Effect of Blanket Configuration on Transmutation Performance of
a Fusion-Driven System
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ABSTRACT. A configuration of a fusion-driven transmutation reactor with a low aspect ratio tokamak-type neutron source
was determined in a self-consistent manner by using coupled analysis of tokamak systems and neutron transport. We
investigated the impact of blanket configuration on the characteristics of a fusion-driven transmutation reactor. It was shown
that by merging the TRU burning blanket and tritium breeding blanket, which uses PbLi as the tritium breeding material and as
coolant, effective transmutation is possible. The TRU transmutation capability can be improved with a reduced blanket

thickness, and fast fluence at the first wall can be reduced.
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1. Introduction

A tokamak has been used as a high energy (14 MeV)
neutron source for conceptual studies (Wu et al. 2006,
Stacey 2007, Hong 2014) of a transmutation reactor
that can burn radioactive waste (radwaste) contained in
spent fuel. Depending on the radwaste management
strategy, fission products are separated from spent fuel,
and only transuranic (TRU) actinides (Pu and minor
actinides) can be burned (Song et al. 2010). The
transmutation reactor must burn as much radwaste as
possible by converting some of the TRUs into nuclides
that are stable, have shorter half-lives, or are less
hazardous. The low aspect ratio (LAR) tokamak (Hong
et al. 2011, Najmabadi et al. 2003, Nishitani et al. 2006)
is a viable option for the fusion neutron source because
it allows both a large elongated plasma shape that is
favorable for the transmutation reactor and a high
plasma beta, which enables a high-performance
compact reactor. In the LAR tokamak, it was shown
(Hong et al. 2011) that the tritium self-sufficiency can
be satisfied with the outboard tritium breeding blanket
only.

Both plasma physics and engineering constraints for
each component of the reactor must be considered to
determine optimal dimensions of the transmutation
reactor. Furthermore, these constraints must be
simultaneously satisfied by the reactor components. For
a given fusion power a large toroidal magnetic field at
the plasma center (Br) allows a smaller major radius
and thus a smaller reactor size. To increase Br, the
distance between the toroidal field (TF) coil and the
plasma must be reduced, while enough shielding for the
superconducting TF coil shield is also required. Thus to
determine the reactor parameters and the dimensions
of the reactor components of the fusion-driven
transmutation reactor in a self-consistent manner, a
systems analysis coupled with neutron transport

calculations (Hong et al. 2008, Hong and Oh 2015) has
to be performed.

In the transmutation reactor with the LAR tokamak-
type based neutron source, the TRU can only be loaded
in the outboard blanket. Inboard radial dimensions of
the reactor components are obtained from plasma
physics, tokamak engineering, and neutron shielding
constraints, while the outboard radial dimensions of the
reactor components are determined by considering the
constraints related to neutron multiplication, the
tritium-breeding ratio, neutron damage, power density,
and neutron flux. In this study, we compared the
characteristics of a fusion-driven transmutation reactor for
arrangements in which the TRU burning blanket and
tritium breeding blanket are separate or merged.

Model of the transmutation reactor is explained in
Sec. 2. The analysis method and optimal size of the
transmutation reactor with the LAR tokamak-type
neutron source is shown in Sec. 3. We show the impact
of the blanket configurion and in Sec. 4.

2. Model of the Fusion-Driven Transmutation
Reactor

One-dimensional  cylindrical model of the
transmutation reactor is shown in Fig. 1 with the
material and composition of the reactor components
shown in Table 1. Water was selected as the coolant for
most of reactor components except for the blankets in
which He or PbLi were used. We assumed that the
plasma current is ramped up and maintained by a
current drive system, and thus there is no central
solenoid coil. We also considered a transmutation
reactor with a LAR tokamak-type based neutron source
and only the outboard blanket.

The superconducting magnet and vacuum vessel
designs employed International Thermonuclear
Experimental Reactor (ITER) technology (Mitchell et al.
2012, Holtkamp 2009). The TF coil was made of an



NbsSn superconductor. The toroidal magnetic field, the
current density at that field, and neutron damage to the
superconductor determine the radial dimension of the
TF coil. The vacuum vessel was made of a borated
stainless steel. The first wall was made of ferritic-
martensitic stainless steel (FMS). Depending on the
accumulated fast neutron fluence from both fusion and
fission, the first wall has to be replaced during the
lifetime of the reactor. The fast neutron fluence limit of
the FMS was set to be 3.0x10%7 n-m~2.

Tabel 1 Material and composition of transmutation reactor components.

Materials (Volume%)

Component

Toroidal field coil SUS316, L. He, NbsSn, Cu, Epoxy
Vacuum vessel Borated steel (60), H20 (40)
Shield WC (80), H20 (20)

FMS (60), H20 (40)

Scrape-off layer -

Plasma D, T

Scrape-off layer -

FMS (60), H20 (40)

First wall

First wall
[Casel]
TRU burning blanket
Breeding blanket
[Case 2]
TRU burning blanket
High temp. shield

TRU (5), He (75), FMS (15), SiC (5)
He (7), PbLi (90), FMS (3)

TRU (5), PbLi (75), FMS (15), SiC (5)
WC (60), H20 (40)

WC (80), H20 (20)

Borated steel (60), H20 (40)

NbsSn, Cu, Epoxy, SUS316, L. He

Low temp. shield
Vacuum vessel
Toroidal field coil

The shield should sufficiently protect the
superconducting toroidal field (TF) coil from damage
induced by both fusion and fission neutrons. The shield
was made from WC, and its thickness was determined
by the shielding requirement for the protection of the
TF coil from the neutron damage. The constraints used
in this study were fast neutron fluence to the
superconductor less than 1023 n'm2 for Nb3Sn, a dose to
the insulators less than 10° rad for organic insulators,
and a displacement damage to the Cu stabilizer less
than 5x10-4 dpa. The design lifetime and availability of
the transmutation reactor were set to be 40 years and
75%, respectively.

Space for the blankets should be sufficient to
maximize the transmutation and tritium breeding
capability, and to keep the power density less than 100
MW-m-3. The TRU from spent fuel of the 1 GWe Korea
Standard Nuclear Power plant (KSNP) whose nuclide
composition is given in Ref. (Hong 2014) was loaded for
transmutation in the TRU burning blanket. SUS316LN
coated with SiC was used as a structural material of the
blanket, and He was used as its coolant. PbLi was used
as the tritium breeding material and coolant. Natural Li
can be used, since there are enough thermal neutrons
produced from fission of TRU to ensure tritium self-
sufficiency. We considered two blanket models. In Case
1, the TRU burning blanket and tritium breeding

blanket were separate, as shown in Fig. 1(a), and in
Case 2, the TRU burning blanket and the tritium
breeding blanket were merged, as shown in Fig. 1(b).
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Fig. 1 One-dimensional cylindrical model of the transmutation
reactor: (a) Case 1 and (b) Case 2.

3. Optimal Size of a Transmutation Reactor with a
LAR Tokamak-type Neutron Source

The LAR tokamak allows elongated, high beta
plasma, which improves the magnetohydrodynamic
(MHD) stability and confinement characteristics. In this
study, we used expressions of plasma performance such
as the plasma density limit, beta limit, and plasma
current limit, which is imposed by a limitation on the
edge safety factor q, the maximum elongation, and the
maximum By, which were derived in Refs. (Menard et al.
2003, Wong et al. 2002, Lin-Liu and Stambaugh 2002).

A tokamak systems analysis coupled with a neutron
transport calculation (Hong 2014, Hong and Oh 2015)
was utilized for self-consistent determination of the
dimensions of the reactor components. In Table 2, we
show the set of variables and constraints which were
selected in the coupled systems analysis. The first four
constraints, beta limit, density limit, power balance, and
required fusion power, determine electron density,
electron temperature, auxiliary heating power, and the
major radius. The inboard radial dimension of the
reactor components was determined from plasma
physics, tokamak engineering constraints, and neutron
shielding requirements. With the desired fusion power
given, the constraints on the TF coil such as the neutron
shielding, the TF coil critical current density, the TF coil
case stress, the Ampere’s law, and the radial build
constraint determine the shield thickness, the TF coil
thickness, the TF coil current density, and the TF coil
case thickness.

The radial dimensions and the reactor parameters
for the maximum fusion power = 100 MW and two
cases of the aspect ratio (A) were found with the



blanket model of Case 1 as shown in Table 3. To
produce a given fusion power, an edge safety factor,
Qedge, @ normalized plasma beta, By, a confinement
enhancement factor, H, and a plasma density, n were
determined to allow the maximum performance, i.e.,
(edge = (edgemin, BN = BN,maX, H=1.2 and n=ng, where ng is
Greenwald density limit. The shield thickness was
mainly determined by the neutron dose limit of the TF
coil insulator and it increases when the aspect ratio or
the fusion power increases because of the large neutron
wall loading. With TRUs loaded in the TRU burning
blanket, the inboard shield thickness increases as
compared with the case without loaded TRUs since
neutrons from the fission of TRUs affect the shielding. A
smaller shield thickness (and thus a smaller major
radius) was obtained for Case 2 due to the smaller effect
from fission neutrons, which will be discussed further
in Sec. 4.

Tabel 2 Set of variables and constraints selected in the systems
analysis.

Constraint Variable

[Plasma physics]

@ Beta limit, BN < BN,ma&

(@ Density limit, Ne < NGreenwatd

@ Electron density, n.

@ Electron temperature, T

(3 Power balance equation, @ Auxiliary heating power,

Peon + Prag = Py + Paux Puux
@ Fusion power, @ Major radius, R,

Pusion = fusion power

[Engineering]

® Shielding requirements for TF coil () Shield thickness, AsuLp

fast neutron fluence in
superconductor < 10% n'm?

displacement damage in Cu
stabilizer < 5 x 10* dpa

dose to the insulators < 107 rad

® Ampere’s law,
Bmax x RTFC: BT X Ro

® TF coil thickness, Atrc

@ TF coil current density constraint, @ TF coil current density,
Jrp < 2.8 x 108 A-m™ Jrrc

TF coil case stress constraint, TF coil case thickness,

6 <550 MPa AtFcase
(©® Radial build (@ Bore radius of TF coil,
Rbore

Table 3 Radial dimension and reactor parameters of the
transmutation reactor.

Reactor parameters A=15 A=20
A m) 0.28 0.39
A, (m) 0.15 0.15
s M) 0.40 053
Minor radius, a (m) 1.89 1.20
Major radius, R (m) 2.84 2.39

Elongation, 3.2 2.76

Magnetic field, Br (T) 0.94 1.88
Qedge 2.6 2.8
Bn 8.3 7.1
Auxiliary heating (MW) 105 108

4., Effect of the Blanket Model on the Transmutation
Characteristics

The outboard radial dimension of the reactor
components was determined to satisfy the constraints:
maximum neutron multiplication, ke less than 0.95 (for
sub-criticality); maximum power density less than 100
MW-m-3; and tritium breeding ratio (TBR) > 1.35 (in the
one-dimensional calculation with a blanket coverage
factor of 80% assumed). The one-dimensional neutron
transport code, BISON-C (ORNL 1998), with a JENDL-3
(Nakagawa et al. 1995) based 42 neutron group cross-
section library on was used to calculate the neutron flux
and the nuclide density. The transmutation reactor
burns the TRU and produces power due to the fission
reaction of the TRU. For a large, constant power, Ke
should be kept large and constant during the TRU burn-
up period or the fusion power must be increased to
compensate for consumption of neutrons, since the
produced power is proportional to Prusion'Kefr/ (1-Kefr).

An equilibrium fuel cycle that transmutes TRUs in
five burn cycles was developed to effectively transmute
nuclear waste (Hong 2014). At the given maximum
fusion power, a five-batch equilibrium fuel cycle limits
the total power and transmutation capability. In
addition, the fast wall must be replaced before the fast
neutron fluence during five cycle residence times
reaches the fast neutron fluence limit of the FMS.

In Table 4, we compare the transmutation
characteristics for the two blanket models with the
transmutation reactor operating at full capacity and
with the burn cycle of 300 days. The reactor height was
assumed to be k-a, where k is the plasma elongation and
a is the minor radius. The transmutation rate, which is
defined as the total mass reduction of the TRU per year,
was larger for smaller aspect ratios. Also, the
transmutation rate for Case 2 was larger than for Case 1.
The fast neutron fluence over the five cycle residence
times was larger, and the lifetime of the first wall was
shorter with larger aspect ratio A. The radial
thicknesses of the TRU burning blanket for Case 2 was
smaller than the total radial thickness of the TRU
burning blanket plus the tritium-breeding blanket for
Case 1. The TBR for Case 2 was larger than for Case 1.

Table 4 Transmutation characteristics for the five-batch equilibrium
fuel cycle.

Asp?ct Case 1 Case 2
ratio

15 Trans. rate (kg/y) 848 1,044

' Total power (MW) 3,000 3,630




Fast fluence @FW (1027 n'm%) 0.6 0.3
Lifetime of FW (y) 27.4 54.8
A1 (m) 0.2 0.19
AgLz2 (m) 0.2 n/a
Trans. rate (kg/y) 573 762
Total power (MW) 2,040 2,669
2.0 Fast ﬂu.enc.e @FW (1027 n'm?) 0.9 0.5
Lifetime of FW (y) 183 32.9
Ast1 (m) 0.26 0.33
Agr2(m) 0.2 n/a

5. Conclusion

The optimum radial dimension of the transmutation
reactor with a LAR tokamak-type neutron source was
determined through the coupled analysis of the
tokamak systems and neutron transport. The radial
build of the reactor components was self-consistently
determined by simultaneously satisfying the constraints
related to plasma physics performance, tokamak
engineering, and neutronic performance.

By merging the TRU burning blanket and tritium
breeding blanket, which uses PbLi as the tritium
breeding material and coolant, the variation of kefr was
small due to a favorable neutron spectrum and the total
power increases. The TRU transmutation capability can
be improved with a reduced blanket thickness, and fast
fluence at the first wall can be reduced.
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