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FULL ARTICLE

To ensure long-term nuclear energy security, it is
advantageous to consider the use of externally driven sub-
critical systems for producing fissile fuel to supply fleets of
thermal-spectrum reactors as an alternative to using fast-
spectrum or thermal-spectrum breeder reactors.
Computational/analytical neutronics and heat transfer
studies have been carried out for gas-cooled fuel bundle
lattices with mixtures of fertile thorium and depleted
uranium (DU) that could be used in the blanket region of
a sub-critical fast reactor driven either by a fusion reactor
in a hybrid fusion-fission reactor (HFFR) system, or an
accelerator-based spallation neutron source in an
accelerator driven system (ADS). The HFFR or ADS
concept envisioned is one with a simple cylindrical
geometry. The annular-cylindrical blanket is
approximately 10 m long, can be made 2-5 m thick

(1.0 m < Rpjankec < 3.0 m to 6.0 m), and is filled with a
repeating square lattice of pressure tubes filled with 0.5 m
long fuel bundles that are made of (DU,Th)O,, with
various mixtures of Th and DU, and refuelled periodically
online. Although using blankets made of pure DUO; or
ThO, are viable options to analyze, mixing DUO, with
ThO; can help alleviate any potential proliferation
concerns, since any ?**U produced from breeding will be
denatured by the presence of ?**U in (DU, Th)0s,.

Lattice calculations demonstrate that the total fissile
content in the fuel after an extended period of burnup
(50 MWd/kg) will be approximately the same, regardless
of the mixture of DU and thorium used, and that the
content of americium and **?U in the irradiated fuel will

be <0.01 wt%/initial heavy metal.
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1. Introduction

Within the international community, there are various efforts to investi-
gate using either a fusion reactor [1-9] or an accelerator-driven spalla-
tion neutron source [10-13] to drive a sub-critical fast-spectrum
reactor to breed excess fissile fuel from depleted uranium (DU) and/or
thorium that could be used in conventional thermal-spectrum reactors
[14]. Significant stockpiles of depleted uranium (~0.20 wt% 23°U/U)
are available from enrichment facilities producing fuel for conventional
light-water reactors, whereas thorium is an alternative fertile nuclear
fuel that is more than three times as abundant as uranium [15].

A hybrid fusion-fission reactor (HFFR) or an accelerator-driven system
(ADS) could be developed to use DU and (or) thorium to produce electri-
cal power, at least to make the system self-sufficient and perhaps to gen-
erate excess power to feed to an electrical grid. Such systems could also
be adapted to consume and destroy minor actinides (such as isotopes of
Am and Cm) found in used nuclear fuel [1, 8-10]. The key advantage of
using a fast spectrum for consuming minor actinides (MAs) is that the
cross-section for fission in the fast spectrum for several MAs (typically 1
to 2 barns) is higher than that found in the thermal spectrum, and the fis-
sion-to-capture ratio is also higher in the fast spectrum, ensuring destruc-
tion of MAs rather than conversion into a heavier MA. HFFRs are a
potential early application of first-generation fusion reactors. To achieve
practical net power generation, a fusion reactor must have a large
Q-Value (e.g., Q = Pgysion/Pinput 210, such as that proposed for the ITER
(International Thermonuclear Experimental Reactor) reactor [16]; Pgusion
is the fusion power; P,y is the input heating power), and poten-
tially higher for economical power generation [17]. However, a lower-
performance fusion reactor, with Q ~ 1.0, may be sufficient to support
the operation of a HFFR to produce power and to breed fissile fuel to sup-
port a fleet of conventional thermal spectrum fission reactors. Lower-
performance fusion reactors may be more feasible and practical to
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implement in the near-term. Similarly, an ADS [1, 10-13] may
also be used to generate power and breed excess fissile fuel.
Both HFFRs and ADS may serve as alternative breeder sys-
tems to a fast-breeder reactor and could have the advantage
of not requiring an initial reactor loading of high-fissile-
content fuel (typically ranging between 10 wt% to 25 wt%
fissile fuel/initial heavy metal (IHM) for various types of fast
reactor systems [18-20]) to sustain the criticality of the system.

1.1 Incentive for using externally driven sub-critical
systems

One simple reason for using an externally driven sub-critical
system (either an HFFR or an ADS) to produce power and
breed fissile fuel from a blanket containing fertile fuel in the
form of DUO,, ThO,, or (DU,Th)0, instead of using a critical
reactor is that sub-critical systems do not require the initial
fuel to have any fissile fuel. In contrast, fast-spectrum
breeder reactors operating on a Pu/U fuel cycle typically
require a relatively large fissile content of more than 10 wt%
fissile/IHM, just to stay critical [18-20]), and will need a
higher fissile content to achieve an acceptable level of fuel
burnup. Within a fast-breeder reactor, a portion of the fissile
fuel bred in the external blanket will need to be reprocessed
and recycled back into the core of the fast breeder reactor to
sustain its criticality, leaving less bred fissile material to sup-
port the operation of other reactors. Similarly, a thermal-
breeder reactor operating on the “>3*U/Th fuel cycle will need
an initial fissile enrichment of at least 1.5 wt% 233U /(U+Th),
and with a relatively small breeding ratio (typically <1.08)
[21], there will be little excess fissile material bred to
support the operation of other reactors. In contrast, an
externally driven sub-critical system does not require the
use of any fissile enrichment of the feed fuel going into the
blanket; it can be built up over time, and all of the fissile fuel
produced can be used subsequently to support a larger
fleet of fission reactors, usually thermal-spectrum reactors
that require only a low fissile content (usually <5 wt%
fissile/IHM) [10, 13, 22].

Another potential advantage of using an HFFR or an ADS is
that once the external neutron source is removed by shutting
down either the fusion reactor or the accelerator, fissions in
the blanket will come to a stop quickly without the need for
the insertion of control rods. Thus, the blanket in the ADS
or HFFR system can never become super-critical, which gives
it a safety advantage relative to thermal and fast breeder
reactors.

To a first approximation using a simple one-group neutron
balance, the fission power in the blanket of an HFFR is
related to the fusion power by the following:

Pfission _ Efission ( keff ) 1
1- keff

Pfusion Efusion Dfission
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Prusion 1S the power generated by fusion in the fusion reactor
component of the HFFR. Pygsi0on is the power generated by
fission in the blanket containing nuclear fuel (such as
(DU, Th)03). Efission is the recoverable energy released
from the fission of fissionable isotope, and Efsijon is the
energy released from the fusion of two nuclei (such as
deuterium (D) and tritium (T)). The parameter k. is the
effective neutron multiplication factor of the blanket. The
parameter Vsgsion 1S the number neutrons produced per fis-
sion in the blanket containing fissionable or fissile material.

In a similar way, the fission power in the blanket of an ADS is
related to the accelerator ion beam power by the following:

Pfission _ Efission ( (2)

keff ) 1)spallation
P Beam E Beam

1 — kegr

Dfission

Ppeam is the power of the proton beam (Ppeam = Ibeam X Vbeam
where lyeam is the proton beam current and Vje.pm is the pro-
ton beam voltage). Epeam is the energy of the proton from the
accelerator, where Eyeam = Gproton X Vbeam, Where qproton 1S
the charge of a proton. The parameter vsp,jiation iS the number
spallation neutrons produced proton in the spallation target
in the ADS.

Both Equations (1) and (2) are derived from first principles
using the steady-state one-group neutron diffusion equation
with an external source term, which is either a fusion neu-
tron source or a spallation neutron source. Similar deriva-
tions have been found in previous studies [23]. These
relationships shown in Equations (1) and (2) are plotted in
Figure 1 using vfssion = 2.5 neutrons/fission and vspaiiation =
10 and 20 neutrons per proton (n/p), which are a typical val-
ues for 1-GeV protons striking a lead-based spallation neu-
tron source target (see Figure 2). Higher values for
Vspallation, UP to 40 n/p, may be possible if a uranium-based
target is used instead. Sample values for the other

100
g0 | = Psource = Pfusion (Fusion)

80 || = Psource = Pbeam (Accelerator) - 10 n/p
70 Psource = Pbeam (Accelerator) - 20 n/p

60 -1/ = Psource = Pbeam (Accelerator) - 40 n/p

50
40
30
20
10

0

Pfission/Psource

00 01 02 03 04 05 06 0.7
k-eff of Sub-Critical Blanket

0.8 09 1.0

FIGURE 1. Estimated power gain in a sub-critical blanket.
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FIGURE 2. Spallation neutron yield from protons on targets
(from [13]).

parameters include: Efission = 190 MeV (for 233U fission),
Etusion = 17.6 MeV (for D-T fusion), Epeam = 1000 MeV (typi-
cal for a proton beam in an ADS). The parameter k. is the
effective multiplication of the sub-critical blanket. A signifi-
cant power gain (>10) is possible in an HFFR for blankets
with keg> 0.7, and in an ADS for blankets with keg > 0.93
(for Vspallation = 10 n/p), kegr > 0.87 (for Vspallation = 20 n/p),
and kg > 0.77 (for Vspallation = 40 n/p).

Equations (1) and (2) can be combined with an assumed
input power (Pinput = Prusion/Q, OF Pinput = PBeam/nacc): where
Nacc 1S the efficiency of the accelerator in converting electrical
power into proton beam power, and the net thermodynamic
conversion efficiency 1, to determine the minimum ke of
the blanket required such that the HFFR or ADS will be self-
sustaining in power:

Pro:

Pnet =MNen X (PFission + PFusion) - Flglon > 0.0 (3)
P

Pnet =MNth X (PFission + PBeam) - Beam Z 0.0 (4)

acc

Pinpue is the total input electrical power used to heat and con-
fine the fusion plasma or to operate the accelerator. The net
thermodynamic efficiency ny, for converting heat to electric-
ity can be adjusted to account for the auxiliary power that
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would be needed to operate coolant pumps, etc. It is assumed
that the energy of the fusion neutrons escaping from the
plasma confinement region will be deposited mainly in the
blanket fuel and other structural components. It is also
assumed that part of the fusion power or the ion beam power
dumped on the spallation target can be recovered by thermo-
dynamic conversion in the same way that the heat from the
fission power is recovered. Sample results of the minimum
kegr required for different conversion efficiencies and
Q-values are shown in Figure 3 for an HFFR. For Q = 1.0,
and 1y, = 40%, kegr > 0.26 is required for P ey/Prusion = 0.0.
A conversion efficiency of ng, =30% is comparable with that
achieved currently by conventional pressure-tube heavy-
water reactors (PT-HWRs) [24] and some light-water reac-
tors [25], whereas a conversion efficiency of ny, =40% is
comparable with that achieved currently by advanced gas-
cooled reactors (AGRs) in the U.K. [25]. A conversion effi-
ciency of ng, = 50% may be achievable by various advanced
reactor technologies operating at high exit coolant tempera-
tures (=700 °C) and using combined thermodynamic cycles
(such as a Brayton/gas turbine and Rankine/steam turbine)
or supercritical water cycles [26-28].

Similarly, sample results of the minimum k¢ required for
different net thermodynamic conversion efficiencies and
accelerator efficiencies are shown Figure 4 (for vepaiiation =
10 n/p) and Figure 5 (for vpanation = 20 n/p). The minimum
kesr required for an ADS as a function of 1, is also shown
in Figure 6 for three different values of vgpaiation (10, 20,
40 n/p) at a nominal net thermodynamic conversion effi-
ciency of 40%. For Nace = 75%, Nen = 40%, and Vspallation =
20 n/p, kegr> 0.606 is required for Pei/Pgeam > 0.0. Because
of the limits in spallation neutron production and the effi-
ciency of proton accelerators, there is a significantly higher
value of ke required for the blanket of an ADS than in an
HFFR to achieve net power generation.

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0

- Efficiency = 30%
— Efficiency = 40%
Efficiency = 50%

Min. keff Required

00 02 04 06 08 10 12 14 16 18 20
Q-Value of Fusion Reactor

FIGURE 3. Min. ke required in blanket for net power
in HFFR.
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FIGURE 4. Min. k. required in blanket for net power in ADS
with Vgpanation = 10 n/p.
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0.9 - Efficiency = 40%

82 Efficiency = 50%
0.8
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FIGURE 5. Min. k. required in blanket for net power in ADS
with Vspallation = 20 n/p

Min. keff Required

——nu-spall =10 n/p
0.5 | =—nu-spall = 20 n/p

0.4 = nu-spall =40 n/p

00 01 02 03 04 05 06 07 08 09 1.0
Efficiency of Accelerator, 77, . (Pbeam/Pacc)

FIGURE 6. Min. k. required in blanket for net power in ADS
with e, = 40%.

1.2 Underlying problem and objective

While both HFFRs and ADS are potential options for breed-
ing fissile fuel for thermal-spectrum reactors, many of the
proposed design concepts [2-12] involve the use of fixed
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blankets that increase in both fissile content and fission
power level with time, requiring variable coolant flow rates
or reduction of the accelerator or fusion reactor power level,
which is neither practical nor cost-effective [29]. In addition,
a number of HFFR and ADS concepts [2, 4, 7, 12] involve the
use of liquid metal coolants or molten salt blanket fuels/
coolants that have added complexity due to corrosion and
handling issues. Thus, it is desirable to have a blanket con-
cept that enables online refueling to maintain a constant
blanket power, while operating the fusion reactor or acceler-
ator at its maximum level, and it is also desireable to have a
blanket system that is practical and feasible in the near-term,
making use of existing proven reactor technology. An exam-
ple of such a technology that could potentially be integrated
into an HFFR or ADS system is that of channel-type reactors,
such as PT-HWRs and AGRs.

Therefore, the objective of these studies was to carry out pre-
liminary heat transfer/thermal-hydraulic, lattice physics, and
blanket neutronic calculations for a variety of lattice con-
cepts that could be used in the blanket of an HFFR or ADS
using fuel bundles containing different combinations of
(DU,Th)0, inside pressure tube (PT) fuel channels. These
HFFR/ADS blanket concepts would build upon technologies
that have been developed for PT-HWRs [24] and gas-cooled
reactors, such as the AGR in the United Kingdom [25]. A
related objective was to assess the fissile breeding character-
istics of a number of HFFR or ADS system concepts with sim-
ple homogeneous blanket configurations that are intended to
achieve break-even with power production (P,e; > 0.0). The
results obtained will provide guidance for developing more
detailed calculations of HFFR/ADS sub-critical blankets and
for developing modified concepts to achieve enhanced fissile
fuel breeding. In previous studies [30], deterministic lattice
physics calculations were carried out with WIMS-AECL [31]
for a variety of HFFR blanket lattices with fixed initial
amounts of 2*3U in (**3*U,Th)0.. In this study, the Monte
Carlo code Serpent [32, 33] was used instead for lattice phys-
ics calculations for fast-spectrum lattices with various com-
binations of (DU,Th)0,, which could be implemented in
either an HFFR or an ADS. The breeding characteristics of a
number break-even (P, ~ 0.0) HFFR and ADS systems using
these blanket fuels were assessed.

Section 2 provides a description of the HFFR/ADS and the
proposed lattice concept for the blanket fuel. Section 3 pro-
vides a description of the computational modeling methods
and approximations used. Such calculations include the
approximate thermal-hydraulic and heat transfer modeling,
lattice physics modeling, and blanket neutronics modeling.
The thermal-hydraulic calculations provide estimates of the
coolant, clad, and fuel temperatures needed for lattice phys-
ics calculations. The lattice physics calculations provide esti-
mates of the reactivity of the fuel and the content of key
fissile isotopes and a number of elements and isotopes of




CNL Nuclear Review Downloaded from pubs.cnl.caby CANADIAN NUCLEAR LABORATORIES on 12/04/18
For personal use only.

CNL NUCLEAR REVIEW
VOL 7, NUMBER 2, DECEMBER 2018

interest for radiological or waste management issues (such
as americium and %*?U). Lattice physics calculations are also
used to generate one-group diffusion data for use in blanket
neutronics calculations. Blanket neutronics calculations pro-
vide estimates of the blanket effective multiplication factor
and total blanket power. When used in combination with
the burnup-averaged (BU-Ave.) lattice physics data, blanket
neutronics analyses can be used to obtain estimates of the
refueling rate and production rate of fissile fuel to assess
the performance of different blankets in self-sustaining
HFFR/ADS systems. Section 4 shows the results of
calculations. Sections 5 and 6 provide a summary, conclu-
sions, and a discussion of future options for analyses and
improvements.

2. Description of HFFR/ADS Concept

2.1 Fertile blanket concept and driver system

The envisionsed HFFR/ADS concept, as shown in Figure 7,
has a relatively simple cylindrical geometry. The external
fertile/fissionable blanket has a horizontal orientation, simi-
lar to that of fuel channels in a CANDU (CANada Deuterium
Uranium) PT-HWR. The central region is approximately 2 m
in diameter and 10 m in length and would contain the fusion
plasma or the spallation target source. In an HFFR, it is antici-
pated that a deuterium-tritium (DT) fusion plasma would be
confined by a variant of a magnetic mirror fusion reactor
(MMFR) [5-7], or some other fusion reactor concept that is
compact [34-37] and could fit within the 2-m diameter
space. It is also anticipated that the magnetic field coils used
to confine the plasma would be placed external to the fertile

Fusion
Plasma or
Spallation
Target

Blanket Region

[ | Reflector L
1

FIGURE 7. Blanket channel layout in sub-critical facility.
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blanket to protect them from radiation damage. Although
such field coils would be large, with a radius of more than
3 m, they are within the range of practical design concepts
considered in the past [6, 7]. Some alternative fusion con-
cepts may allow placement of disposable field coils (if they
are needed for plasma confinement) between the fertile
blanket and the central plasma [38, 39]. Such a fusion reactor
would be expected to have a Q-value of at least unity
(@ ~ 1.0), and would provide 14.1-MeV fast neutrons from
the DT fusion reaction, which would drive the surrounding
sub-critical blanket made of (DU,Th)O, fuel. The surrounding
blanket would be 2-4 m thick (1 m < Rpjanker < 3 to 5 m).
These values for the blanket thickness were nominal values
chosen to minimize the neutron leakage as much as possible,
while also being within what is considered practical construc-
tion limits. A 3-m outer radius blanket is small enough to fit
within the external magnetic field coils of a fusion reactor in
an HFFR [6, 7]. A 5-m outer radius blanket is quite large for
an ADS system, but comparable in physical size to reactors
that have been built in the past, such as the G-2/G-3 proto-
type reactors in France [40], along with the early Magnox
reactors in the U.K. that had core radii ranging between 3 m
and 8 m [41].

The blanket would be surrounded by a reflector/shield
region, and the MMFR field coils would be external to the
shielding. In an ADS system, no field coils internal or exter-
nal to the fission blanket would be required. Concepts for
lead-based spallation neutron targets for 1-GeV proton
beams generated by an external accelerator could be imple-
mented, as discussed in previous studies [10-13]. It is
expected that engineering an ADS system would be much
more straightforward than an HFFR. While the potential
size of the sub-critical blanket, with a 2-4 m thickness and
a 10 m length is rather large, it would not be unprec-
edented. By comparison, the early G-2/G-3 prototype gas-
cooled graphite-moderated reactors built in Marcoule,
France, in the late 1950s [40] had cores (not including the
radial or axial reflectors) that were nearly 8 m in diameter
and 8.5 m in length. Specifications for the blanket and lat-
tice concepts are shown in Table 1, and are discussed fur-
ther below.

2.2 Blanket lattice concept

The blanket in a HFFR/ADS is filled with a repeating lattice
(25-cm square pitch) of stainless steel fuel channels filled
with 37-element fuel bundles, illustrated in Figure 8.
Stainless steel (SS316) is used instead of more traditional
zirconium-based alloys because the latter deterioriate in
fast-spectrum reactors and will corrode more easily in a
high-temperature CO, environment. Stainless steel is com-
monly used for structural components in fast-spectrum reac-
tors [20] and also for the cladding in AGRs, which operate
with CO, coolant up to temperatures of 650 °C [25].
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TasLE 1. HFFR blanket/lattice specifications.

Quantity Value

Lattice pitch 25 cm

Length of channel 10 m

Length of bundle 50 cm

Length of fuel stack 48 cm

No. of bundles per channel 20

Pressure tube SS-316

Calandria tube SS-316

Gap and filler gas CO; at 1 atm

Clad SS-316

Density of $S-316 8.0 g/cm®

Coolant CO; (or Ne or Ar) at 11 MPa

Fuel 0 wt% DUO,, 100 wt% ThO,
10 wt% DUO,, 90 wt% ThO,
20 wt% DUO,, 80 wt% ThO,
30 wt% DUO,, 70 wt% ThO,
40 wt% DUO,, 60 wt% ThO,
50 wt% DUO,, 50 wt% ThO,
100 wt% DUO,, 0 wt% ThO,

Thorium 100 wt% Th-232

DU 0.1975 wt% U-235/U

Density of fuel 9.7 g/cm?®

No. of fuel pins 37

Fuel pellet radius 0.57 cm

Clad thickness 0.4 mm

Bundle oxide mass 17.584 kg

Bundle fuel HM mass 15.453 to 15.501 kg

Coolant/fuel ratio 1.0

Hydraulic diameter 0.992 cm

PT internal diameter 10.5 cm

PT thickness 0.9 cm

CT Internal diameter 15.8 cm

CT Thickness 0.25 cm

Coolant/fuel area ratio 1.0 to 3.2

Hydraulic diameter 0.99 to 2.55 cm

Nominal channel power 3,000 kW

Nominal coolant mass flow rate 4.97 kg/s

Coolant temperature 250 to 750 °C

blanker inner radius 100 cm

Blanket outer radius 300 to 600 cm

No. of channels for 300-cm blanket = ~400

No. of channels for 600-cm blanket) ~17600

Nominal fusion or accelerator beam 100 MW

power

Nominal fusion reactor Q-value 1.0

Nominal accelerator efficiency 75%

Nominal efficiency (n,) 40%

With a 300-cm outer radius blanket, up to ~400 channels can
be accommodated, whereas a 600-cm outer radius blanket
will accommodate up to ~1760 channels, each filled with
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Low pressure CO, between channels

SS316 CT
SS316 PT

High pressure CO, coolant inside PT

Low pressure CO, between CT and PT

FiGure 8.
pitch 25 cm).

37-CF10 blanket lattice concept (lattice

twenty 50-cm-long blanket bundles. The blanket channel
nominal power is assumed to be 3000 kW, which gives an
average nominal bundle power of 150 kW (3000 kW /20
bundles). A nominal average bundle power of 150 kW was
chosen initially on the basis of achieving a specific power of
~19.5 kW/kg for a different bundle design in a previous
study with a heavy metal mass of 7.7 kg [30]. A specific
power of 19.5 kW /kg is comparable with that found in other
gas-cooled reactors using oxide fuels, such as the EL-4
reactor in France, which operated in France from
1968-1985 [24].

Depending on the neutron flux and power distribution in
the blanket, some channels will be at higher or lower power
levels. Each fuel bundle is made with (DU,Th)0,, and the
composition varies from 100 wt% ThO;, to 100 wt% DUO,,
with 7 different compositions to be evaluated. Stainless
steel is used for the clad, similar to that which is used in
AGRs [25] and the EL-4 reactor [24]. The fuel bundle
37-CF10 has an area ratio of coolant-to-fuel (CF) of approx-
imately 1.0. The fuel bundles are cooled by pressurized CO,
(or potentially neon or argon) at 11 MPa. This pressure was
chosen because it would enhance the cooling capability of
the gaseous coolant and would be able to more than double




CNL Nuclear Review Downloaded from pubs.cnl.caby CANADIAN NUCLEAR LABORATORIES on 12/04/18
For personal use only.

CNL NUCLEAR REVIEW
VOL 7, NUMBER 2, DECEMBER 2018

the coolant density and power removal capacity relative to
a conventional AGR, which operates with a CO, coolant
pressure between 4 and 5 MPa [25]. In addition, conven-
tional PT-HWRs with heavy-water coolant typically operate
with a coolant density between 10 and 11 MPa [24]. Thus,
PTs designed for PT-HWRs would help guide the design of
PTs for the HFFR/ADS system under investigation in this
study.

The nominal inlet and outlet temperatures of the coolant are
250 °C and 750 °C, respectively, and could enable high ther-
mal conversion efficiency (ng, > 40%). SS316 stainless steel
is commonly used in AGRs, which have CO, coolant tempera-
tures up to 650 °C [25], and it is expected that SS316
(or other stainless steel alloys with high Cr-Fe purity and
low Ni content) can be successfully used in a 750 °C CO,
environment with relatively little corrosion or degradation
(£0.4 mm of metal loss) over the lifetime of operation
(20-30 years) [42, 43] before refurbishment of the blanket
components for the HFFR/ADS.

The lattice/bundle concept shares several technological and
engineering similarities with PT-HWRs [24], the prototype
gas-cooled heavy water reactor (GCHWR) EL-4 developed in
France in the late 1960s [44], and the AGR in the U.K. [25].
With a coolant gas outlet temperature of 645 °C, AGRs
achieve a net efficiency >41%. Thus, it can be expected that
similar efficiencies could be achieved with the HFFR/ADS
blanket system proposed. Similar to a PT-HWR lattice, the
HFFR/ADS lattices (see Figure 8, Table 1) use a calandria
tube (CT) to provide separation and insulation of the PT,
but the CT and PT are made of SS316 stainless steel instead
of zirconium-based alloys (such as Zircaloy-2 and Zr-2.5Nb).
In contrast to a thermal-spectrum PT-HWR, there is no
moderator to maintain a fast spectrum for breeding and to
suppress fission of any *3U, 23°Pu, or **'Pu that is bred in
the fuel. Instead, the channels are surrounded by of CO, at
1 atm, to act as a filler gas. Specifications for the HFFR
blanket and lattices blanket, including the nominal operating
conditions are shown in Table 1.

2.3 Advantage of a PT blanket assembly

The key advantage of using a PT/fuel channel approach
with solid-fuel bundles for a HFFR/ADS blanket is that it
could allow practical online refueling and shuffling to
maintain the desired blanket power level and power distri-
bution, while also producing irradiated fuel for subsequent
reprocessing and recycling on a daily basis. Other types of
HFFR/ADS concepts usually implement a fixed blanket
[2-4, 10-12], with blanket fuel being removed and
replaced in batch-type operations. However, the tradeoff
with this approach is that power levels in the blanket will
increase with time as the fissile fuel inventory builds up,
and thus, the power level of the fusion reactor or the accel-
erator beam will need to be adjusted continuously, which
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may be less cost-effective and practical than by allowing
continuous operation with periodic online refueling given
the expected large capital cost of an accelerator in an ADS
or a fusion reactor in an HFFR [22, 29]. In addition, by
using periodic online refueling, the spent fuel from the
ADS or HFFR can be removed such that it will have a more
uniform composition and the fissile content will be maxi-
mized, making it more practical for reprocessing and recy-
cling rather than dealing with a much larger range in
fissile fuel content in spent fuel and a larger inventory of
fuel to handle and process at one time if batch refueling
was employed. Another consideration is that batch-type
refueling operations will require periodic shutdowns of
the system and disassembly of the blanket system to
change out the blanket fuel for subsequent reprocessing.
Although it is possible that the blanket batch refueling peri-
ods could be synchronized with planned shutdowns for the
maintenance of the accelerator or fusion reactor, the ability
to refuel the blanket online will provide more flexibility in
the ADS or HFFR and will permit constant power operation
for both the blanket and the accelerator/fusion driver sys-
tem. It is recognized that other types of HFFR/ADS con-
cepts could use blankets with fluid-type fuels (such as
molten salts, aqueous solutions, or slurries) to enable on-
line refueling in a more compact geometry [45-48],
although such systems will have other technological chal-
lenges and complexities.

As will be shown later, with the concept proposed, fertile
(DU, Th)O,, fuel bundles could be irradiated in the fast spec-
trum of the HFFR/ADS blanket to exit burnups ranging from
~5.5 MWd/kg to 44 MWd/kg, producing fuel with a fissile
content of ranging from ~3.2 wt% fissile/IHM to 7.4 wt%
fissile/IHM. This fuel could then be reprocessed for manufac-
turing new fuel to be used in thermal-spectrum fission reac-
tors. Alternatively, these irradiated fuel bundles (with their
stainless steel cladding and other structural components)
could potentially be used directly in a conventional PT-
HWR without any mechanical or chemical reprocessing.
There should be no significant issues for using stainless steel
cladding, given that stainless steel cladding is used in AGRs
[25] and was also used in the prototype EL-4 GCHWR [44].
To increase the production rate of fissile fuel from the
HFFR/ADS, it is preferable to remove the blanket fuel at
low burnups (<5 MWd/kg in a fast spectrum). Although
increasing the blanket burnup will increase the fissile con-
tent and power generation in the blanket, it will also reduce
the overall net fissile production rate. Alternatively, if a
heterogeneous blanket was implemented, depleted uranium
and thorium could be left in an inner blanket region to
achieve higher burnups (>50 MWd/kg), which would build
up a higher fissile content (~8-10 wt%) and enhance neu-
tron multiplication and power generation, while blanket fuel
in an outer blanket region could be removed at much lower
burnup levels to enhance the breeding rate.
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3. Computational Modeling Methods and
Approximations

3.1 Thermal-hydraulic and heat transfer modeling

To confirm the heat transfer viability of the blanket lattice
concepts, and to obtain estimates of component tempera-
tures for subsequent use in lattice physics calculations,
thermal-hydraulic calculations are required. Similar to that
described in previous studies [30], approximate estimates
of the axial temperature profile of the coolant, clad, and fuel
in the gas-cooled fuel bundles were obtained by solving the
analytical heat conduction equation combined with the heat
transfer coefficient (h) based on local coolant conditions.
The heat transfer coefficient was determined using the
common Dittus-Boelter correlation, as found in textbook cal-
culations [49, 50]:

hxdy

Nu =0.023 x Re®® x Pro4; Nu = x

()
A simple cosine axial power distribution was assumed, with
each fuel pin in the fuel bundle at a given axial position hav-
ing the same power density as a simplifying approximation.
The hydraulic diameter (dy) of the fuel bundle 37-CF10 is
0.992 cm, as shown in Table 1. The nominal channel power
was 3000 kW, and the average bundle power was 150 kW.
The mass flow rate (dm/dt) of the CO, coolant was adjusted
such that the outlet temperature would be approximately
750 °C. Analytical formulae and correlations [49, 50] were
also used to determine the local Reynolds number (Re), fric-
tion factor (f), pressure drop (dP/dz), and pumping power
(d?*W/dz/dt) per unit length of channel:

Re = VX dn (6)
v
f=0.184 x Re 02 7
dap f v2
Q- E XpX i (8
d*w 1 dm _ dP
= )

dixdz plde Xz

Equations (8) and (9) can be integrated over the length the
channel to obtain the total pressure drop and pumping
power. To a first approximation, the pumping power varies
as the power of 2.8 of the coolant mass flow rate (dW/dt «
(dm/dt)*®). This dependency is due to the fact that the fric-
tion factor, f, is given by Equation (7).

3.2 Lattice physics modeling with Serpent 1.1.19

To gain an understanding of the neutron transport and
burnup behavior of the 37-CF10 blanket concept with differ-
ent combinations of (DU,Th)0,, 2-D lattice physics calcula-
tions were performed using Serpent Version 1.1.19 [32, 33]
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with a continuous nuclear data library based on ENDF/
B-VII.O. Serpent is a 3-D Monte Carlo neutron transport code
with burnup capabilities. An infinite lattice spectrum (zero
buckling) was used for the burnup calculations. As an
approximation, the impact of the external source neutrons
(fusion or spallation) is ignored in the lattice calculations,
given that the spectrum of the neutrons in the lattice will be
dominated by fission neutrons, and that the fission of the fis-
sile and fissionable isotopes will be dominated by fission
neutrons [10]. As an initial approximation, a constant specific
power of 19.5 kW /kg was used for burnup calculations,
based on previous lattice physics analyses performed with
WIMS-AECL [30, 31]. This specific power corresponds to
a bundle power of ~302 kW (19.5 kW/kgx 15.5 kg).
As discussed earlier, the nominal average bundle power in a
3000-kW fuel channel with 20 bundles is 150 kW, although
it could be allowed to reach higher values (such as
300 kW/bundle; 6000 kW per channel) if the coolant flow
rate is also adjusted. From the Serpent calculations, various
key parameters were obtained for data analysis, including
the neutron multiplication factor (k-infinity), the composi-
tion of the fuel, and various homogenized one-group diffu-
sion data that could be used subsequently in simplified
analytical blanket analyses to be discussed below. Lattice
physics calculations will also show the content of elements
and isotopes of potential concern for waste management or
radiological issues, such as americium and 232y,

3.3 Blanket modeling with a 2-D analytical model
Neutronics modeling of a blanket is needed to obtain esti-
mates of the multiplication factor and power level of a pro-
posed blanket, given a fixed external fast neutron source
rate. When used in combination with the lattice physics data,
the blanket neutronics analysis can also be used to obtain
estimates of the production rate of fissile fuel and the refuel-
ing rate required.

A simple, analytical solution of the one-group, 2-D (r,z) steady-
state diffusion equation was solved for a homogeneous annu-
lar, cylindrical blanket, approximating the concept shown in
Figure 7. For the purpose of rapid scoping analyses, the use
of a one-group, 2-D analytical model was considered accept-
able, although more detailed analyses could potentially be
performed with core physics codes, such as Serpent [32, 33],
or DONJON [51]. The reflector/shield region was not included
in the analytical model. The analytical model was used to
determine the neutron flux distribution ¢(r,z), power density
distribution P(r,z), and the blanket k.¢, and to evaluate the
total blanket power for a given fusion or spallation neutron
source rate, which in turn are related to the fusion power
(Sfusion = Pfusion/Efusion) or the neutron beam power (Sspallation
= Pyeam/Ebeam X Vspalation)- Stusion 1S the source rate of fusion
neutron production, while Sqyaiation 1S the source rate of spalla-
tion neutron production. An outer boundary condition of zero
neutron flux was imposed at the outer extrapolated radius
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and extrapolated length of the blanket. The fusion or spalla-
tion neutron source was imposed as an inner blanket radius
boundary condition of neutron current, with a cosine axial dis-
tribution as an initial approximation. Thus, first-flight colli-
sions of 14-MeV fusion neutrons or the multi-MeV spallation
neutrons in the blanket were neglected in this fast diffusion
model. Thus, as a simplifying approximation, the fusion or
spallation neutrons are modeled as being isotropic and diffus-
ing into the blanket, and having the same neutron energy
spectrum as the fission neutrons. Previous studies [10] sug-
gest that the spectra of the external source of fast neutrons
does not have a major impact, and thus, a fission spectrum
can be considered adequate for scoping studies. The one-
group cross-section data for the different (DU,Th)O, lattices
at each burnup step were obtained from Serpent, which auto-
matically generates such data for a given lattice cell. This ana-
lytical approach for blanket modeling was used to provide
quick results and bounding estimates to guide future analyses,
involving more detailed and complex models and more com-
prehensive and rigorous methods (such as whole-core 3-D
Monte Carlo methods combined with burnup).

The solution of the one-group neutron flux is given by a
cosine-Bessel function solution:

@(r,z) =cos(axz) X (A  Ly(BXT)+ A Ko(BXT)) (10)

where a’=(n/H.y)? is the axial buckling defined by the
extrapolated length of the blanket, % = B°—a? is the radial
component of buckling, and B* = (vZ—ZX,)/D is the material
buckling. As will be shown later, even with burnups as high
as 50 MWd/kg, the (DU,Th)O, lattices are sub-critical,
with k-infinity <0.85. Thus, the radial buckling is negative
(% < 0). To achieve a positive total material buckling, and
potentially a positive radial buckling, a much higher fissile
content in the fuel (>11 wt% fissile/IHM) would be required,
as described in previous studies [30]. The constants A; and
A, were determined from the imposed radial boundary con-
ditions. The neutron flux level is proportional to the fixed
fusion neutron source rate for HFFRs, S sion, OF the fixed
spallation neutron source rate for ADS, Sspaniation- The local
power density and total blanket power are obtained by:

P(r,z) =(p(f’,Z) XEfission XZf (11)
z=+H/2  r=Router

Phlanket = dz 2zrdr x P(r,z) (12)
z=—H/2 r=Rinner

The blanket multiplication factor was obtained using:

Y

keff-Blanket = m (1 3)
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Y is the production rate of fast neutrons in the blanket, given
by:
z=+H/2
Y= / dz

z=—H/2

r=Router
2zrdr X ¢(r, z) X vZf (14)

r=Rinner

A is the absorption rate of neutrons, given by:

z=+H/2 r=Router
A= / dz 2rrdr X ¢(r,z) X Z, (15)
z=—H/2 r=Rinner
L, is the axial leakage rate of neutrons, given by:
r=Router
Op
L,=2% 2ardr xJ,(r,H/2), J,==Do_ (16)
r=l.2inner

L, is the radial leakage rate of neutrons, given by:

z=+H/2

g
dz ]r(Routerr Z)']r =-D— (17)

L, =27 X Royter X or

7=—H/2

The key one-group parameters (vXs X5 Zg, D, Veission, and
Efission) Were obtained from the Serpent calculations at each
burnup step, and were subsequently used in the analytical dif-
fusion model for blankets with Ryuter = 300 cm and Ryyeer =
600 cm to evaluate the kqs/kins, and total blanket power as a
function of burnup, given a nominal input fusion power or
beam power of 100 MW. The value of P, was then evaluated,
using assumed values for Q=1.0, vspaitation =20 n/p,
Naccelerator = 75%, Nen = 40%, Efusion = 17.6 MeV, and Eyeam =
1000 MeV to determine the total output electrical power
and the input electrical power required. The actual values of
the fission neutron yield (vfission) and energy released
from fission (Efssion) as a function of burnup may differ from
the nominal values (Vission = 2.5; Efission ~ 190 MeV) used in
Equations (1) and (2), as described in Section 1.1.

For the HFFR/ADS system proposed, which is modeled as
having a single homogeneous composition in the 2-D (r,z)
one-group diffusion model, and which uses online refuelling,
the physics characteristics of the blanket will actually
depend on the BU-Ave. properties of the fuel. However, since
the main item of interest is to determine the required exit
burnup of the fuel in the blanket, such that the HFFR/ADS
system will be self-sustaining (Ppet/Prusion = 0.0, or Ppe/
Ppeam = 0.0), the BU-Ave. value of Pet/Prusion O Pret/Pbeam
can be evaluated directly, and the value of burnup where
Phe: > 0.0 can be identified, rather than evaluating BU-Ave.
values of the one-group diffusion data and subsequently
evaluating Pnet/Pfusion or Pnet/Pbeam-
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4. Computational Results

4.1 Thermal-hydraulic and heat transfer calculations

The temperature profiles for 37-CF10 at two different chan-
nel powers (3000 kW and 6000 kW) are shown in
Figures 9 and 10. The peak fuel centerline, peak and average
fuel pellet, and the peak and average clad temperatures are
shown in Table 2, along with the estimated pressure drop
and pumping power. The peak clad temperature (778 °C,
for 37-CF10 in a 6000-kW channel) is well below the melting
point of SS-316 (1375 °C). The pressure drop for the 6000-
kW channel is more three times that for the 3000-kW chan-
nel, whereas the pumping power is more than seven times
given that the coolant mass flow rate is nearly doubled for
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FIGURE 9. Temperatures in channel 37-CF10 at 3000 kW
power.
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FIGURE 10. Temperatures in channel 37-CF10 at 6000 kW
power.
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TABLE 2. Thermal-hydraulic conditions.

Property 3000-kW channel 6000-kW channel
Flow rate (kg/s) 4973 9.947
Teool-intet (°C) 250.0 250.0
Teool-exit (°C) 751.4 751.4
Teaa Max. (°C) 773 778
Teaa Ave. (°C) 575 585
Ttuer-cL. Max. (°C) 903 1125
Tpener Max. (°C) 830 935
Tpenet Ave. (°C) 634 713
AP (kPa) 129.6 451.4
dw/dt (kW) 9.2 64.3

the 6000-kW channel, and as described earlier, the pump-
ing power varies as dW/dt « (dm/dt)?®. The low pumping
power relative to the channel power (1.1% or less of the
total channel power) is due the use of a high coolant pres-
sure (11 MPa) and the large change in the coolant temper-
ature (ATcoo1ant =500 °C). The impact of pressure-drop
loss coefficients due to flow obstructions between bundles
and appendages has not been evaluated, but it might be
expected to double the pressure drop and pumping power
[50]. The average clad temperature (575 °C), and average
fuel pellet temperature (634 °C) for the 3000-kW channel
were used subsequently in the lattice physics models with
Serpent.

4.2 Lattice burnup calculations

Results of lattice physics calculations for the various lattices
of different combinations of thorium and depleted uranium
(100% ThO;, 10 wt%, 20 wt%, 30 wt%, 40 wt%, 50 wt%,
and 100 wt% DUO,) are shown in Figure 11 and are dis-
cussed further below.

4.2.1 Neutron multiplication and fissile content

Plots of k-infinity vs. burnup are shown in Figures 11a and
11b. Plots of total fissile content are shown in Figures 12a
and 12b. With little or no initial fissile fuel, the value of k¢
starts near zero (<£0.15), increases rapidly in the first
5 MWd/kg of burnup reaching k;,s>0.47, and then
increases more slowly reaching values >0.8 after
45 MWd/kg. The case with 100 wt% ThO, has values of k¢
that exceed all the other cases after a burnup of ~2 MWd/
kg, which appears to be high. This result is due to the use
of a fixed specific power of 19.5 kW/kg at all burnup levels
in the Serpent calculations, which will give an artificially
high neutron flux at near-zero burnup, where there is little
or no fissile isotopes, allowing a more rapid buildup of
2337, 233pg, and 233U. However, by burnup of 5 MWd/kg,
when a significant inventory of fissile fuel has been built
up (2.8 wt% to 3.8 wt% fissile/THM), the values of k¢
for all cases begin to converge to comparable values
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FIGURE 11. kiy¢ vs. burnup. (a) Burnup from 0 to 50 MWd/kg.
(b) Burnup from 0 to 5 MWd/kg.

(0.47-0.49). What is interesting here is that regardless of
whether DUO,, or ThO, are used, the values of k;,r and total
fissile content are quite similar (kj,r=0.82-0.84 at
50 MWd/kg), (total fissile content = 7.6-8.0 wt% fissile/
[HM) at high burnup (50 MWd/kg), although they are some-
what higher for the lattices with a 50/50 mix of DU and Th.
This reactor physics result occurs because of the competing
effects of neutron fission and neutron capture in the various
fissile isotopes [233U, 235U, 239py, and 241Pu) and fertile iso-
topes (“*2Th, 238U, 23*U, and ?*°Pu) in a fast neutron energy
spectrum where the various neutron fission and neutron
capture cross-sections are similar.

Plots of Pu-fissile and U-fissile vs. burnup are shown
Figures 13 and 14. The fissile plutonium includes both
239py and ?*'Pu, while the fissile uranium includes 233Pa,
2331J, and 23°U. The isotope 2*3Pa is treated as a fissile iso-
tope, since it will decay to ?33U. These data clearly
show that as the fraction of DU in the (DU,Th)O, fuel
increases, so does the fraction of fissile plutonium in the
fuel. For the fuels with thorium, the fissile uranium
content increases rapidly in the first 2 MWd/kg of burnup
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FIGURE 12. Fissile wt% vs. burnup. (a) Burnup from 0 to
50 MWd/kg. (b) Burnup from 0 to 5 MWd/kg.
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FIGURE 13. Pu-fissile wt% vs. burnup.

(1.3 wt% to 2.8 wt% U-Fissile/IHM), and then grows more
slowly as the bred fissile uranium isotopes begin to undergo
fission. For the fuel with 50 wt% DUO, and 50 wt% ThO,, the
Pu-fissile content reaches ~1.5 wt%, and the U-fissile content
reaches ~1.9 wt% at 5 MW/kg.
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FIGURE 14. U-fissile wt% vs. burnup.

4.2.2 Fissile fraction and minor actinides of interest

Plots of the fraction of Pu-fissile in Pu and U-fissile in U are
shown in Figures 15 and 16. As shown in Figure 15, after
5 MWd/kg of burnup, the plutonium is approximately 95.0
to 95.5 wt% fissile, and this value drops down to 84.9 wt%
to 87.6 wt% at 50 MWd/kg, being slightly higher for the fuels
with ThO, mixed in. As shown in Figure 16, for the blanket
fuel made of pure ThO,, the fissile uranium content drops
from 100 wt% down to 94 wt% at 5 MWd/kg, and then drops
down to approximately 90.5 wt% at 50 MWd/kg. For the fuels
with mixtures of DUO, and ThO,, the presence of DU limits the
fissile fraction of uranium, ranging between 3.8 wt% and
25.1 wt% U-fissile/U at 5.0 MWd/kg. At 50 MWd/kg, the

For personal use only.
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FIGURE 15. wt% Pu-fissile/Pu vs. burnup.
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fissile fraction of uranium ranges from 8.7 wt% and 43 wt%
U-fissile/U. If a goal was to limit the fissile uranium fraction
to <20 wt%, for potential proliferation concerns, then it would
be preferable to use blanket fuels with 30 wt% or more DUO,
mixed with ThO,, although with blanket fuel burnups of
5 MWd/kg the use of 20 wt% DUO, would be sufficient.

Plots of the total americium (Am-241 + Am-242 + Am-242m +
Am-243) and total 2*?U content in the fuel are shown in
Figures 17 and 18, while the fraction of 232(J in U is shown in
Figure 19. The amount of americium produced may be of
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FIGURE 17. wt% Am vs. burnup.
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concern for long-term waste disposal issues, although it is
anticipated that the americium could be recycled and con-
sumed in the same HFFR/ADS facility. The #**U content may
be of concern for spent fuel handling and recycling given that
one of its radioactive decay chain products, T1-208, gives off
2.6-MeV gamma rays. As shown in Figure 17, the total americ-
ium content is quite low in comparison to the content of the
fissile isotopes and varies from 1.4 x 107> to 7.3 X 107> wt%
Am/IHM at a burnup of 5 MWd/kg, while increasing to
values ranging from 1.1 x 107 to 1.4 x 10~ wt% Am/IHM at
50 MWd/kg, obviously being highest for the 100 wt%
DUO, fuel. The amount of americium produced in a pure
ThO, blanket fuel is negligible. As shown in Figure 18, the
Z32(J content is somewhat higher than the americium content
and varies from 3.4 x 10™* to 7.2 x 10~ wt% **?U/IHM at a
burnup of 5 MWd/kg, while increasing to values ranging
3.8x 1073 to 6.8 x 1073 wt% *32U/IHM at 50 MWd/kg.
As shown in Figure 19, the corresponding fraction of ?**U in
U varies from 6.8x107* to 2.2x107% wt% *3*?U/U
at 5 MWd/kg, while increasing to values ranging from
7.9%x 1073 to 8.0 x 10~ wt% *3?*U/U at 50 MWd/kg. The
amount of 2**U produced in pure DUO, fuel is negligible.

4.3 One-group diffusion parameters

Various one-group diffusion parameters, based on the homog-
enized lattice physics data generated by Serpent, are shown
for three fuel types (100 wt% ThO,, 50 wt% DUO,/50 wt%
ThO,, and 100 wt% DUO-) in Figures 20-22. The diffusion
coefficient (D) ranges between 5.25 cm at zero burnup for
100 wt% DUO, to 5.70 cm for 100 wt% ThO, at 50 MWd/kg
burnup, as shown in Figure 20. As the DUO, content is
increased from 0% to 100%, the diffusion coefficient drops
by approximately 0.15 cm. As burnup progresses and the
content of fissile isotopes increases, while the content of
fertile 23?Th and 238U decreases, the diffusion coefficient
increases by 0.30 to 0.40 cm. The increase with burnup is
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Figure 20. Diffusion coefficient for blanket lattices.
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FIGURE 21. Migration length for blanket lattices.
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FIGURE 22. Material buckling for blanket lattices.

more significant as the ThO, content increases. The migra-
tion length (M = (D/2,)°*) is quite large in comparison with
the migration length found in PT-HWR thermal spectrum lat-
tices (on the order of 15-20 cm [24]), ranging from 86 cm at
zero burnup for 100 wt% DUO, to 79 cm at 50 MWd/kg
burnup for 100% ThO,, as shown in Figure 21. The large
migration length is due to the fast neutron energy spectrum
of the blanket, where fast neutrons have a larger migration
length in a fast system than neutrons in a thermal-spectrum
system. The large migration length is also due in part to the
large volume of empty space between the fuel channels that
is filled with CO, filler gas where there are few neutron inter-
actions. The migration length drops by approximately 6 cm
from zero to 50 MWd/kg burnup, and the migration length
for ThO, is approximately 1.5 cm less than that for DUO,.
The material buckling, B* = (kin—1)/M* = (vE~X,)/D, is
noticeably negative, ranging from —1.4 x 10~* cm™ at zero
burnup to —2.7 x 107> cm~% at 50 MWd/kg, as shown in
Figure 22. The values for material buckling for the different
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blanket fuels are quite close and nearly converge by 5 MWd/
kg. With comparable values for the diffusion coefficients,
migration length, and material buckling, it is expected that
the neutron leakage in an associated blanket will be compa-
rable. The one-group homogenized data extracted from the
Serpent calculations were used in the subsequent blanket
analyses, as discussed in Section 4.4.

4.4 Blanket analyses

Results of the analytical blanket calculations for three blan-
ket fuel types (100 wt% ThO,, 50 wt% DUO,/50 wt%
ThO,, and 100 wt% DUO;) are shown in Figures 23-29.
Values of the nonleakage probability (ke/kinf), based on the
homogenized one-group diffusion data for the lattices, and
the geometry of the blanket are shown in Figure 23 for a
300-cm-radius blanket, and in Figure 24 for a 600-cm-radius
blanket. The nonleakage probability varies from 0.742 for
100 wt% ThO, at zero burnup to 0.705 for 100 wt% DUO,
at 50 MWd/kg burnup. The nonleakage probability
decreases by 0.02 to 0.03 in going from zero burnup to
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FIGURE 23.  kefi/kins for R=300 cm blanket.
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50 MWd/kg burnup. In comparison, in a conventional thermal
spectrum reactor [14, 24], the nonleakage probability is on the
order of 0.96-0.97 (with a neutron leakage reactivity on the
order of 30-35 mk, 1 mk =100 pcm =0.001 Ak/Kk). Thus, the
nonleakage probability for this blanket system at 300-cm blan-
ket radius is rather low. This effect occurs because of the large
migration length, which is due to the fast neutron energy spec-
trum, and the large empty space between the fuel channels
filled with CO,. Another reason is that the impact of the radial
reflector, which could reduce neutron leakage further, is
neglected in the simplified neutronics calculations. If the blan-
ket radius is increased to 600 cm, then the nonleakage proba-
bility increases substantially. As shown in Figure 24, the
value of Kkeg/kins ranges from 0.928 for 100 wt% ThO,, at zero
burnup to 0.907 for 100 wt% DUO, at 50 MWd/kg burnup.

Plots of Py et/Prusion VS- burnup for the different fuels for a
300-cm-radius blanket, and plots of P,et/Ppeam VS- burnup
for the different fuels in a 600-cm-radius blanket are shown
in Figures 25 and 26. As discussed earlier, a 300-cm-radius
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FIGURE 26 Pnet/Pbeam for R=600 cm blanket. Nacc = 75%,
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blanket was selected for a HFFR due to expected space
restrictions imposed by external magnetic field coils.
If a single-batch refueling scheme was used for the fusion-
neutron-driven blanket, then it is apparent that blanket-
average fuel burnup would need to reach at least 2 MWd/kg
before net power generation occurs in the blanket with pure
ThO; and at least 2.8 MWd/kg for the other fuels. For the
accelerator-driven system in a 600-cm-radius blanket, posi-
tive net power generation would not occur until 15 MWd/kg
for ThO,, 17 MWd/kg for 50 wt% DUO,/ 50 wt% ThO,, and
20 MWd/kg for 100 wt% DUO,.

Given that online refueling of the blanket lattices is to be
used, then the fuel will need to be pushed to higher exit
burnup to ensure net power generation, since the low reac-
tivity of the fresh blanket fuel needs to be compensated by
the higher reactivity of the irradiated blanket fuel. If one
refers to Figures 3-6, it is seen that the minimum k¢
required for net power generation in a fusion-driven system
with @ =1.0 is approximately kg > 0.258, whereas the mini-
mum K. required for net power generation in accelerator-
driven system with n,.. = 75% and Vspaiiation = 20 n/p is Kegr >
0.606. If the minimum values for nonleakage probability are
assumed for the fuels in the 300-cm-radius (Kefs/kins ~ 0.712)
and 600-cm-radius (kefe/kins ~ 0.909) blankets, then it is
implied that the minimum BU-Ave. k;,¢ for the ThO, blanket
fuel will need to be BU-Ave. kj,r > 0.362 for
the 300-cm HFFR blanket and BU-Ave. ks > 0.666 for the
600-cm ADS blanket. From the plot of the BU-ave ki, as
shown in Figure 27, which is based on the data shown earlier
in Figure 11, one can interpolate the required discharge
burnup. For the HFFR with 100 wt% ThO,, it appears that a
discharge burnup of at least 6.0 MWd/kg is required,
whereas for the ADS with 100 wt% ThO,, a discharge burnup
of at least 45 MWd/kg is required. Higher values of burnup
will be required for the other fuels. If higher values of
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nonleakage probability were assumed, then lower discharge
burnups would be required.

As mentioned in section 3.3, the BU-Ave. value of Pyct/Prusion
or Ppet/Ppeam VS. burnup can be evaluated to get a better esti-
mate of the minimum value of discharge burnup required to
ensure net power generation with online refueling. These data
were computed based on the data shown in Figures 25 and 26
and plotted as shown in Figures 28 and 29. For the HFFR blan-
ket with online refueling, it appears that net positive power
generation occurs when the discharge burnup is greater than
5 MWd/kg for 100 wt% ThO, and greater than 6.5 MWd/kg
for the 100 wt% DUO,; fuel. The higher nonleakage prob-
ability at low burnup helps. Similarly, for the ADS blanket
with online refueling, net positive power generation occurs
when the discharge burnup is greater than 33 MWd/kg for
ThO,, 37 MWd/kg for 50 wt% DUO, / 50 wt% ThO,, and
43 MWd/kg for 100 wt% DUO,.
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FIGURE 28. BU-Ave. Pyct/Prusion for R=300 cm blanket
(0-10 MWd/kg). Fusion reactor: Q = 1, nyg, = 40%.
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4.5 Performance for a break-even HFFR or ADS

Using the data shown in Figures 23-29, along with the data
shown in Figure 12, estimates were obtained for the required
discharge burnup for several near-break-even HFFR and ADS
systems using three types of blanket fuels with online refuel-
ing. The results are shown in Table 3 for an HFFR with a
300-cm-radius blanket and in Table 4 for an ADS with a
600-cm-radius blanket. For these calculations, a nominal
fusion or beam power of 100 MW was assumed. Included in
these tables are estimates of the BU-Ave. total fission power,
the total electrical power, input power, net electrical power,
the fuel consumption rate, and the net fissile fuel production.

As shown in Table 3, an exit burnup of 5.5 MWd/kg was
selected for 100 wt% ThO, and 6.5 MWd/kg was selected
for the 50 wt% DUO,/50 wt% ThO, and 100 wt% DUO,
HFFR blankets. With an input fusion power of 100 MWth,
the total BU-Ave. fission power ranged from 157 MW to
163 MW, whereas the net electrical power ranged from 1.5
MWe to 5.3 MWe. With the blanket power level and burnup
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values required, typically between 1.5 and 2 fuel bundles
would be replaced each day. The net fissile production per
year ranged between 281 kg/year (for 100 wt% DUO,) to
413 kg/year (for 100 wt% ThO;). These values are compa-
rable to estimates made in earlier studies [30] using
WIMS-AECL for performing the lattice physics calculations.

As shown in Table 4, an exit burnup of 32.8 MWd/kg was
selected for 100 wt% ThO,, 36.7 MWd/kg was selected for
the 50 wt% DUO,/50 wt% ThO, and 44.5 MWd/kg was
selected for the 100 wt% DUO, ADS blankets. With an input
beam power of 100 MW, the total BU-Ave. fission power
ranged from 236 MW to 239 MW, whereas the net electrical
power ranged from 0.4 MWe to 2.1 MWe. With the blanket
power level and burnup values required, typically between
0.35 and 0.47 fuel bundles would be replaced each day or
one bundle every 2 to 3 days. The net fissile production per
year ranged between 144 kg/year (for 100 wt% DUO;) to
180 kg/year (for 100 wt% ThO,). The lower production rate
of fissile fuel in the ADS relative to the HFFR is due to the

TABLE 3. Estimates of performance of near break-even HFFR with 300-cm radius blanket.

Blanket fuel 0 wt% DU/100 wt% Th 50 wt% DU/50 wt% Th 100 wt% DU/0 wt% Th
Q-value of fusion reactor (Pfysion/Pinput) 1.0 1.0 1.0
Nth 40% 40% 40%
kegmin (est.)? 0.2578 0.2578 0.2578
H-blanket (m) 10.0 10.0 10.0
R-blanket (cm) 300.0 300.0 300.0
Kett/ Kine max® 0.742 0.736 0.725
Kot/ Kine min® 0.712 0.710 0.705
Nominal BU-Ave k;,¢ required, min 0.347 0.350 0.356
Nominal BU-Ave k;,¢ required, max 0.362 0.363 0.366
Nominal BU-Ave k;,r selected 0.350 0.351 0.376
Exit BU selected (MWd/kg) 5.538 6.513 6.513
wt% fissile at BU-exit selected 3.846 3.746 3.202
Pfusion (MW) Nominal 100 100 100
Pfission at Exit BU 251.4 2374 2231
BU-Ave Pfission at Exit BU 163.1 153.8 156.9
BU-Ave Pfission/Pfusion 1.63 1.54 1.57
Ptotal (MWth) 263.1 253.8 256.9
Pgross (MWe) 105.3 101.5 102.8
Pinput (MWe) 100.0 100.0 100.0
Pnet (MWe) 5.3 1.5 2.8
BU-Ave. Ppet/Prusion” 0.05 0.02 0.03
Mass fuel used (kg/day) 29.457 23.617 24.096
HM Mass of bundle (kg) 15.453 15.477 15.501
Bundles used per day 1.906 1.526 1.554
Bundles used per year 695.763 556.963 567.390
Fissile fuel produced/day (kg/day) 1.133 0.885 0.772
Fissile fuel produced/year (kg/y) 413.545 322903 281.651

‘See data in Figure 3.

t'Non-leakage probability for a 300-cm outer radius blanket. See range of values in Figure 23.

‘See range of BU-Ave. values in Figure 28.
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TABLE 4. Estimates of performance of near break-even ADS with 600-cm radius blanket.

Blanket fuel 0 wt% DU/100 wt%Th 50 wt% DU/50 wt% Th 100 wt% DU/0 wt% Th
NAccelerator (Pbeam/Paccelerator) 0.75 0.75 0.75
Vspallation (Neutrons/proton) 20 20 20
Nth 40% 40% 40%
Keg-min® 0.606 0.606 0.606
H-Blanket (m) 10.0 10.0 10.0
R-Blanket (cm) 600.0 600.0 600.0
Kegt/ Kine max® 0.928 0.926 0.923
Kege/ Kine min® 0.909 0.908 0.906
Nominal BU-Ave k;,¢ required, min 0.653 0.654 0.656
Nominal BU-Ave k;,¢ required, max 0.666 0.667 0.668
Nominal BU-Ave k;,¢ selected 0.618 0.624 0.650
Exit BU selected (MWd/kg) 32.838 36.738 44.538
wt% fissile at BU-exit selected 6.858 7.280 7.379
Pbeam (MW) nominal 100 100 100
Pfission at Exit BU 384.8 394.2 389.3
BU-Ave Pfission at Exit BU 235.9 234.4 238.6
BU-Ave Pfission/Pbeam 2.36 2.34 2.39
Ptotal (MWth) 3359 3344 338.6
Pgross (MWe) 134.4 133.8 135.5
Pinput (MWe) 1333 133.3 1333
Pnet (MWe) 1.0 0.4 2.1
Pnet/Pbeam® 0.010 0.004 0.020
Mass fuel used (kg/day) 7.184 6.382 5.358
HM Mass of bundle (kg) 15.453 15.477 15.501
Bundles used per day 0.465 0.412 0.346
Bundles used per year 169.7 150.5 126.2
Fissile fuel produced/day (kg/day) 0.493 0.465 0.395
Fissile fuel produced/year (kg/y) 179.824 169.562 144.319

“See data in Figure 5.

bNon—leakage probability for a 600-cm outer radius blanket. See range of values in Figure 24.

‘See range of BU-Ave. values in Figure 29.

higher exit burnup required in the ADS to achieve positive
net power.

In previous studies of PT-HWRs operating with thorium-
based fuels [14], it was found that the net annual consump-
tion of fissile fuel for a 700-MWe PT-HWR operating with
(***U,Th)0, was approximately 78 kg of fissile uranium per
year. Thus, the HFFR with a 300-cm-radius blanket with
100 wt% ThO, as feed, producing ~413 kg/year of
fissile uranium, could support the operation of at least
5.3 PT-HWRs, whereas the ADS with a 600-cm-radius blan-
ket with 100 wt% ThO,, producing ~180 kg/year of fissile
uranium, could support at least 2.3 PT-HWRs.

To increase the fissile production rate in the HFFR and ADS
systems, a number of options are available. The simplest
option would be to scale up the fusion power or beam
power, and the fission power accordingly. Given that there

are on the order of 400 channels in the 300-cm HFFR blan-
ket, with a nominal blanket channel power of 3000 kW
(3 MW) one might envision operating an HFFR with a total
blanket power of up to 1200 MW (400 x 3 MW), which is
far above the 157-163 MW fission power found in the
break-even system.

Increasing the size of the blanket further for both HFFR and
ADS would be a possibility, although potentially problematic
for a HFFR that requires the space for external magnetic field
coils. The 600-cm-radius radial blanket for the ADS is already
quite large. Alternatively, to increase the neutron multiplica-
tion and power level in the blanket without increasing the
blanket size or increasing the fusion or beam power, a more
heterogeneous blanket concept could be implemented where
an inner power-generating blanket could use 10 wt%/IHM
fuel, whereas an outer blanket with (DU,Th)O, feed fuel
would be used for breeding, discharging at lower burnups,
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perhaps less than 2 MWd/kg. As shown in previous studies
[30], a blanket fuel with 10 wt% ***U/(U+Th) will be in a
near-equilibrium state in a fast spectrum (with k¢ ~ 0.99),
and the fissile concentration could be maintained at that
level indefinitely.

In addition, the fuel discharged from the HFFR/ADS blanket,
which has a fissile content ranging between from 3.2 to
7.4 wt% fissile/IHM, could potentially be used directly in a
thermal-spectrum fission reactor such as a PT-HWR without
any chemical reprocessing or perhaps any mechanical
re-fabrication. Other research groups have proposed similar
ideas for creating a tandem system of HFFRs providing fuel
for direct use in thermal-spectrum reactors [4, 52]. Extra
fissile fuel (**3U, *°Pu, and ***Pu) could be built up in the
(DU,Th)0,; fuel to compensate for the added neutron absorp-
tion that will occur in the stainless steel clad in a thermal-
spectrum reactor such as a PT-HWR.

5. Summary and Conclusions

Computational and analytical studies have been performed to
evaluate the characteristics of fertile nuclear fuel in a fast neu-
tron energy spectrum that could be used in the blanket region
of either a hybrid fusion-fission reactor or an accelerator-
driven system for producing power and breeding fissile fuel,
such as %33U, 239Puy, and 2*'Pu-241. The blanket concept builds
upon technology developed for PT-HWRs and gas-cooled reac-
tors, and involves the use of a repeating lattice (25-cm pitch)
of 37-element fuel bundles made of (DU,Th)O, that are cooled
with high-pressure CO, gas in PTs. This blanket system would
be refueled online, enabling continuous fissile production
while operating at constant blanket power. Irradiated fuel
discharged from the blanket of the HFFR or ADS would
be reprocessed or could potentially be used directly in a
thermal-spectrum fission reactor, such as a PT-HWR.

The HFFR concept would only require a low-performance
DT-fueled fusion reactor with Q = 1.0 for a fast neutron
source, while the ADS concept would require an accelerator
with an efficiency of n,.c = 75%, using a 1000-MeV proton
beam on a lead-based spallation target producing
20 neutrons/proton. The blanket region, which is filled
with 400 to 1760 fuel channels, would have a cylindrical
geometry.

Lattice physics calculations were performed using Serpent,
while 2-D, one-group diffusion analytical model was used
to evaluate the characteristics of the blanket region, driven
either by a fusion or accelerator-based spallation fast neu-
tron source.

Several fuel combinations were evaluated, ranging from
100 wt% ThO, to 100 wt% DUO,. Regardless of the fuel com-
bination, the lattice reactivity and total fissile content as a
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function of burnup were quite similar in a fast spectrum,
with k;,¢ ranging from ~0.47 +0.02 at 5 MWd/kg to ~0.83
+0.02 at 50 MWd/kg, and the fissile content ranging from
~3.3 +£ 0.5 wt% fissile/IHM at 5 MWd/kg to ~7.8 + 0.2 wt%
fissile/IHM at 50 MWd/kg. The use of a fast neutron spec-
trum helps to suppress fission the fissile fuel that is bred.
The content of americium and ***U in the various lattice con-
cepts is less than 0.01 wt%/IHM.

For the HFFR concept with a 300-cm-radius, 400-channel
external blanket with online refuelling to be energy self-
sustaining, the blanket fuel would need to be discharged at
burnup ranging from 5.5 MWd/kg (for pure ThO;) to
6.5 MWd/kg (for pure DUO;). With a 100-MW fusion neu-
tron source, up to 413 kg/year of fission uranium could be
produced. For the ADS concept with a 600-cm radius,
1720-channel external blanket to be energy self-sustaining,
the blanket fuel would need to be discharged at higher
burnups, ranging from 32.8 MWd/kg (for pure ThO;) to
44.5 MWd/kg (for pure DUO;). With a 100-MW accelerator
proton beam power driving a lead-based spallation neutron
source, up to 179 kg/year of fissile uranium could be pro-
duced. The amount of fissile uranium produced for the
HFFR and ADS systems could support the operation of two
to five 700-MWe-class PT-HWRs operating with (***U,Th)
0, fuel.

If a fusion reactor with Q = 1.0 could be developed to fit
within the specified blanket geometry, with a 2-m thick
and 10-m long blanket made of fuel channels in PTs, then
a HFFR operating with ThO, blanket fuel as feed fuel
would be a highly desirable option for breeding fissile
uranium.

6. Future Options

Future studies of fast-spectrum blankets for HFFR and ADS
could involve the use of more rigorous neutron transport
methods such as Serpent [32, 33] and (or) MCNP [53] for
performing 3-D simulations of HFFR/ADS blankets with a
source-driven model representative of fusion or spallation
neutron sources. Modifications to the blanket concept to
increase the reactivity and breeding rate could be evaluated,
such as heterogeneous blankets with dedicated power gener-
ation and breeding regions. To increase the nonleakage prob-
ability of the blanket without increasing the blanket size, the
use of smaller-pitch lattices (such as 18-cm square pitch)
could be considered, which would reduce the migration
length of the lattice. However, such a modification may
require shifting to off-line batch refuelling due to the limited
space available for the numerous piping and connections in
the coolant circuit required for online refueling.
Alternatively, a thermal-spectrum blanket lattice could be
implemented, using a blanket lattice moderated by heavy
water or graphite, which would significantly reduce the
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diffusion coefficient and migration length (to values <20 cm
for heavy-water lattices). However, the tradeoff with
thermal-spectrum lattices is that fission would not be sup-
pressed, and the maximum fissile content that could be
achieved in discharged irradiated ThO, blanket fuel would
be less than 1.4 wt% U-fissile/(U+Th), as observed in pre-
vious studies of heterogeneous seed/blanket PT-HWR cores
[54, 55, 56]. Finally, studies could be carried out to investi-
gate the characteristics of a tandem HFFR/ADS-PT-HWR sys-
tem, where thorium-based fuels are recycled directly
back-and-forth between a fast-spectrum breeder system
(HFFR/ADS) and a fleet of thermal-spectrum power genera-
tion reactors (such as PT-HWRs), without chemical reproc-
essing of the fuel. In such a system, the HFFR/ADS would
be used to rejuvenate the fissile content in the fuel, similar
to what has been proposed in previous studies [4, 52].
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