquid sodium through the
core and IHX. The factors affecting the pumping power
are friction, gravity, and magnetohydrodynamic (MHD)
pressure drop. The downside of using liquid sodium as a
coolant for the reactor is the pressure losses that are
experienced in moving sodium (a conductor) through the
magnetic field that is in the core. This magnetic field is a
result of the magnets that are needed for the confinement
of the plasma in the fusion neutron source. When a con-
ducting object is moved in a perpendicular direction to a
magnetic field a current is introduced in the object. This
current creates a Lorentz force that opposes the motion of
the conducting material. The faster a conducting object is
moved within the magnetic field, the larger the force that
will oppose the motion of the object. This Lorentz force
depends on j X B, where j represents the current flowing
in the sodium to the interfacing metal components and B
is the magnetic field produced to confine the plasma in
the fusion neutron source.

The Lorentz force can be represented®’ as an MHD
pressure drop experienced by the coolant as it moves
through the magnetic field: Apypup = Lo VBIo;C/
(1 + C), where L, is the distance that the coolant is
pumped across, V is the velocity at which the coolant is
pumped, and o7 is the electrical conductivity of the cool-
ant. The quantity C = (20,t/0,D), where o is the elec-
trical conductivity of the coolant tube wall and ¢ is the
thickness of the coolant tube wall. With the SABR pa-
rameters given above, the MHD pressure drop would be
68 MPa; this corresponds to a pumping power of 847 MW.
This magnitude of pumping power is clearly excessive.

The current flow from the sodium coolant to the
interfacing metal can be interrupted by coating the out-
side of the fuel clad and the assembly walls with a thin
electrical insulator. The coating that was chosen for this
purpose was lithium niobate.®® Using lithium niobate as
the insulator on all of the conducting surfaces that the
sodium coolant will be flowing through allows the MHD
pressure drop to be reduced to a negligible 2.48 X 10¢ Pa.
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Fig. 12. Temperature distribution in fuel pin (fuel 0.0 to 0.2 cm, Na gap 0.2 to 0.28 cm, clad 0.28 to 0.33 cm, LiNbO; 0.33 to

0.36 cm).
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TABLE VI

Core Thermal and Heat Removal Parameters
Power density 73 MW/m?
Coolant Tj, 377°C
Coolant T, 650°C
Minimum centerline temperature 442°C
Maximum centerline temperature 715°C
Mass flow rate (i) 8700 kg/s
Coolant velocity (v) 1.4m/s
Total pumping power 454 kW

We note that compromise of the insulating layer due to
cracking, corrosion, etc. could reestablish the Lorentz
force locally, possibly leading to local flow reduction,
flow redistribution, etc. Further research needs to be done
on the effects of using lithium niobate in high-temperature
sodium flows over long periods to determine how long it
takes for its integrity to be compromised.

A summary of core thermal and heat removal param-
eters is given in Table VI.

V.D. Secondary Power Conversion Cycle

The SABR is designed to produce electricity, but
without compromising its primary purpose of achieving
a deep burn of TRUs. The secondary Rankine power
cycle converts the steam into electrical energy. This cycle
employs the use of a high-pressure and a low-pressure
turbine in order to help maximize the efficiency of the
cycle. Figure 11 gives the temperature and pressure for
the critical points throughout the three-loop power con-
version cycle. In the power generating loop, 10% of the
steam exiting the steam generator is siphoned from the
high-pressure turbine and is used in the moisture sepa-
rator for reheat between the high-pressure and low-
pressure turbine stages.

The power required to operate the heaters for the
plasma and to operate the magnets is 120 MW. The
power to operate all of the pumps throughout the three-
loop system is 7.65 MW. (All of the calculations for the
pumping power neglect the pressure losses due to the
piping in the system; as a result, the required pumping
power to operate this system will be higher than what
was computed.) The total power produced by the tur-
bine is 1049 MW(electric). This yields an overall ther-
mal efficiency of 34.6% for the secondary power
conversion system. The overall electrical efficiency of
the system is 30.7%

V.E. Tritium Breeding Blanket Thermal Design

One of the design goals is tritium self-sufficiency,
thus, a tritium breeding blanket surrounding the fusion
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and fission cores (see Fig. 2) is needed for tritium pro-
duction. Within this blanket, neutrons interact with the
breeding material, lithium silicate, and structure, giving
rise to a corresponding nuclear heat generation.

This blanket must be cooled because of internal
heat generation from the neutron flux. The temperature
within the blanket must be kept between 420 and 640°C
(Ref. 57) in order for online tritium recovery to be
possible. It must be kept above 420°C so that the tri-
tium produced in the lithium silicate microparticles will
be able to diffuse to the surface of these particles. The
lithium blanket must be kept below 640°C so that sin-
tering and restructuring of the lithium silicate will be
minimized. As sintering and restructuring occur the po-
rosity of the lithium blanket would decrease, reducing
the rate at which the tritium would be able to diffuse
out of the blanket.>’

The coolant chosen for the breeding blanket is liquid
sodium, which is pumped through the breeding blanket
in pipes of ODS steel in the configuration as depicted in
Fig. 13. These pipes have a thin coating of lithium nio-
bate, which reduces the MHD. In order to maintain the
breeding blanket material immediately adjacent to the
pipe within the temperature window, a gap of helium was
placed around the main pipe structure using a double-
wall configuration as shown in Fig. 13. The gap conduc-
tance was varied appropriately with respect to location
within the blanket by variance of the pressure and density
of the helium within the gap for different pipe sections.
Channels of helium purge gas were also placed regularly
throughout the blanket for tritium collection purposes
(see Fig. 13), but were considered to be of negligible
importance for cooling calculations because of low mass
flow rates.

The power density used for the thermal design was
estimated to be 3 MW/m? in the blanket next to the
plasma neutron source first wall and to decrease expo-
nentially into the tritium breeding region with an e-folding
distance of 15 cm (Ref. 57). The power density at the
outermost portion of the blanket was approximately half
of the maximum power density and adjacent to the first
wall. Only the cooling of that portion of the blanket
surrounding the fusion core was considered in the ther-
mal analysis.

A total of 2172 pipes of 1-cm diameter were used
for cooling in the blanket, which removed 56.3 MW of
power, the total power produced in the blanket surround-
ing the fusion core. The inlet coolant temperature for
these pipes was 300°C, and the outlet coolant tempera-
ture varied with position in the blanket, the highest being
491°C. The temperature range in the blanket was found
to be between 445 and 620°C, with the average blanket
temperature being 533°C. The mass flow rate of coolant
in the blanket was 650 kg/s, corresponding to a coolant
velocity of 4.12 m/s. The pumping power required to
cool the blanket surrounding the fusion core was found
to be 35 kW.
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Fig. 13. Design of coolant in LisSiO,4 breeding blanket.

V.E. First Wall and Divertor

The fusion plasma neutron source is the same as
developed for the design of the GCFTR transmutation
reactor.®~10 The plasma is capable of producing power
up to 500 MW(thermal), 20% of which would be inci-
dent as a surface heat flux on the divertor and first wall
of the plasma chamber. The thermal analysis on the
fusion neutron source will be based on this maximum
neutron source capability, even though the maximum
neutron source requirement for SABR is only about
one-half of this maximum capability (Sec. VI). This
surface heat flux is assumed to be distributed with 50%
on the annular plasma chamber and 50% on the diver-
tor target plates. Some fraction of the remaining 400
MW(thermal) of power, which is in the form of 14-
MeV neutrons, is deposited as a volumetric heat source
in the first wall. The annular plasma chamber has a
width of 2.16 m, a height of 3.67 m, and a centerline
major radius of 3.5 m, which leads to a surface area of
about 223 m?2.

V.F.1. First Wall

The first-wall design was adapted from the ITER
design,'® a beryllium-coated ODS structure, but with
sodium instead of water coolant. The average surface
heat flux at maximum fusion power [500 MW(thermal)]
with 50% of the heat flux incident on the first wall is
NUCLEAR TECHNOLOGY
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~0.25 MW/m?2. The first wall has been designed to allow
for peaking and for 100% of the heat flux incident on the
first wall, which leads to a design heat flux of 0.5 to
1.0 MW/m? for the first wall. This heat flux consists of
the 20% of the fusion power plus the 98.2 MW(thermal)
auxiliary power. The assumption for this design is that
10% of the first-wall surface area is unavailable since it
constitutes the entrance to the divertor.

The first-wall design consists of a 3.5-cm-thick first
wall between the plasma and the sodium coolant. For the
sodium coolant paths, the dimensions are ~4.5 m in length
up each side of the first wall. The sodium is then removed
from the system at the top of the first wall.

The first-wall temperatures are set for steady-state
conditions at a range of 600 to 700°C and are limited to
1200°C in accident conditions, because of the melting
point of the Be coating. Beryllium has a thermal conduc-
tivity of 200 W-m~!'-K ™!, and the ODS (Ref. 61) has a
thermal conductivity range of 13 to 17.5 W-m~!. KL
Using the thermal conductivities of the first-wall mate-
rials, the required flow rate of the sodium to cool the first
wall to the temperature range of 600 to 700°C is 0.057
kg/s. This flow rate was calculated using the inlet and
outlet temperatures set to 293 and 600°C, respectively.
The first wall has a separate coolant loop, and the heat is
not recovered for conversion to electricity. With this cal-
culated flow rate, the use of an electrically insulating
coating (lithium niobate) on the structure interfacing the
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sodium coolant is required in order to prevent a large
MHD pressure drop.

V.F.2. Divertor

The divertor design, based on the ITER divertor,' 62
is plated with cubic tungsten tiles that measure 10 mm
per side, as shown in Fig. 14. These tiles are bonded to
finned CuCrZr layers behind which the sodium coolant
flows. The coolant channels are located 4 cm from the
plasma edge reaction with the tungsten tiles allowing for
the maximum cooling capacity transfer to sodium with-
out limiting the structural integrity of the tungsten or
CuCrZr. The coolant channels have a 10-mm diameter
and are coated in lithium niobate.

These cooling channels were designed along the width
of the divertor in order to allow for the possibility of the
cassette removal system chosen by ITER. The entire di-
vertor design was modeled after the ITER design, except
sodium was used rather than water coolant.

The divertor exhausts 50% of the heat flux leaving
the plasma via the toroidal “target” strips below the plasma
chamber. The heat flux impinging on the divertor is con-
centrated on two target strips measuring 0.8 m each in
length. For these target strips, the estimated peak heat
flux range is 1.0 to 8.0 MW/m?2 When compared with the
ITER design,®®> which has about the same fusion power

Dhater Vertical target
¥ Outhoard Cassette

1o Vessel

Private Region PFC

Inner Vertical Target

1500

Inboard Casselte 1o

Vessel Attachment . Pumping Slot

(a)

Inner VT Outer VT

Outer liner
dome

Outlet

Inner line
dome

(b)

Fig. 14. (a) Divertor cassette%?; (b) divertor coolant flow.%?
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and a design heat flux range estimated to be less than
10 MW/m?, the calculated values seem reasonable.

The heat flux impinging on the divertor was calcu-
lated the same way as described above for the first wall,
with 50% of the maximum design power [ 500 MW(ther-
mal)] from the plasma assumed incident on the divertor.
Other factors affecting the heat flux include the fraction
of exhaust heat flux radiated to the divertor channel wall
and the heat flux peaking factor, which have been taken
into account.

The divertor heat removal system was calculated an-
alytically and modeled (following Ref. 10) using Flu-
ent,® a 3-D fluid program that solves the energy equation
coupled with the Navier-Stokes equation. The Fluent
model and mesh were created in Gambit®® for a single
cooling channel. From this calculation the coolant flows
at 1.22 m/s, flow rate at 0.09 kg/s, to keep the temper-
ature of the CuCrZr at a maximum of 756°C with an inlet
temperature of 293°C, both of which are well below the
CuCrZr melting limit® of 1500°C.

VI. FUEL CYCLE

VI.A. Objective

The goal of the SABR is to achieve a deep-burn
TRU burnup. The TRU, whose composition is given in
Table VII, comes from LWR spent fuel. The primary
objective is to reduce the actinide inventory in order
to decrease the requirements on HLWRs. Previous
studies”12 of subcritical transmutation reactors show
that a deep burn is possible with either the use of a
once-through cycle or using a fuel cycle that involves
repeated reprocessing. This paper focuses on a fuel cycle

TABLE VII
TRU Fuel Composition in Number %
Beginning
Isotope of Life BOC EOC
Z7Np 16.67 15.52 14.77
238py 1.33 4.50 6.52
239py 38.67 34.57 32.04
240py 17.33 19.31 20.56
24 py 6.67 5.73 5.17
242py 2.67 3.37 3.82
241Am 13.83 13.33 13.00
242m Am 0.00 0.18 0.32
2BAm 2.83 2.86 2.88
242Cm 0.00 0.26 0.34
23Cm 0.00 0.01 0.01
244Cm 0.00 0.33 0.53
245Cm 0.00 0.02 0.04
NUCLEAR TECHNOLOGY VOL. 162 APR. 2008
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that involves repeated reprocessing. The burnup calcu-
lations in this paper are for the first cycle in a multi-
cycle process. In order to accommodate a deep burn of
TRUs, the fuel would be reprocessed and sent back
through the SABR or another burner reactor.

VI.B. Methodology

In order to conduct the analysis, the EVENT (Ref. 53)
and TRITON (Ref. 65) codes were used for the analysis.
EVENT is used to determine the neutron flux and power
distribution in the fission core. The power profile is then
used to run a series of irradiation calculations with TRI-
TON [ORIGEN-S (Ref. 66)]. After an irradiation step,
updated number densities are used to regenerate cross
sections (CSAS) that go into EVENT to recalculate
the power profile. In order to use the cross sections from
the SCALE package>> for the fast spectrum in SABR, the
238-group cross-section library was collapsed to 27 groups
using the 238-group energy spectrum calculated for SABR,
which is a fast reactor spectrum with a 14-MeV tail.

Fuel batching and fuel shuffling were employed in
the depletion of the fuel. The core was broken up into 4
annular equal volume regions (Fig. 3) so that the fuel is
changed out after each burn cycle. For example in the
in-to-out scheme, fresh fuel is loaded into the reactor and
burned for 750 days, then the fuel in region 4 (outboard)
is removed from the core, the fuel in region I(inboard
near plasma) is moved to region 2, the fuel in region 2 is
moved to region 3, the fuel from region 3 is moved to
region 4, and fresh fuel is placed in region 1 (inboard)
and another 750-day irradiation cycle is carried out. The
procedure is repeated until the equilibrium fuel cycle is
reached: fresh fuel in the innermost region 1, once-
burned fuel in region 2, twice-burned fuel in region 3,
and thrice-burned fuel in region 4. Once this equilibrium
fuel cycle is reached, each fuel batch is irradiated for four
750-day burn cycles. Each 750-day cycle contains six
time steps at which number densities are updated and
cross sections regenerated.

VI.C. Fuel Cycles

The fuel cycle design and analysis started by divid-
ing up the reactor core into four equal volume annular
regions, as depicted in Fig. 3. For the purposes of this
analysis, each region was assumed to contain a uniform
but time-dependent material composition throughout. Mul-
tiple shuffling patterns have been analyzed, though this
report will focus on four such patterns: the out-to-in pat-
tern, the in-to-out pattern, the region of high flux pattern,
and the region of low flux pattern. This approach to the
steady-state cycle is the same for all four cycles analyzed
in the paper; the only difference is in how the fuel is
shuffled.

Previous studies of subcritical transmutation reac-
tors have shown that it is possible to achieve a deep burn
NUCLEAR TECHNOLOGY
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of the TRU in a once-through fuel cycle,'? provided that
the reactor can be operated at a sufficiently low k.. To
achieve this deep burn without reprocessing and re-
cycling, a neutron source with the ability to produce
400 MW of fusion power was necessary. However, radi-
ation damage accumulation to the clad and fuel assembly
structure is estimated to limit the residence time for those
components to somewhat more than 8 yr (Sec. IX), in-
dicating the necessity to refrabricate the fuel after 8+ yr
of irradiation. Therefore, this analysis looks at multiple
fuel cycles of 3000-day length, with reprocessing and
refabrication.

The power distribution is a function of both the fuel
shuffle pattern employed and the length of the burn cycle.
There are many factors involved that limit the fuel’s res-
idence time in the reactor and thus the burn cycle length:

1. Negative reactivity is introduced because of the
fission product accumulation that comes along with the
fuel depletion. This negative reactivity must be compen-
sated for by the fusion neutron source.

2. The fuel pin plenum volume must be large enough
to accommodate for the fission gases that are produced
throughout the residence time without exceeding the
material’s strain limits.

3. Radiation damage to the clad must remain below
the limiting value for the fuel pin failure.

4. The power peaking must not be excessive, where
excessive was predicated here to be greater than 1.8.

Taking into account these factors as the limiting criteria,
a fuel cycle with four burn cycles each of 750 days,
resulting in a 3000-day residence time for the fuel, was
chosen.

The power sharing among regions at the beginning
of the equilibrium fuel cycle is shown in Fig. 15. Re-
gion 1 is inboard next to the plasma, and region 4 is
outboard. No special effort (e.g., burnable poisons, within
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Fig. 15. BOC power sharing among fuel regions.
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batch fuel zoning) has been made to flatten the power
distribution.

At the BOC in the steady-state fuel cycle, fuel has
been in the reactor for up to three residences (in region 4
for in-to-out), and one batch of fuel is fresh (in region 1
for in-to-out). The position of each level of burned fuel is
dependent on which fuel shuffle pattern is being em-
ployed. In the in-to-out shuffling method, the most reac-
tive fuel is in the innermost region of the core closest to
the plasma, while the least reactive fuel is in the outer
edge of the core. As the fuel is burned, there are two
effects on the k. of the core, both introducing negative
reactivity. First, the TRU (fissile material) is changed
into fission products; second, neutron transmutation pro-
duces actinides with larger capture-to-fission ratio, such
as 2*9Pu and ?*?Pu. These changes in the fuel are shown
in Table VII for the in-to-out cycle operating with a batch
burn cycle time of 600 days. These reactivity effects are
taken into consideration when determining the length of
the cycle, because not only do they influence the steady-
state cycle but also the approach to the steady-state cycle.

The same 3000-day fuel cycle calculation described
above for the in-to-out fuel cycle was carried out for the
other three fuel cycle options: out-to-in, region of high
flux, and region of low flux. Table VIII provides a com-
parison of the important fuel cycle parameters for each of
the four fuel cycles analyzed.

Table VIII shows that in terms of burnup there is not
a reason to choose one shuffling pattern over another.
The out-to-in cycle shows greater burnup over the
3000 days, but this number is not much larger than the

TRU-Zr-FUELED Na-COOLED SUBCRITICAL BURNER REACTOR

in-to-out or high flux. However, the power sharing among
regions is more uniform for the out-to-in and in-to-out
shuffling patterns, which have peaking factors of about
1.3, while the other two shuffling patterns have higher
peaking factors up to 2.5. Primarily for this reason the
in-to-out shuffling pattern was chosen for the SABR ref-
erence fuel cycle.

This reference 3000-day fuel cycle, limited by radi-
ation damage to the fuel clad and fission gas pressure
buildup, achieves 24 to 25% TRU burnup for the initial
fuel cycle. Past experience'? indicates that with repro-
cessing a >90% burnup can be achieved by recycling the
refabricated fuel through the reactor about four times.

We note that cooling times before reprocessing, ra-
dioactive source levels during fuel fabrication, reprocess-
ing losses, etc. can be as important for the overall
assessment of the fuel cycle as the transmutation rate on
which we have focused. A more detailed analysis of the
equilibrium fuel cycle will be the subject of a future

paper.

VI.D. Decay Heat

At the BOC, actinides within the fuel generate heat.
As the fuel is burnt, decay heat from the fission products
take over as the primary source of decay heat; therefore,
decay heat generation in extensively burnt fuel is a major
concern in thermal design for off-normal conditions in
which coolant flow may be reduced or lost and must be
accounted for in the primary heat removal system. If the
heat removal system cannot adequately remove the decay

TABLE VIII
SABR Fuel Cycle Parameters
Fuel Cycle

Parameter Out-to-In In-to-Out High Flux Low Flux
Thermal power (MW) 3000 3000 3000 3000
Cycles per residence time 4 4 4 4
Burn cycle length time (days) 750 750 750 750
Four-batch residence time (yr) 8.21 8.21 8.21 8.21
BOC k.4 0.88 0.89 0.89 .87
EOC k. 0.82 0.83 0.82 .81
BOC Py,s (MW) 109 99 99 119
EOC Py,s (MW) 175 164 175 187
TRU BOC loading (t) 36 36 36 36
TRU burned per yea (t/EFPY) 1.07 1.06 1.10 1.14
TRU burned per residence (t) 8.75 8.68 9.04 9.40
TRU burned per residence (%) 24.3 24.1 25.1 26.1
SNF disposed per year (t/EFPY) 96.3 954 99.0 102.6
Average core flux across cycle (n/cm?-s) 2.80 X 1014 2.88 X 1014 2.69 X 1014 2.92 X 10
Average fast (>0.1 MeV) flux (n/cm?-s) 1.93 x 10" 2.00 X 1014 1.85 X 10 2.03 X 10
Fluence per residence time (n/cm?) 7.26 X 10%2 7.46 X 1022 6.97 X 1022 7.56 X 1022
Fast (>0.1 MeV) fluence per residence (n/cm?) 5.00 X 10?2 5.18 X 1022 4.79 X 10?2 5.26 X 1022
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Fig. 16. Decay heat.

heat after the core has been shutdown, the entire reactor
may be compromised. Ideally, a loss-of-coolant accident
(LOCA) transient simulation should be run in order to
ensure adequate removal of heat during an accident; yet,
because of time constraints, the LOCA situation was in-
terrogated analytically.

ORIGENS-S was used to calculate the thermal power
from radioactive decay over time. Four different irradi-
ation cases were used to accurately model the fuel com-
position in the core: 750, 1500, 2250, and 3000 days. The
fuel was irradiated in the core for the previous cases and
then allowed to decay for 2 h. The decay heat from all
four cases was summed to give the total decay heat for a
four-batch load. Data points were obtained for every 10 s
up to 2 min and then subsequently for every 20 min up to
2 h after shutdown. Figure 16 shows decay heat initially
at ~270 MW, ~9% of the total online power. Figure 16
also shows the decay heat leveling off at ~50 MW, or
~2% of the online power, which is consistent with stan-
dard decay heat schemes.

VII. DYNAMICS AND SAFETY

In order to design SABR to be passively safe, it is
necessary to simulate the dynamic response to various
off-normal conditions. This requires dynamic modeling
of the three major coupled systems: the plasma neutron
source, the reactor neutron population, and the heat re-
moval systems. This coupled dynamics system, depicted
in Fig. 17, can then be analyzed to determine if the in-
herent reactivity feedback mechanisms of the reactor are
sufficient to shut down or limit the fission chain reaction
in the event of a failure in one or more sections of the
three coupled systems. The three major feedback mech-
anisms that affect the reactivity of the core are sodium
APR. 2008
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Fig. 17. Integrated reactor dynamics model.
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voiding, Doppler, and fuel bowing. With reactivity feed-
backs and the coupled dynamics model of the reactor,
simulations of LOCAs, loss-of-heat-sink accidents, and
loss-of-flow accidents (LOFAs) can be made. The diag-
nostic and control systems will be looked at in detail
during future research.

VII.A. Fusion Neutron Source Model

The fusion model calculates dynamically the num-
ber of neutrons produced during the deuterium-tritium
fusion reaction by solving the plasma ion and electron
power balance equations,®” taking into account ohmic,
auxiliary, and fusion alpha heating and power losses due
to radiation and transport, the latter based on the standard
H98(y,2) energy confinement time correlation.” Cou-
pled ion density balance equations®’ for the main and
impurity plasma ions and the fusion alpha particles are
solved.

The fusion neutron source rate is related to the fusion
power production since each D-T fusion event produces
17.6 MeV, including one 14-MeV neutron. However, not
all of the plasma neutrons reach the core. To calculate the
percentage of fusion neutrons that reach the fission core,
a calculation was performed with MCNP5 (Ref. 17). Of
the neutrons created in the D-T fusion reaction, 39% are
calculated to reach the fission core.

The fusion neutron source is designed to produce up
to 500 MW(thermal) of fusion power. To operate at
500 MW of fusion power an external heating source of
98.6 MW is necessary.!” Based on acceptable impurity
limits in a plasma,®” upper limits for carbon and tungsten
were set at 3 and 0.008%, respectively, impurity atoms
per ion.

VII.B. Neutron Kinetics

The point neutron kinetics equations®® can be used
to calculate the change in neutron and neutron precursor
population as a function of reactivity and source strength.
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TABLE IX
Delayed Neutron Precursor Variables for TRU Fuel
Fresh TRU Fuel Equilibrium TRU Fuel
A Relative A Relative
Group (1/s) Yield (1/s) Yield
1 1.324 X 10721 2.761 X 1072 | 1.324 X 1072 | 2.823 X 1072
2 3.019 X 1072 | 2,533 X 107! | 3.019 X 1072 | 2.550 X 107!
3 1.166 X 107! | 1.940 X 107! [ 1.166 X 10~! | 1.950 X 10!
4 3.133 X 1071 | 3.,519 X 107" | 3.133 X 107! | 3.504 X 107!
5 1.046 1.376 X 10! 1.046 1.358 X 107!
6 2.836 3.553 X 1072 2.836 3.549 X 1072

Six groups of delayed neutron precursors were used, with
delayed neutron fractions and decay constants deter-
mined for TRU fuel composition,®® as given in Table IX.
These changes in fuel and coolant temperature lead to
changes in reactivity discussed in the following section.

The equilibrium condition is steady-state neutron and
precursor population at k- = 0.95 (for the initial loading
of fresh fuel), with reactivity p = (k. — 1)/k.z, Which is
negative for a subcritical reactor, and a compensating
neutron source S. The power density can be related to the
neutron density in the core.

The one-group values for 8 and A for the TRU com-
position for fresh fuel are 3.009 X 1073 and 7.459 X
1072, respectively. For the equilibrium fuel composition,
B and A become 2.953 X 1073 and 7.386 X 1072

VII.C. Reactivity Feedbacks

The two obvious reactivity feedbacks for SABR are
sodium voiding and fuel Doppler, as given in Sec. IV.
Aside from these, there are fuel expansion and core ex-
pansion, which tend to be negative, and fuel bowing,
which was positive and significant in EBR. The bowing
reactivity was also examined. The time-dependent reac-
tivity is then p = apeppierATfier T ANaANNa T Apowing T
Psubs Where ANy, is the change in sodium density either
due to a change in coolant temperature or to coolant
voiding, p,,; is the subcritical reactivity (assumed con-
stant), ATy, is the change in fuel temperature, and the
Doppler and sodium density coefficients are propor-
tional to the change in fuel temperatures and coolant
density, respectively. The Doppler and Na voiding reac-
tivity coefficients for SABR are given in Sec. IV, and the
fuel bowing reactivity Ay, 1S discussed below.

When a radial thermal gradient exists over the reac-
tor, thermal deflections cause individual fuel rods to bow.
The thermal deflection is caused because one side of the
rod heats up and expands more than the other side. As-
suming that the temperature gradient follows the neutron
flux gradient, the motion of the bowed fuel is toward the
higher temperature and neutron flux. This motion results
in a positive reactivity gain A,,,,, (Ref. 70). Bowing
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contributions are greatest when there is a substantial neu-
tron flux and temperature gradient in the reactor radial
direction. For a typical neutron flux distribution in the
SABR, the average fuel temperature per region can be
calculated. The temperature gradient is greatest in the
fuel region farthest away from the fusion source. In this
region an average temperature difference is between 2
and 3 K across opposite sides of a single rod.

For an individual rod, thermal deflections can be
superimposed with force deflections imposed by the sub-
assembly.”® Figure 18 shows the calculated net deflec-
tions for a rod under 2, 5, and 10 K radial temperature
gradients assuming that the structure is sufficiently rigid
to fully constrain both ends of the rod. The deflection is
in the direction of higher temperature and higher flux. In
practice, the rods will not bow as much as shown in
Fig. 18 because the wire wraps and spacer grids will be
in place to mitigate the bowing toward the center.

To estimate the reactivity gain due to bowing, it is
assumed that the bowing can be represented as a reduc-
tion in the volume of the reactor.”® The reduction in vol-
ume means that the atom density of the fuel increases.
The reactivity gain is then determined from EVENT neu-
tronics calculations to be Ak/k = —0.006AV/V.

A radius reduction of 2 cm in the fuel region farthest
away from the fusion source corresponds to a volume
reduction of 3.08 X 1073 m?3. This volume reduction
gives a reactivity gain of Ak/k = 0.0008. A similar study
for the EBR-I reactor calculated a much larger reactivity
gain of Ak = —0.35AV/V. The EBR-I reactor is a much
smaller reactor (volume < 0.01 m?) than SABR; there-
fore, it is reasonable to expect that the EBR-I would be
much more responsive to changes in volume due to bow-
ing. According to Hummel and Okrent,’® in a very large
reactor whose fuel rods and subassemblies are con-
strained not to bow (by using spacer grids to hold the
rods in place), the reactivity due to bowing should be
negligible. Without physical constraints to prevent the
bowing of the fuel rods, the reactivity gain due to bowing
is expected to be positive but small.

Net Deflections for a Slender Rod

deflection from neutral axis

axial position [m]

Fig. 18. Deflections for a fuel rod for radial temperature gra-
dients of 2, 5, and 10 K.

NUCLEAR TECHNOLOGY VOL. 162 APR. 2008



Stacey et al.

VII.D. Heat Removal System

Modeling the dynamic temperature response is nec-
essary to evaluate the safety of the temperature-dependent
reactivity feedbacks. A two-temperature lumped model
characterizes the entire reactor with an average fuel tem-
perature and an average coolant temperature.’!

The inlet coolant temperature 7. ;,., is dictated by
how much heat is removed through the IHX. At steady-
state conditions, the heat removed from the hot side of
the IHX equals the heat generated in the reactor. The IHX
is approximated with an effectiveness that is a function
of mass flow rate and inlet coolant temperature of the hot
side loop (from the core). The effectiveness of a heat
exchanger is the ratio of actual heat removed to the theo-
retical maximum heat removed”": Q. = €O0max =
e, (Tyy — Tcoia), Where ¢ is the effectiveness and is
calculated for a counter flow heat exchanger,”! ¢, 71 is the
heat capacity rate of the hot side (primary loop), Ty, is
the coolant temperature entering the IHX from the core,
and T, is the inlet temperature on the cold side of the
IHX. The average coolant temperature in the IHX is cal-
culated from the heat balance on the IHX.

VILE. Accident Analysis

An uncontrolled LOFA is modeled with no active
shutdown of the plasma source or control rod insertion.
To simulate a LOFA due to pump failure, the pumping
power is decreased, which reduces the velocity of the
coolant through the core. When the sodium pump mal-
functions the mass flow rate is reduced and less heat is
removed from the core, which leads to an undercooled
reactor. This accident is initiated after 10 s of steady-state
operation, when the pumping power is reduced instanta-
neously to a specified fraction of its original value. While
reducing the pumping power instantaneously is not an
accurate representation of a LOFA, it is a worst-case
scenario and thus a conservative estimate of the accident.

Figure 19 illustrates the temperature response of the
fuel during a LOFA. The first three accidents simulated
are a 50, 75, and 85% decrease in pumping power, hence
coolant velocity, through the core without any control
action. The fourth accident is again a 75% decrease in
coolant velocity, but now with the plasma neutron source
shut down just prior to the time at which the sodium
boils.

The limiting constraint to determine whether the re-
actor would suffer severe damage is the boiling point of
the sodium coolant, which is 883°C. The fuel will melt at
1200°C, but in every LOFA case considered the sodium
boiled prior to the fuel melting. It was determined that
the coolant velocity through the core can be decreased by
71% (i.e., reduced to 29% of its original value) before
sodium boiling will occur. (We note and will evaluate in
a subsequent paper the possibility that a low melt point,
~750°C, eutectic might exist between the metallic fuel
and clad and affect the accident progression.)
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Fig. 19. Temperature response of fuel due to LOFA.

In the cases of the 75 and 85% decrease in coolant
velocity through the core, there were 34.3 and 15.6 s,
respectively, after the accident occurred before the so-
dium began to boil. This should be sufficient time to
detect the loss of flow and to introduce control rods or
shut down the plasma neutron source. The plasma neu-
tron source can be shut down by shutting off the auxiliary
heating power to the plasma, or by other means. For a
LOFA, it was determined that if the plasma auxiliary
heating system is shut down within ~1 s before the time
at which sodium boiling otherwise would take place, the
fission power will decrease enough that the coolant will
not reach its boiling temperature and the fission power
will eventually go to zero. This is illustrated in the fourth
example in Fig. 19.

It should be noted that the temperatures discussed
above are average temperatures, and as discussed in Sec. V
the peak fuel and coolant temperatures will be ~40%
higher. This will be examined in more detail, but proba-
bly will not change the general conclusion that about a
two-thirds reduction in flow can be tolerated passively
and that the time available to take control action is ample
when larger flow reductions occur.

VIIl. COMPONENT LIFETIMES

VIII.A. Fuel Pin

For liquid metal coolants such as sodium, the boiling
point of sodium is not the limiting factor. The limiting
factor is the creep lifetime characteristics of the primary
system material, which are driven by the temperatures
encountered by this material.”? The thermal design must
be balanced to avoid both the boiling of sodium and the
failure of structural steel due to creep mechanisms. The
nuclear design must also minimize power peaking to
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TABLE X
EOC Plenum Gas Composition*
Helium Bromine Hydrogen Todine Krypton Xenon
2.03 X 1073 1.7 X104 9.33 X 1073 1.93 X 1073 2.66 X 1073 3.93 X 1072
*In moles.

reduce peak temperatures and cladding damage. Failure
to accommodate the creep characteristics of structural
materials will constrict fuel cycle time and increase cost,
length, and frequency of outages.

Determining a strain and fatigue limit for structural
components is an extremely difficult task because of
the complexity of the behavior of materials in the radi-
ation and thermal environments occurring in nuclear
reactors.’? For fast reactors, generally two specific me-
chanical limits have been used for fuel design. These
limits are the strain limits and the cumulative damage
fraction (CDF) method limit. For radiation damage, flu-
ence limits are imposed. The fluence limits are pro-
duced by experimentation, through the observation of
loss of mechanical strength after an average atom in the
structural material has become displaced a certain num-
ber of times. Experiments have shown that irradiation
has minimal effect on the creep strength of ferretic
steel®3; however, degradation of other mechanical prop-
erties can result from high neutron fluences.

The strain analysis method places a limitation on the
diametrical growth of the clad. For preliminary study,
limits of 2.0% total diametrial growth and 1.0% maxi-
mum thermal creep strain were imposed.”? These are
typical limits for fast reactor designs in the nuclear in-
dustry. The first cause of the diametrial growth is the
thermal creep strain. Over the time period a fuel pin is in
the core, deformation of the clad will occur because of
strains resulting from the pressure of the gas plenum. For
low smear density fuel pins, such as the ones proposed
for the SABR, it can be assumed that the cladding strain
can be determined solely with the plenum pressure stress.
The extra room provided for the fuel slug to expand
radially should prevent a significant fuel-clad mechani-
cal interaction (FCMI). Because the strain is a function
of plenum pressure, the size of the plenum may be ex-
tended to reduce the pressure buildup in the plenum. The
plenum pressure was calculated using the ideal gas law,
where the average numbers of moles of gas in a fuel pin
was calculated using the ORIGEN code. Table X lists the
composition of gases in the plenum after an average pin
has been in the core for the 3000-day fuel cycle residence
time. Because of the absence of data for fission gas re-
lease in the fuel slug, 100% of fission gas is assumed to
immediately enter the plenum as it is produced. We use
creep strain results from clad testing for MA957 per-
formed by the DOE at Pacific Northwest National Lab-
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oratory3? (PNNL). The pressure on the clad reaches its
maximum, 11.1 MPa, at the EOC. Judging from compar-
ison with the PNNL results, the creep strain should not
exceed the limit of 1.0%.

Researchers at PNNL (Ref. 33) also observed void
swelling for the MA957 cladding at fluences as low as
1.8 X 1022 n/cm?2 The researchers concluded that the
swelling rate was expected to remain low at <0.3% per
1022 n/cm? With this strain limit approach, the SABR
design appears to be acceptable, but a testing program
will be required to confirm predictions.

Unfortunately, the strain limit approach to ensure
fuel integrity has a deficiency in that the rupture strain
is strongly dependent on the temperature and the strain
rate.”? To account for this, another method is used, the
CDF method. This method assumes that damage to the
clad occurs linearly and is determined through the use
of a time-to-rupture correlation as a function of temper-
ature and stress. The CDF is defined as follows: CDF =
Jodt'/t.(a,T), where t, is time to rupture and ¢ is the
time in core (3000 days for a four-batch fuel cycle with
750-day burn cycles).”* To be consistent with the strain
analysis, the stress is assumed to be only the pressure in
the plenum because of the low fuel smear density. A
CDF value of 1.0 means that the clad would most prob-
ably fail at the end of the interval. This does not mean
the clad will fail at the time that the CDF = 1, but that
time is the average time to failure.”* In 2000, mechani-
cal and irradiation testing of the ODS steel MA957 was
completed at PNNL. The time-to-rupture correlation
found by PNNL (Ref. 33) was produced from biaxial
tube rupture tests.

The CDF for SABR shown in Fig. 20 is calculated
with the plenum pressure as a function of time used in
this time-to-rupture correlation. The predicted average
time to rupture ( y-axis) remains well above the residence
time in the core up to the design fuel cycle residence time
of 3000 days.

The CDF limit is established by using statistical analy-
sis from in-core experiments. To avoid an extensive and
expensive test program, a statistical probability distribu-
tion function of failures from observed sample failures
was used. Typically, no more than 0.01% of the fuel pins
can be expected to fail, so the CDF limit is set using the
probability distribution function to where there is 2 99.99%
confidence that no pin will fail.”? Fuel pins using MA957
cladding have not been tested, but another experiment is
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Fig. 20. Time to rupture for SABR fuel pin.

referenced for comparison. While EBR-II was in opera-
tion, the subassembly X447 was irradiated for testing.
This subassembly contained uranium-zirconium fuel slugs
with HT-9 cladding, similar to the SABR fuel pin design.
To achieve a failure rate of less than 0.01% for this type
of fuel, the CDF limit was 1.0% of the mean time to
failure (CDF = 0.010) for the HT-9 clad without FCMI
(Ref. 72). For the proposed 3000-day time-in-core for
the SABR, the calculated CDF is 0.0136, or 1.36% of the
mean time to failure.

VIII.A.1. Atomic Displacements

Component damage from atomic displacements
caused by interactions with fast neutrons (>0.1 MeV)
determine the expected lifetimes of various components
of the SABR. The MA957 ODS cladding for the fuel pins
is the main component of interest as it is the first line of
defense against the release of the radioactive fuel and
fission products. Using a damage limit of 200 dpa and a
calculated average damage rate of 23.7 dpa/yr from a
fast neutron fluence of 6.23 X 1022 n/cm?, the clad will
have an 8.44-yr lifetime. This means that from a radia-
tion damage point of view, the clad radiation damage
limit is consistent with the fuel cycle residence time of
8.21 yr.

The integrity of the TRU metal fuel is also a concern.
Radiation damage to the fuel itself could limit the in-core
time before reprocessing is necessary. Unfortunately, be-
cause the fuel is only recently under development, a dpa
limit is unknown at this time. However, considering the
composition of the fuel, most research suggests that the
fuel should outlive the cladding in terms of radiation
damage, and the cladding will serve as the limiting factor
on the length of the fuel cycle.”

VIII.B. First Wall and Divertor

The first wall surrounding the plasma will be ex-
posed directly to the 14-MeV fusion neutrons and hence
accumulate more damage per neutron than the clad. At a
fusion power of 500 MW, an effective full-power year
(EFPY) produces a fast (>0.1 MeV) neutron fluence of
NUCLEAR TECHNOLOGY
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4 X 10?2 (n/cm?)/yr, which would in turn produce 33
dpa/yr. Assuming the same limit of 200 dpa for the ODS
in the first wall, the first wall would need to be replaced
every 6 EFPY if the fusion neutron source operated at its
full design power of 500 MW. However, the fusion neu-
tron source in the SABR design needs to operate at a
variable power level much less than 500 MW (Sec. VI),
and the first-wall lifetime would be correspondingly
greater. It is plausible that the first wall could be replaced
every two fuel cycles, or every 16.4 yr.

The divertor will require the most frequent replace-
ment because of the damage it incurs from plasma ero-
sion. Routine replacement will need to occur after every
two burn cycles, or approximately every 4 yr; thus, con-
sidering a reactor lifetime of 30 EFPY, approximately
eight replacements will need to be scheduled for the
divertor.”®

VIII.C. Superconducting Magnets

The Nb;Sn magnets must be lifetime components for
the SABR design to be feasible. The tungsten and boron-
carbide shield (see Sec. IV.E) ensures that the maximum
fast neutron fluence to the magnets never reaches the
limiting value 10'° n/cm? during the design lifetime of
30 EFPY. The maximum calculated neutron fluence over
30 yris 6.87 X 10'8 n/cm?, and the calculated dose to the
epoxy insulator is 7.21 X 107 rads, which is lower than
the limit of 10° rads.

IX. SUBCRITICAL OPERATION PROS AND CONS

Clearly, subcritical transmutation reactors with neu-
tron sources will be more expensive and more complex
than the same reactors operating critical. The advantages
of subcritical operation must outweigh this added cost
and complexity in order to justify such reactors. Realistic
quantitative evaluation of the net benefit of these advan-
tages will require a series of studies on comparative fuel
cycle, safety, repository benefit, cost (of the reactors and
the associated repositories), reliability, etc. We plan to
undertake some such studies, but for now can only qual-
itatively discuss the probable issues.

High on the list of advantages postulated* for sub-
critical operation of transmutation reactors is safety. With
pure TRU fuel the delayed neutron fraction 8 will be
significantly smaller than with 233U, and the absence of
238U in the fuel will result in a much smaller negative
(perhaps positive) Doppler reactivity coefficient, as found
in this paper. Subcritical operation by an amount Ap
will increase the margin to prompt supercritical enor-
mously from B to 8 + Ap, providing some flexibility to
design around the safety challenges posed by TRU fuel
in critical reactors. On the other hand, the absence of
any known feedback mechanism to shut down the neu-
tron source would certainly seem to be a drawback.
Moreover, it has been argued that critical transmutation
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reactors with significant 2*3U in the TRU fuel could
achieve almost as good net TRU destruction as with
pure TRU fuel. Resolution of these issues will require
comparative fuel cycle and safety studies, coupled with
design studies to take advantage of unique features of
both critical and subcritical reactors, scenario studies of
required repository implementation, and cost and relia-
bility studies.

Another advantage of subcritical operation is the
added flexibility to achieve fuel cycles with deep burnup
by compensating large burnup reactivity decrements with
large neutron source strengths. Fusion neutron sources
seem to have an advantage over accelerator neutron
sources in this regard. For example, the neutron source
for the SABR design was designed'® to produce a max-
imum of 500 MW of fusion power, but the same design
can produce less power (neutrons) by reducing certain
operating parameters. Fuel cycle studies!® of a gas-
cooled transmutation reactor with the same 3000-
MW(thermal) fission power output (hence transmutation
rate) as SABR achieved equilibrium fuel cycle TRU
burnups of 24.9, 49.7, 72.4, and 93.7%, with correspond-
ing BEOC k.4 of 0.927, 0.815, 0.714, and 0.611 and
compensated EOC fusion neutron source powers of 73,
185, 286, and 389 MW(thermal), respectively, by adjust-
ment of operating parameters. The longer burnups are
associated with higher fast neutron damage rates, of
course, and the maximum achievable burnup would be
determined by structural failure.

Reliability and development needs of the neutron
source are another issue. The neutron source design'®7”
used for SABR is based on the physics and technology
database used for the ITER design,'® thus, the develop-
ment needs of ITER cover many of the development
needs of the SABR neutron source, and ITER operation
(beginning in 2016) will serve as a prototype for the
SABR neutron source.

X. SUMMARY AND CONCLUSIONS

The conceptual design of a fusion-driven subcritical
sodium-cooled transmutation reactor for high burnup,
SABR, was described. SABR has an annular fission core
surrounding the toroidal fusion plasma neutron source on
the outboard side, with metallic fuel (Zr-Pu-Np-Am), a
thermal power of 3000 MW(thermal), and an overall ef-
ficiency of 30.7% for electricity generation. The annular
fission core contains 918 fuel assemblies, each holding
271 fuel pins with active length of 2 m. Sixteen of the
assemblies contain enriched boron carbide rods, provid-
ing ~9 $ of negative reactivity. All structural materials
and cladding are ODS steel.

A four-batch fuel cycle is used, with four burn cycles
of 750 days, to fission the TRU in ~95 t of SNF each
full-power year. Several fuel shuffling schemes were ex-
amined, with the somewhat surprising result that the flux
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and power profiles in the fission core are relatively in-
sensitive to the fuel shuffling scheme. The reactor oper-
ates subcritical to achieve a deep-burn, four-batch fuel
cycle which fissions 25% of the TRU in an 8.2-yr resi-
dence time, limited by radiation damage accumulation
(200 dpa) in the ODS clad and structure. The discharged
fuel would be reprocessed to remove fission products,
refabricated, and recycled. The metallic fuel lends itself
to pyroprocessing and is fabricated using arc casting to
avoid release of volatile materials.

Reactivity coefficients were calculated and indicate
that the Doppler coefficient of the fuel is small but neg-
ative (order of 107%/K), with increasing magnitude for
higher burnup. The sodium void coefficient is always
positive, but relatively small because of the high leakage
annular core configuration (2 $ for 50% coolant void-
ing). The positive fuel bowing coefficient was estimated
to be small both because of the size of the core and
because of the spacing and wire wrapping of fuel pins.

A coupled core-neutron-kinetics plasma-source-
dynamics lumped-parameter heat removal system model
was employed to simulate the effect of LOFAs. Despite
the positive Na-voiding reactivity, a significant reduction
in flow (71%) can be tolerated passively, without shut-
ting off the neutron source or inserting control rods, with
no sodium boiling or fuel melting. For larger flow reduc-
tions sodium boiling would take place after tens of sec-
onds, leaving ample time for corrective control actions.
Simulations indicate that the plasma neutron source can
be shut down rapidly in a controlled manner by reducing
the auxiliary power to the plasma, such that initiation of
source shutdown ~1 s before sodium boiling would other-
wise occur is sufficient to prevent it.

A tokamak D-T fusion neutron source based on phys-
ics and technology that will be demonstrated in ITER
supports the subcritical operation. The source would
only need to operate up to 200 MW of fusion power,
well below the 500-MW design limit based on ITER
physics and technology. The SABR design is tritium
self-sufficient due to tritium production in a lithium
silicate tritium breeding blanket surrounding the plasma
and fission core.

The magnetic field needed for the fusion neutron
source poses a unique problem for the liquid metal cool-
ant because of the large pumping power that would be
required to offset the Lorentz force. However, this prob-
lem can be solved by coating all parts of the fission core
and other structural parts in direct contact with the liquid
sodium with an insulating layer of LiNbO, which virtu-
ally eliminates the current flow, hence the Lorentz force
and the pumping power requirement. The shielding de-
sign limits the neutron fluence and radiation damage to
the superconducting magnets so that these components
do not need to be replaced during the reactor lifetime of
40 yr at 75% plant capacity factor.

The most important conclusions of this report are the
following:
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1. The SABR can achieve a high TRU burnup of
~25% FIMA in 3000 days of irradiation. The limit on the
residence time in the core is set by 200 dpa material dam-
age of the ODS clad and fuel assembly structural material.

2. The fusion neutron source strength required to
compensate the reactivity decrement of 25% TRU burnup
is 200 MW, well below the (ITER physics based) design
level of 500 MW, which indicates that a fuel cycle with
higher TRU burnup and larger reactivity decrement would
be possible if the clad and structure damage limit can be
extended beyond 200 dpa.

3. The annual TRU fission rate in SABR [3000
MW(thermal)] is comparable to the annual TRU dis-
charge of three to five 1000-MW(electric) LWRs, de-
pending on the plant capacity factor of SABR.

4. The time-scale for implementation of an ABR is
2020 to 2030, and the time-scale for implementing a
fusion neutron source is 2030 to 2040, so SABRs could
be implemented as part of a second generation of ABRs.

5. A single SABR can fission the discharged TRU
from three 1000-MW(electric) LWRS. Thus, the HLWR
requirements for a fleet of 1000-MW(electric) LWRs could
be reduced by a factor of 10 to 100 by a fleet of SABRs
in this 1:3 ratio.

6. SABR produces 921 MW(electric) of net power
with an overall efficiency for power generation of 30.7%.

7. SABR is tritium self-sufficient.

8. The SABR Doppler reactivity coefficient is neg-
ative, the sodium void coefficient is positive, and both
are small. Bowing of fuel rods is estimated to cause a
negligibly small increase in reactivity.

9. Dynamic simulations indicate that an accidental
reduction of flow up to approximately two-thirds can be
tolerated (with no control action) without sodium boiling
or fuel melting and that the time available for taking
control action with larger loss of flow is on the order of
tens of seconds.

Follow-up studies are in progress to provide an in-
depth analysis of the fuel cycle and of the dynamic re-
sponse of the coupled source-core heat removal system
to off-normal conditions.
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