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A design is presented for a subcritical, He-cooled
fast reactor, driven by a tokamak D-T fusion neutron
source, for the transmutation of spent nuclear fuel (SNF).
The reactor is fueled with coated transuranic (TRU) par-
ticles and is intended for the deep-burn (.90%) trans-
mutation of the TRUs in SNF without reprocessing of the
coated fuel particles. The reactor design is based on the
materials, fuel, and separations technologies under near-
term development in the U.S. Department of Energy (DOE)
Nuclear Energy Program and on the plasma physics and
fusion technologies under near-term development in the
DOE Fusion Energy Sciences Program, with the objec-
tive of intermediate-term (;2040) deployment. The phys-
ical and performance characteristics and research and
development requirements of such a reactor are described.

I. INTRODUCTION

Advanced reactor concepts that can achieve more
efficient electricity production, passive safety, and ad-
vanced fuel cycles that better utilize fuel resources
and reduce high-level radioactive waste repository re-
quirements are being studied intensively in the U.S.
Generation-IV Nuclear Energy System Initiative1 ~GEN
IV ! and Advanced Fuel Cycle Initiative2 and in related
international activities. In parallel, a research and devel-

opment~R&D! program is being initiated to further the
development of coated fuel particle technology that will
enable the achievement of extremely high burnup with-
out fission product~FP! gas release.3

Our purpose is to contribute to these ongoing studies
by investigating the utilization of the coated fuel particle
technology to achieve deep~.90%! burnup of the fis-
sionable transuranic~TRU! content in the spent nuclear
fuel ~SNF! from commercial light water reactors~LWRs!,
with minimal or no reprocessing of the coated TRU fuel
particle after initial fabrication from LWR SNF. This
investigation includes~a! the recovery of TRU from LWR
SNF utilizing extensions of proven aqueous separation
processes;~b! the design of coated TRU fuel particles
and associated fuel elements that are compatible with the
fast reactor environment in which they will be used;
~c! the preliminary conceptual design of an annular, sub-
critical, fast He-cooled reactor that will maximize the
achievement of deep burnup of the TRU;~d! the prelim-
inary conceptual design of a fusion neutron source to
drive the subcritical reactor;~e! the analysis of the nu-
clear fuel cycle to evaluate the transmutation perfor-
mance consistent with radiation damage limits; and
~f ! safety and electrical performance evaluations.

The design process was driven by the objectives
of ~a! achieving deep TRU burnup with minimal or
no reprocessing of the coated TRU fuel particles and
~b! using the physics and technology design databases
that either exist or are being developed in ongoing R&D
programs. A subcritical reactor was chosen to achieve a
larger reactivity margin to prompt-critical and to allow
the reactivity decrease with burnup to be partially com-
pensated by increasing the neutron source strength, both
of which should contribute to the achievement of deep*E-mail: weston.stacey@nre.gatech.edu
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burnup. A fast spectrum reactor was chosen because all
of the TRUs have a larger fission-to-capture ratio in a fast
spectrum than in a thermal spectrum. A He-cooled reac-
tor was chosen because the United States~Argonne Na-
tional Laboratory! and France~Commissariat à l’Energie
Atomique! are collaborating on the design of a critical
He-cooled fast reactor under the GEN-IV program4 and
we make use of certain concepts and technologies that
are being developed. However, the high thermal-electrical
conversion efficiencies possible with He were not real-
ized in order to avoid the problems associated with the
high materials temperatures that would be required. A
fusion neutron source was chosen rather than the more
extensively investigated accelerator neutron source be-
cause it can be designed on the basis of the existing
physics and technology databases and because we have
the additional objective to evaluate a fusion neutron source
for this application. An aqueous fuel-processing system
was chosen because of the greater practical experience
with it than with other systems.

II. DESIGN CONFIGURATION

A design concept has been developed for a subcriti-
cal, fast, He-cooled transmutation reactor fueled with
TRUs from LWR SNF. This reactor concept is designated
the Gas Cooled Fast Transmutation Reactor~GCFTR!.

The reactor and associated tokamak fusion neutron source
configuration are depicted schematically in Fig. 1. The
reactor is annular, with a 5.25-m inner radius, 1-m core
thickness, and 3-m height. The annular tokamak plasma
neutron source~2.08-m plasma chamber width and 3.5-m
height! is located just inside of the annular core, sepa-
rated by a 2.5-cm-thick first wall attached to the core
structure. The core-plasma region is surrounded by a 15-
cm-thick reflector, then by a 61-cm-thick shield, and then
by a 6-cm vacuum vessel. A set of 16 “D-shaped” toroi-
dal field ~TF! magnets are outside the shield, forming a
continuous ring 93 cm thick that abuts the shield on the
inboard side, as shown, but separated from the shield by
a large gap on the top, bottom, and outboard sides where
there are also gaps between the discrete coils~gaps and
separation not represented in Fig. 1!. The inner legs of
the TF coils~TFCs! abut a central solenoid~CS! magnet
of 70-cm radial thickness, the empty bore of which forms
the central magnetic flux core of 66-cm radius.

III. OVERVIEW AND SUMMARY

The design parameters were developed for two coated
particle fuel options: the tri-material isotropic~TRISO!
coated fuel particle with a TRU kernel surrounded by
SiC, C, and ZrC layers embedded in a SiC matrix and the

Fig. 1. Schematic and dimensions of the GCFTR.
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bi-material isotropic~BISO! coated fuel particle with
ZrC and C layers embedded in a Zircaloy matrix. Major
parameters of the GCFTR are given in Table I.

III.A. Fuel

Two coated fuel particle concepts were investigated.
The dimensions and composition were determined from
a trade-off among reactivity, heat removal, and lifetime
against FP gas buildup. Design concepts were developed
for a TRISO particle and for a BISO particle. The TRISO
particle has a TRU kernel~300-mm diameter! surrounded
by a 50% porous buffer layer~100mm! of ZrC to allow
for FP recoil and to accommodate FP gas buildup, fol-
lowed by a structural layer~20 mm! of pyrolytic carbon
that prevents chlorine attack of the kernel during the

coating process and contains the FPs, followed by a struc-
tural layer~25 mm! of SiC that shrinks under irradiation
to provide an inward pressure to counteract the FP gas
pressure buildup, followed by an outer pyrolytic carbon
layer~35 mm! to prevent interaction of the SiC with any
metallic cladding material. The BISO particle has a sim-
ilar kernel and buffer layer followed by a~25-mm! pyro-
lytic carbon structural layer and then by a~35-mm! ZrC
structural outer layer.

It is an objective to achieve very high burnup before
loss of integrity of the coated fuel particle or degradation
of FP gas containment becomes unacceptable. The TRISO
and BISO particles are predicted, based on ORIGEN
calculations5 of FP gas buildup, to reach 155 MPa at 90%
FIMA and 180 MPa at 99% FIMA for the maximum
predicted fuel centerline temperature of 5608C. For the

TABLE I

Major Parameters of the GCFTR

Parameter Value

Reactor
Dimensions~annular! Rin 5 5.25 m,Rout 5 6.37 m, height5 3.0 m
Fuel0He0structure~vol%! TRISO 60030010; BISO 65025010
TRU coated particle diameter TRISO0660mm; BISO0620mm
TRU-oxide fuel coated particle0matrix0enrichment TRISO0SiC070%; BISO0Zircaloy060%
TRU fuel mass TRISO036 tonnes; BISO047 tonnes
Maximumkeff 0.95
MaximumTfuel 5608C
He coolantTHe, pumping power Tin 5 2808C, Tout 5 4808C, Ppump5 0.15 MW
Clad0structural materials Zircaloy-40HT-9
Fission power 3000 MW~thermal!

Reflector
Materials 70% HT-9, 30% He
Thickness 15 cm

Shield
Materials 40% W, 40% B4C, 20% He
Thickness 61 cm

Plasma
Major and minor radii, elongation Ro 5 4.15 m,a 5 1.04 m,k 5 1.75
Plasma current 7.15 MA
Fusion power0neutron source rate 50 MW01.83 1019 s21 to 200 MW07.13 1019 s21

Fusion gain~Qp 5 Pfus0Pplasma heating! 180 MW~thermal!062.5 MW~thermal! 5 2.9

Superconducting magnets
Conductor Nb3Sn cable-in-conduit
Field CS, TFC, on center of plasma 12.4 T, 11.8 T, 6.3 T

Divertor
Materials W tiles on Cu bond to CuCrZr, He cooled
Heat flux #2.0 MW0m2

First Wall
Materials Be coated on HT-9, He cooled
Neutron wall load~14 MeV! #0.85 MW0m2

Heat flux #0.23 MW0m2
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particles described above, with an oxygen “getter”~ZrC!
in the buffer region, a void region of only 1.8 times the
kernel volume was used in order to increase reactivity.
The operational pressure limit due to the compressive
yield strength of SiC for the TRISO particle is 345 MPa,
and the similar limit for the BISO particle is 352 MPa.
These limits correspond to fuel centerline temperature
limits of 1700 and 15208C at 90 and 99% FIMA, respec-
tively, for the BISO particle and to fuel centerline tem-
perature limits of 1690 and 15108C at 90 and 99% FIMA,
respectively, for the TRISO particle. The tensile strength
of the pyrolytic carbon layer is less than the limit of
200 MPa.

There are some data on irradiation of TRISO and
BISO particles.6 Examination of the particles irradiated
in the Peach Bottom reactor at temperatures of 1200 to
1400 K to a fast~.0.18-MeV! neutron fluence of 1.33
1025 n0m2 found a failure rate of 1.431026. More recent
results from coated particle fuel development programs
in the United States and Germany have achieved burnups
as large as 80% FIMA and fast neutron fluences as large
as 1.23 1026 n0m2 at irradiation temperatures of 800 to
13508C. End-of-cycle~EOC! release-to-production-rate
ratios of the FP85mKr varied from O~1024! to O~1026!
for the higher FIMA U.S. experiments but were O~1027!
to O~1029! for the O~10% FIMA! German experiments.
By comparison, it is our objective to irradiate the TRU
coated particle fuel in the GCFTR to 90 to 99% FIMA,
corresponding to fast neutron fluences of;5 3 1027 to
13 1028 n0m2.

A number of fuel element configurations~pebbles,
plates, pins, canisters, compacts! were considered for
combining the coated particles and a matrix material~SiC
with the TRISO particles, Zircaloy with the BISO parti-
cles!. For the purpose of thermal and neutronics analy-
ses, we selected a fuel pin clad with Zircaloy containing
a uniform mixture of the coated fuel particles in the ma-
trix material.

III.B. Reactor Core

An annular core geometry was chosen for compati-
bility with the geometry of the fusion neutron source, the
parameters of which determined an inner radiusRcore

in 5
5.25 m and a height of 3 m. A core thickness of 1 m was
chosen on the basis of neutronics analysis, as described
below, resulting in an outer core radius ofRcore

out 5 6.37 m,
including structural walls of 6 cm on each side. This core
is surrounded on the upper, lower, and outboard sides
first by a reflector~HT-9, He! and then by a shield~W,
B4C, He!. On the inboard side of the reactor is the plasma
chamber~neutron source! followed by a reflector and
shield.

The thermal analysis was performed for Zircaloy-
clad pins in which the BISO fuel particles were uni-
formly homogenized in the Zircaloy matrix material. A
configuration with fuel pins 0.60 cm in radius with a gap

of 0.005 cm and a 0.057-cm-thick cladding was chosen
for the analysis.At 3000 MW~thermal! total reactor power
uniformly distributed in the fuel pins, the average volu-
metric heat source isq'''5 42.2 MW0m3, which was used
in the thermal analysis. With a He mass flow rate of 2870
kg0s, the He coolant entered at 2808C and exited at 4818C,
the maximum clad temperature was 5138C ~well below
the 18458C melting point for Zircaloy!, the maximum
homogenized fuel centerline temperature was 5608C, and
the He pumping power was 0.15 MW. A heat transport
analysis of an individual coated fuel particle with a local
heterogeneous heat deposition rate ofq'''563.1 MW0m3

and using the temperature from the homogenized calcu-
lation as a boundary condition on the fuel particle pre-
dicted only a 0.58C increase in the kernel above the
homogenized value, so that the maximum centerline tem-
perature in the particle was 5618C ~well below the
200018C melting point for TRU oxides!. Based on this
thermal analysis, it was concluded that a He coolant vol-
ume percent$25% would be adequate for heat removal
under normal operating conditions.

Both oxide-dispersion-strengthened~ODS! ~melting
point 6508C! and ferritic~melting point 5508C! steel were
considered for the structural material. A ferritic steel typ-
ified by HT-9 was chosen because of the better existing
database. Both steels and Zircaloy~melting point 18458C!
were considered for the cladding material, and the Zir-
caloy was chosen because of its much higher melting
point in comparison with HT-9 steel. The radiation dam-
age limit of HT-9 steel is 80 to 150 dpa~Ref. 7!, corre-
sponding to a fast neutron fluence of 1.53 1023 to 3 3
1023 n0cm2. The radiation damage limit of Zircaloy is
known to be at least 20 dpa, corresponding to a fast
neutron fluence of 13 1022 n0cm2, but it may be much
longer because of annealing. Using the GCFTR value of
the fast~.0.1-MeV! neutron flux of 23 1014 n0cm2s,
these fluences correspond to a lifetime of 23 to 48 effec-
tive full-power years~EFPY! for the HT-9 structure and
at least 3.2 EFPY for the Zircaloy cladding. With a 30-
EFPY lifetime of the GCFTR~40 yr at 75% availability!,
the HT-9 structural material might need to be replaced
once. The lifetime of the Zircaloy cladding~and matrix
material! will affect the determination of a consistent
fuel cycle and fuel residence time.

The GCFTR must produce the tritium consumed by
the fusion neutron source. We envision placing LiO2 pins
in the reflector region surrounding the core and plasma
for this purpose.

III.C. Reflector and Shield

As mentioned above, the reactor is surrounded first
with a ~70%HT-9, 30%He! reflector to return escaping
neutrons and then with a~40%W, 40%B4C, 20%He! shield
to protect the superconducting magnets. In addition to
the reflector and shield, a first wall modeled as 2.5 cm of
~40%HT-9, 40%He, 20%Be! and a~HT-9! vacuum vessel
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located between the reflector and shield and modeled as
6 cm of HT-9 were included in the shielding calculation.
The limiting components of the toroidal magnets are the
insulator, which has a 109-rad limit for glass-epoxy in-
sulator, and the Nb3Sn superconductor, which has a fast
neutron fluence limit of 1019 n0m2 ~Ref. 8!. Monte Carlo
calculations9 of the detailed reactor, plasma chamber first
wall, reflector, vacuum vessel, shield, and magnet geom-
etry indicated that a 15-cm reflector plus a 61-cm shield
would result in a cumulative insulator radiation dose and
superconductor fast neutron fluence after 40 yr of oper-
ation at 75% availability that would satisfy these limits.
The total nuclear heating rate in the toroidal magnets was
calculated to be 139 kW, removal of which would require
1.94 MW of cooling power.

III.D. Fusion Neutron Source

The plasma parameters of the tokamak fusion neu-
tron source were based on a normalizedbN 5 2.0% and
a confinement multiplierH 51.0 relative to IPB98~ y,2!
energy confinement scaling.10 With an aspect ratio of 4,
a design point that satisfies the radial build constraints on
flux core radius, magnet thicknesses, and reflector plus
shield thickness has a major radius of 4.15 m. The cor-
responding plasma current and energy amplification fac-
tor are 7.15 MAandQp52.9, respectively. This reference
operating point withbN 5 2.0% provides a fusion neu-
tron source rate of 6.43 1019 n0s at 180-MW fusion
power. Lower neutron source rates down to 1.83 1019

n0s at 50 MW may result from operating at lower values
of bN, and higher neutron source rates up to 7.13 1019

n0s at 200 MW may be obtained by operating at higher
values up tobN 5 2.5%. With a bootstrap current frac-
tion of 0.35, a current drive efficiencygCD ' 0.5@1020

m22 amps0watt ~A 0W!# is required for steady-state op-
eration at the reference operating point~values up to 0.45
have been achieved to date!.

The International Thermonuclear Experimental Re-
actor~ITER! superconducting magnet system design11–13

was adapted for the GCFTR. The CS has a flux core
radius rfc 5 0.66 m and a radial thickness ofDOH 5
0.70 m. The conductor design is of the cable-in-conduit
type with Nb3Sn operating at a maximum field of 12.4 T
to provide 86.3 start-up volt-seconds. The TFC system
consists of 16 coils with a cable-in-conduit Nb3Sn con-
ductor operating at 11.8 T to provide a TF on axis in the
plasma of 6.3 T. The radial thickness of the TFC is con-
servatively chosen as 0.93 m, although a smaller thick-
ness seems feasible.

The ITER divertor and first-wall designs14 were also
adapted for the GCFTR. The surface of the vertical tar-
gets and dome consists of tungsten tiles backed with a
layer of copper that is bonded to a CuCrZr alloy matrix.
The ITER divertor design was modified to accommodate
He coolant~instead of H2O! by encasing the void space
behind the vertical targets and dome to form a coolant

manifold and by adding cooling fins on the non-plasma-
facing surfaces. The divertor targets will need to be re-
placed several times during the GCFTR lifetime because
of erosion.

The first wall consists of 2-cm-thick HT-9 plates
coated on the plasma-facing side with 0.5 cm of Be.
Circular coolant channels 1 cm in diameter are located in
the HT-9 at the Be-HT9 interface. The first wall is com-
bined with the surface of the contiguous reflectors or
reactor core. Over the 40-yr design lifetime of the GCFTR
operated at 180 MW fusion power and 75% availability,
the HT-9 first wall would accumulate 7.4531023 n0cm2

fast neutron fluence. With a radiation damage fast flu-
ence limit of 1.53 1023 to 3.03 1023 n0cm2 for HT-9,
two to five first-wall replacements would be required
over the GCFTR lifetime.

III.E. Fuel Processing and Fabrication System

Systems for separating the TRU in LWR SNF and for
fabricating it into coated particle fuel have been identi-
fied. The uranium~99.995%! is first removed from the
SNF using a uranium extraction~UREX! process. The
remaining 0.005% of the uranium, the TRU, and the FPs
are then treated with a TRU extraction~TRUEX! process
and a TRU0lanthanide separation step to remove virtu-
ally all of the FPs~Refs. 15 and 16!, which are sent to a
high-level-waste repository. The TRU emerging from the
TRUEX process~including 0.005% of the uranium and
virtually all of the TRUs! is then fabricated into coated
TRU fuel particles. The heavy metal composition of the
“TRU” emerging from this process is~U-0.43%, Np-
4.32%, Pu-84.91%, Am-10.21%, Cm-0.13%!.

The fabrication process starts with evaporation of
the TRU stream, which is then passed through a calciner
to form a mixture of actinide oxides. Finally, a ZrC buffer
layer and the pyrolytic carbon and ZrC~BISO! or pyro-
lytic carbon and SiC~TRISO! layers are coated onto the
particles. Less than 0.1% TRU loss is assumed during the
fabrication process.

Although an objective of this study is to investigate
obtaining sufficiently high~.90% FIMA! TRU burnup
without the necessity of reprocessing the coated fuel par-
ticles to extract and recycle the TRU, we have identified
the reprocessing system that could be used if it is neces-
sary to reprocess the burned coated TRU fuel particles.
The same processes discussed above, plus an aqueous
process for separating the fuel matrix materials from the
coated particles, would be employed.

III.F. Fuel Cycle

An emphasis in this investigation is achieving suffi-
ciently high~.90% FIMA! TRU burnup that the coated
fuel particles can be burned and then removed from the
reactor and directly deposited in a waste repository without
the necessity of reprocessing. To this end, we examined
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a multibatch fuel cycle in which the reactivity decrease
@from k 5 0.95 at beginning of cycle~BOC!# associated
with fuel burnup was partially offset by an increase in
neutron source strength over the burn cycle. We estimate
that control rod withdrawal could provideDk # 0.05 but
did not take this into account in the calculations.

Equilibrium fuel cycle calculations were performed
with the REBUS fuel cycle code17 using a two-
dimensional~2-D!, 33-group,S8 neutron flux calcula-
tion. For the reference five-batch, 600-day burn cycle,
8.2-yr fuel cycle, the BOC TRU loading was 36 tonnes
for the TRISO fuel and 47 tonnes for the BISO fuel. For
both fuels, the BOCkeff 5 0.95 and neutron source
Pfusion'40 MW, and the EOCkeff '0.81~0.87 for BISO!
and neutron sourcePfusion'170 MW~107 MW for BISO!.
About 23% of the BOC TRU loading is fissioned in an
8.2-yr fuel cycle. The fuel would have to be resident in
the core for about ten such fuel cycles to achieve 90%
TRU burnup.

The GCFTR core is designed to operate at a nominal
fission power level of 3000 MW~thermal!, which corre-
sponds to the fission of 1.1 tonnes0full-power year~FPY!
of TRU. A typical 1000-MW~electric! LWR produces
0.36 tonnes0FPY of TRU. Hence, one GCFTR would be
able to “support”~burn the TRU discharged from! three
1000-MW~electric! LWRs.

III.G. Depressurization Analysis

The fuel temperature rise following a depressuriza-
tion loss-of-coolant accident~LOCA! was calculated. The
decay heat following shutdown after 1 yr of operation
was calculated with the ORIGEN code.5 This heat source
was used in a fuel pin temperature calculation with only
a radiation cooling term~no convective or conductive
cooling! and with the assumption that a fraction of the
radiated power was reabsorbed in surrounding fuel pins.
The fuel pin temperature increased up to an almost-
saturated value of 18638C at 48 h, for 50% reabsorption
of the radiated energy, and 19428C for 75% reabsorption
of radiated energy. By comparison, the lowest TRU-
oxide melting temperature is 20858C ~for Pu2O3!, and
the Zircaloy clad and matrix melting temperature is
18458C. Thus, it appears that with some refinements to
the design, the GCFTR could be passively safe with re-
spect to the depressurization LOCA.

III.H. Electrical Performance Analysis

Using a Brayton cycle with 32% thermal-to-electrical
energy conversion efficiency to convert the 3000-MW
thermal power, the gross electric power production of a
GCFTR would be 1024 MW~electric!. The electrical
power requirements for the operation of the GCFTR are
305 MW~electric!, leading to an electric power amplifi-
cation factor ofQe 5 102403055 3.4 and a net electric
power production of 719 MW~electric!. The perfor-
mance parameters are summarized in Table II.

IV. FUEL DESIGN

IV.A. TRISO/BISO Fuel Particles

The TRISO0BISO coated fuel particle provides mi-
croscopic containment for the fuel and its FPs. Relative
to traditional fuel used in fission reactors, it has the ad-
vantage of an additional level of FP containment, which
may allow attainment of high fuel burnup and then burial
without further reprocessing. We have examined the two
coated fuel particles shown in Fig. 2.

The center region of the particle is referred to as the
kernel and consists of the fissionable fuel, in our case
TRUs. Immediately outside the fuel region is the buffer
region, which is usually porous~50%! to allow for dif-
fusion of fission gases and recoil of FPs. It can have an
oxygen getter for decreasing free oxygen when the fuel is
transmuted. This region is designed with greater than a
1-to-1 atom ratio of the Zr atom to each oxygen atom,
which precludes CO buildup since ZrC has a higher ox-
ygen potential in the temperature range~1400 to 1600 K!
~Ref. 18!. This region also should have 3.5 times as much
volume as the fuel kernel to allow for recoil of fission
by-products as neutrons interact with the fuel region. The
next region is the inner pyrolytic carbon layer~IPyC!.
This region is primarily used to protect the fuel kernel
from chlorine attack during the coating process but also
provides structural support and acts as a first level of
containment for the fuel. The next region consists of the
third material, either ZrC or SiC in this study, which
provides structural support and under irradiation will
shrink to provide an inward pressure to counteract the
outward pressure from the buffer and fuel regions. For
the TRISO particle, there is an additional outer pyrolytic
carbon layer~OPyC! primarily to prevent the SiC layer
from interacting with cladding materials.

In thermal reactors, TRISO particles are usually em-
bedded within a carbon matrix and burned in a thermal
spectrum. The GCFTR may require a metal matrix to
achieve a faster neutron spectrum, which in turn would
necessitate an outer layer compatible with a metal matrix

TABLE II

Performance Parameters of GCFTR

Parameter Value

TRU burnup .90% FIMA
TRU transmutation rate 1100 kg0FPY
SNF transmutation rate 99.3 tonne U0FPY
LWR support ratio 3 GW~electric!
Fission thermal power 3000 MW~thermal!
Gross electrical power 1024 MW~electric!
Net electric power 719 MW~electric!
Electrical power amplification,Qe 3.4
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such as Zircaloy. For compatibility with such a matrix,
the BISO outer layer was chosen to be ZrC.

If the current inventory of SNF from LWRs is pro-
cessed using TRUEX and UREX, 99.995% of uranium
and 100% of the lesser actinides are removed. The rep-
resentative TRU composition19 used in this paper is sum-
marized in Table III. Because of the relatively low melting
points of the elements in Table III, they would be formed
into oxides with the melting temperatures given in
Table III.

Use of carbides and nitrides20 is also a possibility.
The processing of TRU carbides proves problematic in
the case of americium, however, because it vaporizes at
typical ceramic processing temperatures.18 Carbide ker-
nels are also undesirable because they tend to fail be-
cause of FP damage to the SiC layer. On the other hand,
were the kernel composed purely of TRU oxides, failure
would tend to occur because of kernel migration and
CO~g! pressure. Homan et al.21 suggest that for a uranium
fuel, an oxy-carbide mixture would minimize the failure
modes of both oxides and carbides if the carbide-oxide

ratio were between 15085 and 50050, with 35065 being
optimal. Lindemer18 indicates that these ratios also can
be applied to plutonium kernels. The TRU kernel is;85%
plutonium by mass~Table III!, suggesting that forming
an oxy-carbide TRU kernel in the appropriate ratio would
obviate CO~g! pressure and migration. However, the pro-
duction of such an oxy-carbide kernel is complicated by
the aforementioned americium volatility. Carbonizing a
fraction of the plutonium only in lieu of carbonizing a
portion of each TRU mixture entails agglomeration, which
cannot be assured to consistently attain the appropriate
ratio, nor form as a microsphere.22

Thus, the only known feasible method appears to be
to use the oxide form and resolve the problems inherent
to that form. Carbon monoxide gas pressure is caused by
a surplus of oxygen freed by fissioning of the TRU ox-
ides, which in turn combine with the carbon of the buffer
region.An oxygen getter would chemically combine with
the oxygen and prevent it from forming CO~g! . Even with
an oxy-carbide mix, preliminary research showed “free
oxygen” would cause a significant increase in pressure at
high temperature~.1400 K!. Additionally, a compact of
some sort that helps maintain an inward pressure to coun-
teract the outward pressure over a longer burnup period
should help minimize fuel failure. Oxygen has a greater
affinity for Zr than C through the reaction ZrC1 O2 r
ZrO21C. Examining the oxygen potential diagram shows
that oxygen prefers Zr over C at higher temperatures
where ZrO stabilizes the freed oxygen atoms from the
TRU fuel after it is fissioned. This not only lowers the
free oxygen available to form CO~g! , but also may pre-
clude kernel migration thought to occur as CO dissoci-
ates at hot spots and recombines at colder spots around
the kernel.6 Thus, the use of porous ZrC as a buffer in
lieu of carbon can compensate for an inappropriate carbon-
to-oxygen ratio inherent in an oxide.

Fig. 2. BISO and TRISO coated fuel particles.

TABLE III

TRU Composition

Element Mass Percent Oxide
Melting Point

~8C!

U 0.43 UO2 2820
Np 4.32 Np2O3 2510
Pu 84.91 Pu2O3 2085
Am 10.21 Am2O3 2190
Cm 0.13 Cm2O3 2225
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Pressure analysis was conducted using the ideal gas
law and ORIGEN code5 results for FPs from 97% burnup
of TRU fuel. Pressure in the fuel particle versus burnup
is shown in Fig. 3. The pressure from free oxygen in-
creased almost exponentially. This would explain the Japan
Atomic Energy Research Institute’s increased particle
failure rates with higher temperatures~1100 to 13008C!
but lower fluxes.23 The pressure due to FP gases was
negligible and easily contained within the void region of
the buffer. However, the freed oxygen in the kernel that
formed CO accounted for almost 75% of the total pres-
sure, indicating the need for an oxygen getter. Ideally,
sufficient room for expansion is obtained by ensuring
that the buffer region void volume is 3.5 times the kernel
volume.18 For the TRISO and BISO with an oxygen get-
ter ~ZrC! in the buffer region, a void region of 1.8 times
the kernel volume was decided upon because of reactiv-
ity constraints. This choice places a limit on the pressure
and, consequently, a limit on the operating temperature
for a given burnup.

For both TRISO and BISO models, higher tempera-
tures create additional FP gases, Cs and Pd, which not
only increase pressure but also may result in gases like
Pd reacting with the TRISO SiC layer at high tempera-
tures~.1830 K!. Ideally, temperatures below 5508C are
desired to control gas pressure. At lower temperatures
ZrC and SiC have similar structural properties, whereas
ZrC proved to be more resilient at higher temperatures.24

If the outward pressure from gases is greater than the
inward tensile strength, a rupture of one of the layers can
result. If the outer shell also fails, this is called a “cata-
strophic failure,” and FPs can escape. However, a sec-
ondary containment system can be used to capture or
filter out FPs, i.e., a He extraction process. Redundancy
for containment is already built into the particle’s design.

It is our objective to achieve very high burnup with-
out losing FP gas containment or structural integrity of
the coated fuel particle. The GCFTR upper pressure lim-
its on the BISO and TRISO are 352- and 345-MPa tensile

strengths, respectively. This corresponds to an opera-
tional limit of 17008C at 90% FIMA or 15208C at 99%
FIMA on the BISO, and 16908C at 90% FIMA or 15108C
at 99% FIMA on the TRISO. To ensure that all layers
maintain their respective structural integrity, the pressure
should be limited to,200 MPa, which is the tensile
strength limit of the pyrolytic carbon layer. Based on FP
and CO~g! buildup, the TRISO and BISO particles are
predicted to reach a conservative 160 MPa at 90% FIMA
and 180 MPa at 99% FIMA for the GCFTR reference
maximum fuel centerline temperature of 6208C ~6208C
allows for a power peaking factor of 1.2 relative to
the fuel centerline temperature of 5608C discussed in
Sec. V.B!.

IV.B. Radiation Damage Life

There are some data on irradiation of TRISO and
BISO particles. Examination of the particles irradiated in
the Peach Bottom reactor at temperatures of 1200 to
1400 K to a fast~.0.18-MeV! neutron fluence of 1.33
1025 n0m2 found a failure rate of 1.43 1026 ~Ref. 25!.
More recent results6 from coated particle fuel develop-
ment programs in the United States and Germany have
achieved burnups as large as 80% FIMA and fast neutron
fluences as large as 1.23 1026 n0m2 at irradiation tem-
peratures of 800 to 13508C. End of cycle release-to-
production-rate ratios of the FP85mKr varied from
O~1024! to O~1026! for the higher FIMA U.S. experi-
ments but were O~1027! to O~1029! for the O~10% FIMA!
German experiments. By comparison, it is our objective
to irradiate the TRU coated particle fuel in the GCFTR to
90 to 99% FIMA, corresponding to fast neutron fluences
of 1.53 1026 and 2.93 1026 n0cm2.

The GCFTR objective is to achieve burnup of 90 to
99% FIMA in fuel particles that retain sufficient contain-
ment capability that they can be deposited directly in a
waste repository. The GCFTR will operate at a nom-
inal total neutron flux of 53 1014 n0cm2{s and fast
~.0.1 MeV! neutron flux of 23 1014 n0cm2{s.

Radiation damage to the matrix and clad materials is
discussed in Sec. V.C.

V. CORE DESIGN

V.A. Nuclear Analysis

V.A.1. Effect of Fuel Choice on Transmutation
and Radiation Damage Rates

In order to achieve high burnup without the necessity
of reprocessing the coated fuel particle because of radi-
ation damage, it is necessary to maximize the ratio of the
TRU fission rate to the neutron damage rate. Since the
capture-to-fission ratio for the TRU nuclides generally
decreases with increasing neutron energy, utilization of

Fig. 3. Pressure buildup versus FIMA at operating tempera-
ture of 6208C.
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the neutrons to fission TRUs is improved by using a
harder spectrum, in general.

As discussed in Sec. IV.A, two coated TRU fuel par-
ticle options are being considered:~a! a TRISO fuel par-
ticle with a ZrC buffer layer, pyrolytic graphite and SiC
coating layers, and SiC matrix material and~b! a BISO
fuel particle with the SiC coating layer replaced by a ZrC
layer, the outer pyrolytic graphite layer eliminated, and
SiC replaced by Zircaloy as the matrix material in order
to achieve a harder neutron spectrum. The difference in
neutron utilization of these two fuel options was com-
pared by calculating the ratio of the TRU fission rate to
the neutron flux.0.1 MeV~the latter of which was taken
as a measure of the damage rate! for comparable cores
based on the two fuel options@both with fuel volume
percent 60%, He volume percent 30% and structural~fer-
ritic steel! volume percent 10%# . The enrichment—ratio
of the volume percent of the coated fuel particles to the
volume percent of the “fuel”~coated particles plus
matrix!—was 50%. The volume percent of the coated
fuel particle occupied by the TRU kernel was 11.33% for
the BISO and 9.39% for the TRISO. The TRU composi-
tion is indicated in Table III and given isotopically in
Ref. 19.

Figure 4 shows the flux distributions of both the
TRISO and BISO fuel configurations with similarkeff '
1.0 values. This comparison shows that the BISO fuel
has a harder neutron spectrum than the TRISO fuel be-
cause of the greater parasitic absorption~more zirco-
nium! in the BISO and the greater moderation~more
carbon! in the TRISO.

The effect of the harder BISO spectrum was exam-
ined by comparing a neutron utilization index~NUI !,
defined as the ratio of the TRU fission rate to the neutron
flux above 0.1 MeV~which is a measure of the damage

rate!. The ratio of the NUI indices of TRISO0BISO is
1.09, indicating that the TRISO fuel has an;10% larger
fission rate per unit damage rate than the BISO fuel.
Contrary to initial expectation, the harder spectrum of
the BISO fuel does not appear to result in a significantly
better transmutation-to-damage performance~NUI ! than
the softer spectrum of the TRISO fuel. The problem with
the BISO fuel is that the Zircaloy matrix material has an
absorption cross section that is competitive with239Pu
~53% of fresh TRU!, which greatly increases the para-
sitic neutron capture relative to that for the SiC matrix
material in the TRISO fuel.

V.A.2. Effect of Enrichment and Core
Thickness on keff

For the achievement of possible safety advantages,
the maximum value ofkeff under normal operating con-
ditions has been set to 0.95, as a trade-off between achiev-
ing a large neutron flux for transmutation and achieving
a large reactivity margin to critical. The equilibrium load-
ing of the reactor core fuel will be a combination of
“burned” TRU fuel particles with reduced reactivity re-
sulting from residence in the core during previous cycles
and “fresh” TRU fuel particles. Taking into account this
less reactive fuel and the possibility of the presence of
control rods~that could be withdrawn over the burn cycle
to compensate burnup reactivity!, it was estimated that
calculations with fresh TRU fuel should achievekeff '
1.0 if the same configuration with “equilibrium” TRU
fuel is to achievekeff ' 0.95.

Initial criticality calculations were made using both
the BISO and the TRISO fuel configurations, first with
an equal mixture of TRU oxide and TRU carbide, then
with only TRU oxide. By varying enrichment~particle
volume to particle plus matrix volume! of the fuel,
the core fuel volume percentage, and the thickness of the
core, the effect of the fuel type on the reactivity can be
determined. The effect of enrichment on the neutron multi-
plication factor in a 1-m-thick core is shown in Table IV.

Fig. 4. Neutron spectra in the center of cores with BISO and
TRISO fuel.

TABLE IV

Sensitivity ofkeff to Enrichment and Fuel Volume Percent

Fuel Type

Core
Enrichment

~%!

Core
Fuel
~%! keff

BISO ~oxide! 60 60 0.974
BISO ~oxide! 60 65 1.016
BISO ~oxide! 70 60 1.041
TRISO ~oxide! 50 60 0.963
TRISO ~oxide! 50 65 1.001
TRISO ~oxide! 55 60 0.990
TRISO ~oxide! 55 65 1.027

Stacey et al. A SUBCRITICAL GCFTR WITH A FUSION NEUTRON SOURCE

170 NUCLEAR TECHNOLOGY VOL. 150 MAY 2005



Recall that the fraction of the coated particle volume
occupied by TRU differs between the TRISO~9.4%! and
BISO ~11.3%! particles.

Changing the enrichment of the fuel has a somewhat
larger impact onkeff with the BISO fuel than with the
TRISO fuel since increasing the enrichment of the BISO
fuel not only increases the TRU concentration but also
reduces the Zr matrix concentration~reducing the para-
sitic absorption!. Increasing the core fuel volume percent
also has a somewhat larger effect with the BISO fuel than
with the TRISO fuel.

To assess differences in the reactivity effect of leak-
age with the two fuels, the core thickness was varied. The
results shown in Table V indicate the reactivity effect of
leakage was about the same with the two fuel types.

As discussed above, the oxide fuel was selected over
the mixed oxide~MOX !0carbide fuel because of fabri-
cation and processing considerations. The above calcu-
lations indicate that the TRISO fuel is significantly more
reactive than the BISO fuel because of the parasitic Zir-
caloy matrix material used with the latter, which causes
us to tentatively identify a fresh fuel enrichment of 50%
and core fuel volume percent of 60% for the TRISO fuel
and an enrichment of 60% and a core fuel volume percent
of 65% for the BISO fuel.

V.A.3. Benchmark Calculations

For benchmarking purposes, the Gem0Event26 cal-
culation used for the above analysis was compared with
the TWODANT calculations.27 The multiplication con-
stantkeff calculated by the EVENT code using theP1
option and 30 group cross sections agreed to withinDk5
0.007 with the value calculated by TWODANT for the
same model using theS8 option and 33 group cross sec-
tions. A core model based on volume-weighted homog-
enization of the fuel particles, matrix material, structural
material, and the helium coolant was used with both codes.
A reflector composed of ferritic steel surrounds the entire
core region. The GEM0EVENT code used 30 group
cross sections processed28 from the matxs10 library, while
the TWODANT code used 33 group cross sections pro-

cessed for a similar fast reactor composition from the
ENDF-B0V cross-section library by the MC2 code.29

As shown in Sec. IX, the enrichments considered
above do in fact result in an equilibrium fuel composition
with a BOCkeff ' 0.95, confirming the choicekeff ' 1.0
made for the above calculations with fresh TRU fuel.

V.B. Thermal Analysis

The thermal design objectives for the GCFTR fis-
sion core were to have a thermal power generating ca-
pacity not to exceed 3000 MW, a specific power density
not to exceed 50 W0cm3, to use helium exclusively for
all component and system cooling requirements, to achieve
reasonable pumping requirements, to produce net elec-
tric power but not operate at temperatures so high that
advanced material would be necessary, and to do all
of this with technology that either exists or is being
developed.

For the detailed thermal analysis of the reactor fuel
and cooling, the configuration of the fuel was chosen as
coated particles suspended in a matrix, which was then
formed into clad fuel pins. Pins provide an additional
barrier against FP release. Based upon the power density
and the volume made available for the core, it was de-
termined that approximately 207 200 pins distributed
evenly throughout the core could be divided into five
groups of 41 440 pins per zone to achieve the desired
design objectives.

V.B.1. Axial Coolant Temperature Distribution

In order to perform the thermal analysis of the core,
a few basic parameters were selected based upon typical
pressurized water reactor~PWR! fuel pins as shown in
Table VI. These parameters correspond to having the fuel
occupy 65% of the core volume and the helium coolant
occupying 25%, which leaves 10% for the structure.

The first step in evaluating the temperature distribu-
tion in the fuel pin was to determine the bulk coolant
temperature. The governing relationship for this evalua-
tion was the heat balance equation:

Q 5 _mCp DT ,

TABLE V

Reactivity Effect of Leakage for BISO and TRISO Fuels

Fuel Type

Core
Thickness

~m! keff

BISO ~60 vol%, 65% enrichment! 0.9 0.967
BISO ~60 vol%, 65% enrichment! 1.0 1.016
TRISO ~55 vol%, 60% enrichment! 0.9 0.943
TRISO ~55 vol%, 60% enrichment! 1.0 0.990
TRISO ~55 vol%, 60% enrichment! 1.1 1.029

TABLE VI

Parameters Used for Fuel Pin Analysis

P0D
Ratio

Clad
Outer
Radius
~cm!

Clad
Inner

Radius
~cm!

Gap
Inner

Radius
~cm!

Pitch
~cm!

1.06 0.67 0.61 0.60 1.417
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where

Q 5 3000 MW

Cp 5 heat capacity of He

DT 5 change in bulk temperature of the He coolant
from the inlet to the outlet of the core.

A key parameter in the above calculations was the mass
flow rate of the He coolant for the entire core and per
coolant channel. The mass flow rate was first estimated
by referencing the GT-MHR design30 and scaling to the
GCFTR parameters, then iteratively increased in order to
optimize other operating parameters. For theDT of the
coolant~Fig. 5!, the mass flow rate of the core was op-
timized to be 2870 kg0s. The heat capacity of helium and
other necessary properties were evaluated at the center
bulk coolant temperature of;3808C using the database
of thermodynamic properties in the program “Engineer-
ing Equation Solver”~Table VII!. Since the average bulk
temperature was not initially known, the bulk coolant
temperature and the property values of helium had to be
evaluated iteratively, along with the mass flow rate.

In order to retain the option to use HT-9 clad, the
maximum operating temperature of the coolant was lim-

ited to 5008C. The lower temperature of the coolant was
dictated by the intent to investigate both the BISO par-
ticle with ZrC matrix and the TRISO particle with SiC
matrix. Since graphite has a tendency to swell under
irradiation at low temperatures, the lower~inlet! temper-
ature of the fuel was set at 2808C at the entrance~or
bottom! of the core. From the heat balance equation, the
bulk coolant temperature at the outlet~top! of the core
was found to be 4818C. The average bulk coolant tem-
perature was assumed to be the arithmetic mean of en-
trance and exit temperatures, 3818C, and this value was
assumed to be the midplane coolant temperature.

V.B.2. Radial Temperature Distribution in Fuel Pin

Once the bulk coolant temperature was known, a
thermal resistance model31,32 was used to determine the
centerline temperature of the fuel at the three axial loca-
tions mentioned above. The fuel was assumed to be a
homogeneous mixture of matrix, fuel kernel, and particle
coating layers. This homogenous fuel was assumed to be
encompassed by a layer of helium gap and then a layer of
Zircaloy clad to create a fuel pin.

The thermal conductivities used in the above calcu-
lations are listed in Table VIII. The value ofh for helium

Fig. 5. Temperature distribution in the fuel pin.

TABLE VII

Coolant Properties

Pressure
~MPa!

Average
Temperature

~8C!
Density
~kg0m3!

Viscosity
~kg0m{s!

Thermal
Conductivity

~W0m{K !

Specific
Heat

~J0kg{K !

7 380 5.093 3.373 1025 0.26 5188
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was found by modifying the Nusselt number for a circu-
lar tube for coolant channel geometry. The Nusselt num-
ber is dependent on the Reynolds number and Prandtl
number, which are also dependent on geometry and can
be modified from the circular tube to coolant channel
geometry.31The resulting temperature distributions within
the fuel pin are plotted in Fig. 5.

The maximum temperature of the clad is 5138C, which
is well below the melting temperature of 18458C for Zir-
caloy. The maximum temperature in the fuel is 5608C.
This temperature is well below any operating tempera-
ture limits of the TRU particle, but a more detailed cal-
culation was performed in order to find the actual
maximum temperature in the kernel of the TRU fuel
particle.

V.B.3. Temperature in Fuel Particle

In order to determine the maximum temperature in
the particle, a second thermal resistance analysis31 across
the layers of the particle was performed. The thermal
resistance equations from the previous evaluation were
modified for a spherical geometry, rather than a cylindri-
cal one, with the appropriate thermal conductivities for
the particle layers~Table VIII!. Also, in the general pin
analysis above, the homogenized fuel volumetric heat
generationq''' ~42.17 MW0m3! was assumed to be uni-
form across the particle0matrix fuel element. For the
single-particle analysis, a local heterogeneous value in
the kernel of the fuel particle ofq''' ~63.05 MW0m3! was
found, assuming that heat was generated only in the fuel
kernel and that the fuel kernels constituted 55% of the
particle0matrix fuel ~i.e., 55% enrichment!. Because of
the lack of sufficient data on TRU thermal properties, the
thermal conductivity of the fuel kernel had to be esti-
mated. Since the kernel contained;85% Pu2O3, the ther-
mal conductivity was assumed to be the same as~U,Pu!O2
MOX fuel containing 85% PuO2 at ;3808C ~Ref. 31!.
Also, the thermal conductivity of the ZrC had to be cor-
rected for 50% porosity in the buffer layer, which gives a
value of 8 W0m{8C for that particle ZrC layer.

The particle was assumed to be at the fuel centerline,
where the highest temperature would be. The three loca-
tions at the top, center, and bottom of the core were again
evaluated. The temperature boundary condition at the
surface of the particle was set equal to the respective
peak temperatures of the above homogenized fuel calcu-
lations, or 560, 459, and 3598C. Since the thickness of the
particle layers is,1 mm, the increase in temperature
from the particle surface to the kernel center was only
;0.58C.

V.B.4. Pressure Drop

The total number of coolant channels in the core was
assumed to be the same as the number of pins. The initial
approximation of the number of pins is conservative, but
small variances in the number of pins do not seem to have
a significant impact on the overall thermal analysis of the
core. For the pressure drop calculations, 207 200 pins
with an equivalent number of coolant channels was as-
sumed, resulting in a mass flow rate per channel of 0.014
kg0s. Using thermohydraulic fundamental equations,31

the results of Table IX were calculated. Several assump-
tions had to be made for these calculations. The number
of spacers was established to be 8, typical for a PWR
assembly. Also, the area of the entrance and exit plenums
was assumed to be much larger than the area of the cool-
ant channels in order to get the entrance0exit pressure
drops.

Once the total pressure drop for one channel was
known, the pumping power for the core could be calcu-
lated using the following equation:

Pumping_Power5
_mchannel3 DPchannel

rHe 3 «

3 number of channels,

where« is the pumping efficiency, assumed to be 85%.
The resulting pumping power is 0.15 MW, only a small
fraction of the power generated in the core.

V.C. Radiation Damage of Structure and Clad

In choosing the structural materials for the core de-
sign, there were two main considerations. First, although

TABLE VIII

Thermal Properties of Fuel

Thermal Conductivities
~W0m{C!

k_kernel 2.75
k _PyC 3.5
k _ZrC 20
k _matrix 18.94
k _fuel, homogenized 16.87
k _gap~helium! 0.26
k _clad 18.94
h ~He coolant! ~W0m2{8C! 4161.81

TABLE IX

Core Coolant Pressure Drop

Component

Friction Spacers

Entrance0
Exit

Plenums Gravity Total

Pressure drop per
channel~kPa! 52 10.5 7.44 150 220
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replacement of the structural materials is expected, the
radiation damage limits should be high enough to avoid
the necessity of frequent replacement. In addition, the
material must be compatible with the system’s thermal,
chemical, and mechanical stress environment.

The potential structural materials chosen were ODS
and HT-9 steel. Although the two steels share similar
properties, ODS allows for a higher operating tempera-
ture of 6508C, ;1008C higher than the limit for HT-9
steel.33 However, ODS, as a relatively new type of steel,
lacks as complete a design database as some other ma-
terials. Comparatively, HT-9 steel has been more widely
documented in its applications and limitations but also
has a more constricted upper operating temperature limit.
Because of the lack of a more extensive database for the
ODS alloy, HT-9 steel was chosen as the reference struc-
tural material.

The radiation damage limit of HT-9 steel has been
documented as 80 to 150 dpa, corresponding to a fast
neutron fluence of;1.531023 to 331023 n0cm2 ~Ref. 7!.
This corresponds to a lifetime of 23 to 48 EFPY@based
on a core average fast~E . 0.1 MeV! flux of 2 3 1014

n0cm2{s# . If the GCFTR operates for 40 yr at 75% avail-
ability ~30 EFPY!, the core structure may have to be
replaced once.

Zircaloy-4 and HT-9 were identified as candidate
clad materials. With HT-9 clad, the same radiation dam-
age lifetime as discussed above would be expected. The
higher temperature limits of Zircaloy make it an attrac-
tive candidate for the clad and, with the BISO fuel, the
matrix material. Determination of the radiation lifetime
of Zircaloy-4 is quite complex. Although growth phe-
nomena and dislocations due to irradiation have been
recorded at a fast neutron fluence of 5.83 1021 n0cm2

~Ref. 34!, the amount of annealing that takes place is
great enough that Zircaloy maintains structural integrity
and most of its good mechanical properties up to 20 dpa,
corresponding to a fast neutron fluence of 1022 n0cm2.
This fluence would correspond to 3.2 EFPYin the GCFTR.
However, this limit may be too conservative, since many
commercial reactors operate with Zircaloy clad fuel for
longer times.35

VI. REFLECTOR AND SHIELD DESIGN

The inboard shield shown in Fig. 1 is designed to
protect the TFCs from radiation damage and to reduce
nuclear heating to an acceptable level, i.e., resulting in a
reasonable power required to cool the TFCs. The inboard
reflector will reflect escaping neutrons back into the core,
and the outboard shield0reflector combination is identi-
cal to the inboard. The superconducting magnets are con-
sidered lifetime components. The radiation damage limit
to the insulators is 13 109 rads with currently available
epoxy insulators and 13 1010 rads with more advanced

ceramic insulators, while the Nb3Sn superconductor has
a fluence limit of 13 1019 fast neutrons0cm2 ~Ref. 8!.

An MCNP model9 was developed for the reflector
and shield analysis. The shielding effectiveness of the
reflector, shield, and vacuum vessel inboard of the plasma
chamber and first wall was the primary emphasis of the
investigation. The material composition for this region is
given in Table X. HT-9 steel is a very good reflecting
material but not a particularly good shield. A shield of
tungsten and B4C was chosen because it is very effective
at stopping neutrons and gammas. The vacuum vessel
was HT-9.

The geometry of the GCFTR was simplified for this
Monte Carlo model. The TFC set was modeled as a con-
tinuous annular magnet, when in reality there are 16 dis-
crete TF magnets~which become a continuous ring on
the inboard side but are separated on the outboard!. This
model is considered conservative because if a neutron
passes through the vacuum vessel, it will enter the mag-
net material, in the MCNP model. In reality, there are
many magnets spaced around the vacuum vessel, and
many neutrons that go through the vacuum vessel will
not enter the magnet. The model also treats all geom-
etries as circular instead of elongated, an assumption that
should not greatly effect the results.

Two sets of tallies were collected from MCNP, the
neutron flux in the magnets~neutrons per square centi-
meter per source neutron! and the energy deposited in the
magnets~mega-electron-volts per gram! by both neu-
trons and gamma rays. For the fast neutron flux damage
evaluation, all neutrons with an energy of 0.1 MeV or
greater were counted.

The fast neutron flux, calculated on the basis of one
plasma source neutron per second, can be converted into
an actual neutron flux by multiplying by the actual emis-
sion rate of fusion neutrons and then used to calculate the
fast neutron fluence by multiplication by the time of in-
terest. For the energy deposition results, the conversion
of 1 MeV0g to 13 1028 rads is needed.25 The tally ob-
tained is multiplied by this conversion factor, the fusion
power in neutrons per second, and by the time.

For protection of the magnets from neutron damage,
an adequate thickness of the reflector plus shield plus
6-cm-thick vacuum vessel was found to be 79.5 cm. This
includes a reflector with a thickness of 15 cm, a 61-cm-
thick shield, and a 6-cm-thick HT-9 vacuum vessel.

TABLE X

Reflector and Shield Material Composition*

Region HT-9
Helium
Coolant Tungsten B4C

Reflector 70 30
Shield 20 40 40

*In volume percent.
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An upper limit of the fast neutron fluence to the
magnet can be obtained by assuming that the plant runs at
the nominal fusion power of 180 MW and that the core
keff is equal to 0.95 one hundred percent of the time. This
assumption leads to a conservative estimate of the radi-
ation damage to the magnets after 40 yr of operation at
75% availability that is slightly in excess of the super-
conductor fast neutron fluence limit, but to a radiation
dose that has a comfortable margin of safety to the epoxy
insulation limit.

Supercritical helium is used as the coolant for re-
moval of the nuclear heating from the superconducting
magnets. An ideal Carnot cycle operating between room
temperature and 4 K would require 75 W of refrigeration
power for every 1 W of heat removed from the mag-
nets.36Assuming an efficiency of 50%, we use 150 W0W
to determine the total amount of power necessary to cool
the magnets. The magnet shielding results are summa-
rized in Table XI.

VII. FUSION NEUTRON SOURCE

VII.A.1. Plasma Physics Analysis

VII.A.1. Design Constraints and Solution Methodology

To be consistent with our near-term physics and en-
gineering philosophy, conservative ITER-like physics has
been adopted for the design of the GCFTR tokamak neu-
tron source. A reference normalized betabN 5 2.0% is
assumed, although operation atbN values up to 2.5% is
allowed for operational flexibility~bN 5 plasma kinetic-

to-magnetic pressure ratio4 I0ab!.10 A confinement
multiplier H 5 1.0 relative to the IPB98~ y,2! energy
confinement scaling has been adopted.37 The line aver-
age electron density is fixed at 75% of the Greenwald
density limit to avoid confinement degradation at higher
densities. An edge safety factorq95 5 3 is specified to
avoid magnetohydrodynamic instabilities.

Standard aspect ratio–current~Ip-A! analysis38 is
employed to determine the major design parameters of
the reference design. In this approach, the major geo-
metric and operational parameters are expressed in terms
of the aspect ratioA and plasma currentIp, taking into
account the various physics and engineering constraints
as well as the radial build constraint. The results of this
calculation are shown in Fig. 6, where contours of major
geometric and operational quantities~major radiusR0,
fusion powerPfus, and fusion gainQp! are plotted in the
Ip-A space. Solutions satisfying the radial build con-
straint, as determined by the flux core radius and thick-
ness of the CS, the radial thickness of the TFCs, and the
required thickness of the reflector and shield, must lie on
the line labeledRin. Based on the results shown in Fig. 6,
an aspect ratio of 4, corresponding to a plasma current of
7.15 MA, was selected. The resulting major design pa-
rameters of the tokamak neutron source are listed in
Table XII. This design choice provides us with a refer-
ence fusion power of;180 MW, which meets the design
requirements of the fusion neutron source. The choice of
an aspect ratioA 5 4 represents a reasonable trade-off
between the need for low plasma current and large boot-
strap current fraction,fBS ~and therefore reduced current
drive requirements!, while avoiding a drastic departure
in aspect ratio range from the existing tokamak database.

TABLE XI

Magnet Shielding Results

Parameter Value

Nominal fusion neutron source
at 180 MW~n0s! 6.393 1019

Nb3Sn superconductor fast neutron fluence
limit ~n0cm2! 13 1019

100% availability of 40-yr fast neutron
fluence~n0cm2! 1.403 1019

75% availability of 40-yr fast neutron
fluence~n0cm2! 1.053 1019

Ceramic insulator radiation dose limit~rad! 13 1010

Epoxy insulator radiation dose limit~rad! 13 109

100% availability 40-yr radiation dose~rad! 8.893 108

75% availability 40-yr radiation dose~rad! 6.673 108

Nuclear heating per magnet~kW! 8.67
Total nuclear heating in magnets~kW! 138.7
Power for cooling toroidal magnets~MW ! 20.8

Fig. 6. TheIp-A contours of constant major radius.
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VII.A.2. Operational Flexibility

To assess the operational flexibility of the tokamak
neutron source based on the design parameters of Table XI,
a plasma operational contour~POPCON! has been con-
structed and shown in Fig. 7. Contours of constant fusion
powerPfus, normalized betabN, fusion gainQ, and ratio
of exhaust to L-to-H-mode threshold powerP0Pthr are
plotted on a 2-D coordinate system with axes the volume
average electron density^ne&~ y! and the density-weighted
volume average plasma temperature^T &n~x!. The 100
and 75% Greenwald density limit boundaries are also
shown.

The operating space is bounded on the left by the
requirementP0Pthr . 1 to maintain H-mode confine-

ment, on the top by the requirement thatne# 0.753nGW,
and on the right by the requirement thatbN , 2.5%. This
operating window provides sufficient flexibility to oper-
ate at fusion powers in the range to 50 to 200 MW, thus
satisfying the BOC and EOC neutron source require-
ments for the GCFTR.

VII.A.3. Current Drive Considerations

The GCFTR design relies on steady-state operation
of the tokamak neutron source. It is therefore important
to demonstrate that such operation is feasible and con-
sistent with conservative, near-term physics assumptions.

If fbs is the bootstrap current fraction and if we do not
take any credit for inductive burn contributions from the
CS and the poloidal field~PF! coil ~PFC! systems, the
current that must be driven noninductively is equal to
ICD 5 ~1 2 fbs! Ip. Assuming that all auxiliary power
Paux 5 PCD 5 Pfus0Qp is available for current drive and
that the capabilities of the current drive system are de-
scribed by the current drive figure-of-merit quantitygCD5
Sne20R0ICD0PCD in units of 1020 m22 A 0W, the required

current drivegCD is then equal to

gCD 5
Sne20R0~12 fbs! IpQp

Pfus
.

Our Fusion Reactor Design code has been run in
constant fusion power mode~Pfus5 200 MW! to produce
an aspect ratio scan and evaluate the requiredgCD for our
design parameters using the above expression. A simple
scaling39 has been used for the calculation of the boot-
strap current fraction:

fbs 5 @1.322 0.235~q950q0! 1 0.0185~q950q0!2#

3 S! 1

A
bpD1.3

,

whereq95 andq0 are the values of the safety factor at the
edge and center, respectively, andbp is the poloidal beta.
The results of this simulation are shown in Fig. 8, where
the bootstrap current fractionfbsand the required current
drive efficiencygCD are plotted against the aspect ratio.

It can be seen from Fig. 8 that for our aspect ratio
~A 5 4!, we would need a current drive scheme with
gCD ' 0.5 in order to operate the GCFTR in steady state.
For comparison, the highest current drive efficiencies
achieved in existing experiments are in the range of 0.45
@Joint European Torus~JET! with ion cyclotron reso-
nance frequency1 lower hybrid# and 0.35~JT-60 with
lower hybrid current drive!.40 Therefore, the GCFTR cur-
rent drive requirements are reasonable and consistent with
the near-term physics and engineering database.

VII.B. Magnet Analysis

The GCFTR tokamak neutron source depends pri-
marily on three magnet systems to establish the necessary

TABLE XII

Major Plasma Design Parameters of the GCFTR Reactor

Parameter Value

Major radius,R0 ~m! 4.15
Minor radius,a ~m! 1.04
Aspect ratio,A 4
Plasma current,Ip ~MA ! 7.15
Fusion power,Pfus ~MW ! 181
Auxiliary power,Paux ~MW ! 62.5
Fusion gain,Qp 5 Pfus0Paux 2.9
Neutron wall load~MW0m2! 0.61
Magnetic field atR0, B0 ~T! 6.29
^ne& ~1020 m23! 1.53
^T & ~keV! 7.4
Zeff 1.38
Energy confinement time,tE ~s! 0.84
Start-up~V{s! 82.5

Fig. 7. POPCON for the GCFTR reference design parameters.
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fields in the plasma: the CS, the TFC, and the PFC sys-
tems. In this work, we focus only on the first two coil
systems since they have a direct impact on the radial
build of the tokamak reactor and, hence, on the overall
size of the GCFTR.

VII.B.1. Central Solenoid

The CS is a vertically oriented solenoid that creates
a changing magnetic flux that couples to the plasma and
drives the start-up current as well as ohmically heating
the plasma. The GCFTR CS is designed as an adaptation

of the techniques and technologies developed for the ITER
CS ~Refs. 11, 12, and 13!.

The conductor is composed of Nb3Sn superconduct-
ing wire with copper stabilizer wound into cable. These
cables are wound around a central liquid helium cooling
channel. The assembly thus far is wrapped with a layer of
insulator and surrounded by a thick structural jacket of
Incoloy 908t and another layer of insulator. The Inco-
loyt jacket serves to handle the electromagnetic stresses
created in the CS during operation. Incoloyt is used be-
cause it has a thermal expansion coefficient comparable
to that of Nb3Sn, thus removing the issue of thermal
stresses. The detailed magnet conductor is indicated in
Fig. 9.

The CS operates at high magnetic field in order to
drive the greatest flux swing possible. The maximum
~inboard! magnetic field at the beginning of operation is
13.5 T at 41.8 kA. Because of effects from the PFCs at
end of burn~EOB!, the maximum magnetic field is212.8
T at 46 kA~Ref. 11!.

The overall dimensions of the CS coil~flux core
radiusRfc and radial thicknessDOH! are determined by
the flux swing requirements, the geometry constraints
imposed by our choice of ITER magnet technology, and
the tensile stress limits.

The conductors are assembled into electrically inde-
pendent blocks called “pancakes.” These pancakes are
then stacked vertically and reinforced structurally to form
the CS. The radial thickness of the CS coil,DOH, is de-
termined by the number of radial turns needed to produce
the 13.5-T magnetic field. Using the ITER design param-
eters and allowing for a small safety margin, it was found
that 12 turns of ITER superconducting cable would meet

Fig. 8. Bootstrap current fractionfbsand required current drive
efficiency for the 200-MW reference GCFTR design.

Fig. 9. Detailed cross section of CS conductor.13
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our flux swing requirements. The corresponding radial
thickness, taking into account insulation between turns
and allowing for gaps, was found to be equal to 0.70 m
while the flux core radiusRfc is equal to 0.66 m. This CS
configuration produces 86.3 V{s, an amount sufficient to
drive the 7.15 MA plasma current during start-up~see
Table XIII!. The CS coil design parameters are summa-
rized in Table XIII.

VII.B.2. TF Magnets

The design of the TF magnet system is also adapted
from the ITER design and technology11,12developed for
ITER. The conductor is based on the ITER TF cable-in-
conduit. It consists of Nb3Sn superconducting cable~with
Cu stabilizer! wrapped around a supercritical helium cool-
ing channel, just like the CS conductor discussed earlier.
The cable is then encased in a circular steel jacket for
structural support.Although a detailed design of the wind-
ing pack configuration of the TFCs has not been carried
out, it is envisioned to be similar to the ITER design
where the conductors are arranged in radial plates. The
GCFTR TFC design parameters are listed in Table XIV.

A detailed structural analysis of the TFCs is a diffi-
cult task, requiring the use of sophisticated finite element
codes, and is beyond the scope of this scoping design
study. However, simple scaling considerations can be
employed to support the structural integrity of the GCFTR
TFC system design: Since the GCFTR winding pack, TFC
magnetic fields and currents, andTFC cross-sectional area
are similar to ITER, while the major radius of the GCFTR
coil is smaller, stresses and loads are expected to be smaller
compared to ITER. Since GCFTR uses the same conduc-
tors and structural materials as ITER, its magnets should
be able to meet the structural requirements.

VII.C. Divertor and First-Wall Design

VII.C.1. Divertor

For the overall design of the divertor assembly, the
ITER–Engineering Design Activity14 ~EDA! design is
used as a starting point, and modifications are proposed
here to adapt it to the GCFTR requirements. The material
composition of the vertical targets and dome follow ITER
explicitly in that the surface is lined with tungsten and
backed with a layer of copper that bonds the surface tiles
to a CuCrZr alloy matrix. The coolant channel and man-
ifold will be constructed from this matrix material. The
targets and dome are then mechanically fastened to a
stainless steel cassette body just inside of the vacuum
vessel wall shell.

The only necessary departure from the ITER design
is related to the use of helium gas as a cooling medium
instead of subcooled water. It should be noted that the
cooling channel flow volume and surface area need to be
significantly increased in order to accommodate the use
of helium as a coolant because of the great difference in
their respective specific volumes~water: 0.00104 m30kg;
He gas: 0.3903 m30kg!. By encasing the void space be-
hind the vertical targets and dome to form a coolant
manifold, and by adding a significant number of cooling
fins from the non-plasma-facing surfaces, the effective
flow area and coolant channel volume required can be
achieved without significantly compromising the physi-
cal dimensions of the cassette and divertor structure. The
planned layout of the divertor for helium cooling is il-
lustrated in Fig. 10.

Using the base steady-state heat load and temperature
data for the GCFTR, calculations were made for the nec-
essary heat transfer surface area, coolant channel volume,
and coolant velocity needed for a cooling system using
helium gas. The computed GCFTR operating parameters
for a fully loaded divertor and a half-power-loaded diver-
tor are given in Table XV. The divertor heat loads come

TABLE XIII

CS Parameters

CS Conductor Parameters

Superconductor Nb3Sn
Operating current~kA! IM 0EOBa 41.8046.0
Nominal B field ~T! IM 0EOB 12.4013.5
Cable diameter~mm! 38.2
Conductor outer dimensions~mm! 513 51
Flux core radius,Rfc ~m! 0.66
CS coil thickness,DOH ~m! 0.70
VSstart ~V{s! 86.3
sCS ~MPa! IM 0EOB 1940230
smax ~MPa! ~ITER! 430
fstruct 0.564

aIM 5 initial magnetization.

TABLE XIV

TFC Parameters

Parameters

Radial thickness,DTF ~m! 0.93
Number of TFCs,NTF 16
Current per coil~MA !, ITF 8.16
Number of conductors per coil~turns!, Ncond 120
Conductor diameter~mm!, dTF 43.4
Superconductor material Nb3Sn
Icond, current per conductor~kA! 68
Bmax, maximum magnetic field~T! 11.8
Radius of maximum field~m! 2.21
B0, magnetic field on axis~T! 6.29
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from 20% of the 200 MW~maximum! fusion power that
will come out of the plasma as heat. This exhaust heat will
go either to the first wall as radiation or to the divertor.
The full-load case assumes that all the heat goes to the
divertor, and the half-load case assumes that only 50% of
the heat goes to the divertor. The divertor design is ca-
pable of accommodating the full-load conditions.

A variable speed cooling system is used in order to
vary mass flow rate as necessary in order to maintain
the temperature rise across the assembly relatively con-
stant at no greater than 508C. The effective heat transfer
surface area was estimated. Comparing properties of
liquid water and helium gas at identical operating pa-
rameters and using the coolant mass and power balance
equations, it was found that although helium and water
have similar specific heat capacities~water: 4.213 kJ0
kg{K; He gas: 5.191 kJ0kg{K !, the velocity of helium
gas would have to be two orders of magnitude greater
than that of water in order to maintain the same temper-
ature rise across the divertor assembly with the same
coolant system configuration.

Since the poloidal plasma-facing elements are
mounted onto a single steel support structure that incor-
porates toroidal cooling, the temperature difference within
the structure must be limited to;508C, which provides a
stable base for the plasma-facing elements. The impact
of the materials thermal expansion would cause unaccept-
ably high stresses if a temperature variance in excess of
508C is permitted to occur. This requirement signifi-
cantly increases the pressure drop across the divertor and
the subsequent pumping power requirements. In order to
keep the magnitude of the pumping power and pressure
drop within reason, the cooling system for the divertor
must be segmented into separate loops in order to keep
the total pressure drop and pumping power per loop to
within realistically achievable values. The correspond-
ing pumping power requirement for the divertor under
full-load conditions using helium gas coolant is 143.6 MW.

VII.C.2. First Wall

The purpose of the first wall in the GCFTR is pri-
marily structural, but it also acts as a protective liner,

Fig. 10. Divertor assembly.14

TABLE XV

GCFTR Divertor Operating Parameters

Steady-State
Surface Heat

Loading
~MW0m2!

Total
Heat

Loading
~MW !

Outer
Surface

Area
~m2!

Heat Transfer
Effective

Surface Area
~m2!

Coolant
Temperature

Rise
~8C!

Coolant
Mass

Flow Rate
~kg0s!

Coolant
Velocity
~m0s!

Coolant
Pressure

Drop
~MPa!

Coolant
Pumping
Power
~MW !

Full load 2 40 10 4 50 231.2 48 2.5 143.6
Half load 1 20 10 4 50 77.1 16 0.9 17.2
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minimizing the introduction of contaminants into the
plasma chamber. For the purposes of our design, the core
wall that faces inward toward the plasma chamber will
serve double duty as the outer radial surface of this struc-
ture. The core wall is made of HT-9 steel, and its radial
inner surface facing the plasma chamber will be coated
with beryllium 0.5 cm thick.

The upper, radial inner, and radial outer surfaces are
similarly combined with the structure of the reflector
assembly, as in the ITER-EDA design. For the upper and
radial inner surfaces, the structural material of the first
wall will consist of HT-9 steel, measuring 2 cm thick, and
will have a surface coated with beryllium 0.5 cm thick.
The core wall will receive the beryllium coating and
serve as that portion of the system’s first wall. The cool-
ant channel configuration is a modified version of the
ITER design in order to accommodate helium gas cool-
ing. The full- and half-load data reflect that 20% of the
200-MW fusion power will come out of the plasma as
heat. This waste heat will go either to the first wall as
radiation or to the divertor. The full-load case assumes
that all the heat is absorbed by the first wall, and the
half-load case assumes that only 50% of the heat is ab-
sorbed by the first wall. The first-wall design is capable
of accommodating the full-load conditions. The com-
puted GCFTR operating parameters for a fully loaded
and a half-power-loaded first wall are tabulated in
Table XVI.

A variable speed cooling system is used in order to
vary mass flow rate as necessary to maintain the temper-
ature rise across the assembly relatively constant at no
greater than 508C for reasons similar to that of the diver-
tor. The effective heat transfer surface area was esti-
mated. Circular coolant channels will run within the
centerline, between the beryllium layer and the back plate,
in order to remove the heat deposited within the wall.

VII.D. Component Lifetimes

The operational lifetime of the first wall and divertor
directly affect the availability of the GCTFR and influ-
ence its operational cycles. The first-wall design for this
reactor is modeled after the ITER~EDA! first-wall de-
sign.14 The structural material of the wall is HT-9, and it

has a 0.5-cm sacrificial layer of beryllium on the side
facing the plasma. The limiting factor will be the radia-
tion damage to the HT-9, whose limit ranges between 80
and 150 dpa, corresponding to a fast neutron fluence of
1.5 to 3.031023 n0cm2 ~Ref. 7!. Operation of the fusion
reactor at 180 MW and at 75% availability for an esti-
mated 40-yr life would correspond to a fast neutron flu-
ence of 7.453 1023 n0cm2. This result means that the
first wall will need to be replaced two to five times dur-
ing the life of the plant.

The most frequent operation to be performed is ex-
pected to be the replacement of the divertor because of
erosion and damage. At steady-state operation and full
heat loading, the divertor will sustain 2 MW0m2 at the
surface, less than the nominal value of 5 MW0m2 for
ITER, and will be exposed to a fast neutron fluence of
;5.8 3 1023 n0cm2 over the life of the plant. For the
ITER design, the replacement of the divertor is expected
to be required eight times during the machine lifetime41

because of erosion. We anticipate that erosion will also
determine the divertor replacement rate in the GCFTR
and expect that several replacements will be required
over the lifetime of the GCFTR.

VIII. FUEL PROCESSING AND FABRICATION

The principal objective of the GCFTR is the trans-
mutation of the LWR SNF. To do this efficiently, it is first
necessary to separate the TRU from the uranium and FPs
in the SNF. The TRU extraction involves UREX to ex-
tract the uranium followed by TRUEX to extract the FPs
from the TRUs~Refs. 15 and 16!.As discussed in Sec. IV,
we plan to use an oxide of the resulting TRUs to make the
kernels of the coated fuel particles. In addition, we are
proposing some other options for future investigation,
such as the plutonium extraction to form a TRU-O-C
compound.

The processing of the LWR SNF is described sche-
matically in Figs. 11 through 14. The overall reprocess-
ing of SNF, fabrication of TRU fuel, and burn in GCFTR
are indicated in Fig. 11.

The details of the SNF reprocessing are depicted in
Fig. 12. The first reprocessing occurs in the UREX stage,

TABLE XVI

GCFTR First-Wall Operating Parameters

Steady-State
Surface Heat

Loading
~MW0m2!

Total
Heat

Loading
~MW !

Outer
Surface

Area
~m2!

Heat Transfer
Effective

Surface Area
~m2!

Coolant
Temperature

Rise
~8C!

Coolant
Mass

Flow Rate
~kg0s!

Coolant
Velocity
~m0s!

Coolant
Pressure

Drop
~MPa!

Coolant
Pumping
Power
~MW !

Full load 0.23 40 236.9 42 50 152.7 0.9 0.075 4.3
Half load 0.11 20 236.9 42 50 76.3 0.45 0.03 0.5
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where 99.995% of the uranium is extracted and sent to be
used for fuel in future LWRs. Next, the remaining 0.005%
uranium, in addition to the FPs and the TRUs, is sent into
a modified TRUEX stage, where the FPs are extracted
and where the modification involves a trivalent actinide0
lanthanide separation using a neutral extractant that is
compatible with UREX and TRUEX. The remaining ele-
ments from the SNF, namely, 0.005% uranium and the
TRUs, are sent to begin the TRU-oxide particle fabrica-
tion, resulting in,0.1% TRU loss. Finally, the TRISO0
BISO fuel is sent to the GCFTR.

The TRISO0BISO fabrication flow diagrams are out-
lined in Figs. 13 and 14. Though the details vary between
TRISO and BISO processing, the overall process is the
same. Figure 13 shows the BISO production flow chart,
and Fig. 14 shows the TRISO fabrication process. The
0.005% U and TRUs enter the fuel fabrication flow stream
from reprocessing. They enter an evaporator, or in the Pu
extraction case, the Pu is separated out by PUREX and
then carbonized separately from the other TRUs. Those
TRUs that enter the evaporator are sent to the calcine
~where they are oxidized! and then to kernel blending
and homogenization; if Pu were extracted, it would be
reblended at this stage. Kernel homogenization gives the
desired fuel blend necessary for maximum burnup. Then,
the ZrC buffer, at 50% porosity, and the remaining layers
would be coated onto the particles: two coatings for the
BISO ~IPyC and ZrC! and three coatings for the TRISO
~IPyC, SiC, and OPyC!.

As a result of the fuel we are utilizing, it is expected
that the cladding will fail before the fuel~see Sec. V.C!.
It is important during the reprocessing of the fuel and
cladding that the fuel particles are completely separated
from the matrix material. There are numerous options for
effective fuel-matrix separation using aqueous and dry
matrix recycling. In addition, there is the option to re-
cover 15N for use as a nitride fuel.

IX. FUEL CYCLE ANALYSIS

IX.A. Methodology

The REBUS code17 was used to analyze the GCFTR
transmutation fuel cycle. REBUS performs a coupled

2-D neutron flux distribution~using the TWODANT dis-
crete ordinates transport code27! and fuel depletion cal-
culation and has many search options for iterative
calculations. Enrichment searches were performed to de-
termine the required ratio of TRISO0BISO particles to
matrix material needed in order to achieve a given set of
desired performance characteristics, in our case a BOC
keff ' 0.95, a fusion power limit of 200 MW, and a spec-
ified burn cycle length.

A five-batch fuel cycle, in which a given batch of
fuel is resident in the GCFTR for five successive cycles,
was modeled. A given batch of fuel was initially inserted
into the outermost region of the core~region 1! for the
first cycle and then moved to successively inward re-
gions in successive cycles. This process continues until
the fuel has been moved to the innermost region~re-
gion 5! of the core, resulting in a more even burn than if
the fuel resided in any one region over the five-cycle
residence time. Upon the completion of a five-cycle res-
idence time, the fuel was removed, allowed to cool, and
then mixed with fresh fuel and inserted back into re-
gion 1 or, if sufficiently burned, prepared for permanent
storage. When the burned fuel is to be reinserted for
another residence time, it will be separated from its ma-
trix material and mixed with fresh fuel particles and then
reconstituted in a new matrix and reinserted into region 1.
Clearly, the fuel composition introduced into region 1 will
change over time as once-burnt, twice-burnt, etc., fuel is
mixed with fresh fuel until equilibrium is reached where
the feed to region 1 is constant from cycle to cycle.

In the calculations performed for this study, there
was an intermediate equilibrium in which fuel particles
were modeled as passing through the reactor only once
~i.e., particles were in the reactor only for one five-cycle
residence time!. At such an equilibrium, the fuel in the
outermost region would be fresh, the next innermost re-
gion would be once-burnt, etc., and no mixing would
occur after discharge from the innermost region. The
results of such an intermediate equilibrium are a good
approximation of the initial cycles of the first GCFTR.
The fast spectrum of the GCFTR will not lead to a large
shift in performance after multiple recycles, and these
intermediate-equilibrium calculations can be used to
project the result of continually recycling the fuel parti-
cles, as described above.

IX.B. Transmutation Performance

A number of transmutation fuel cycle calculations,
as described above, were performed, corresponding to
different choices of the core composition~fuel type, vol-
ume percent, enrichment; cycle length; etc.!. The results
of some of these calculations are shown in Table XVII.

Comparison of cases 1 and 3 or 2 and 4 shows that in
order to achieve a comparable fuel cycle time and reac-
tivity decrease~hence compensating increase in fusion
power! over the fuel cycle, cores fueled with BISO fuel

Fig. 11. GCFTR fuel cycle.
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particles0Zircaloy matrix must have a somewhat greater
TRU loading than cores fueled with TRISO fuel particles0
SiC matrix. The total residence time in the reactor re-
quired to achieve a given percentage TRU burnup, and
hence the neutron fluence~and radiation damage!, is some-
what greater for the BISO0Zircaloy fuel than for the
TRISO0SiC fuel. These results arise principally from the
greater parasitic absorption in zirconium than in SiC dis-
cussed in Sec. V.

Based on the calculations shown in Table XVII, the
TRISO0SiC fuel with the 600-day burn cycle~case 1!
was designated the reference fuel and fuel cycle for the

GCFTR. The value ofkeff decreased over the fuel cycle
~no account taken for compensating control rod move-
ment! from ;0.95 at BOC to;0.81 at EOC, and the
fusion neutron source power increased from;42 MW
~BOC! to 172 MW~EOC! to maintain a constant 3000-
MW~thermal! fission power over the cycle. The BOC
TRU loading in the GCFTR is 36 tonnes, and 1.1 tonnes
is fissioned per effective full power year. About 23% of
the BOC TRU loading is fissioned in every 8.2-yr resi-
dence time. In terms of the original SNF from which the
TRU was extracted, the disposal rate of the GCFTR is
99.3 tonnes0FPY.

Fig. 12. SNF reprocessing.

Fig. 13. BISO production.

Stacey et al. A SUBCRITICAL GCFTR WITH A FUSION NEUTRON SOURCE

182 NUCLEAR TECHNOLOGY VOL. 150 MAY 2005



The above results can be extrapolated to calculate
the total residence times~and the associated neutron flu-
ences! in the GCFTR that would be required for the
coated fuel particles to achieve 90 and 99% burnup.
Eighty-years’ residence in the GCFTR~about ten 8.2-yr
fuel cycles! would be required to achieve 90% TRU
burnup, and 159 yr’s residence in the GCFTR~about
nineteen 8.2-yr fuel cycles! would be required to achieve
99% TRU burnup. Based on the calculations shown in
Table XVII, the TRISO0SiC fuel with the 600-day burn
cycle~case 1! was designated the reference fuel and fuel
cycle for the GCFTR.

Cases 2 and 4 are variants of cases 1 and 3, respec-
tively, in which the burn cycle length is increased from
600 to 1000 full-power days. The TRU loadings are some-
what greater, the EOCkeff’s are lower, and the EOC
fusion powers and accumulated neutron fluences are
higher for the 1000-day burn cycles, but otherwise, the
characteristics of the 1000- and 600-day cycles are similar.

The GCFTR maintains a constant 3000 MW~ther-
mal! of power as it transmutes LWR SNF. This corre-
sponds to the destruction of 1.1 tonnes0FPY of TRU.
Considering that a typical 1000-MW~electric! LWR pro-
duces TRU at a rate of 360 kg0FPY, one GCFTR can
fission the TRU produced by three 1000-MW~electric!
LWRs. The current capacity of the 105 LWRs in the
United States is;100 GW~electric!, producing;35.5
tonnes0FPY of TRU. It would therefore require a mini-
mum of 32 GCFTRs at 100% availability~or 43 at 75%
availability! to completely eliminate the annual TRU pro-
duction in LWRs, at the present level of nuclear power in
the United States.

X. DEPRESSURIZATION ANALYSIS

One of the design objectives of the GCFTR is that it
meets the passive safety requirements of the GEN IV
initiative.1 Specifically, it must not depend on active en-
gineered safety systems and must be able to maintain
containment integrity during a design-basis depressur-
ization LOCA. It must also contain all FPs within its
design boundaries with no operator intervention for a
period of 48 h. To examine the passive safety of the
GCFTR, we have modeled a depressurization accident
within the core. Such an accident would result in the
reduction or elimination of the heat removal capability of
the primary coolant system, causing a voiding of the
coolant channels and virtual thermal isolation of the fuel
pins. In LWRs, negative coolant voiding and fuel Dopp-
ler temperature coefficients of reactivity are important
features in the early stages of such accidents. But, since
our system has helium coolant and no238U, these tem-
perature coefficients cannot be relied upon.

During the course of this accident scenario, the pri-
mary mode of heat transfer is eliminated, and the decay
heat generated in the fuel is stored in the cladding, the
matrix materials, the structural components, and the fuel
particles themselves until the temperature becomes suf-
ficiently large that radiative heat loss terms become im-
portant. In order to carry through a transient temperature
analysis following depressurization, we made the sim-
plifying assumption that the temperature of the cladding
and fuel would quickly reach an equilibrium average
value, allowing us to model the pin itself as a uniform
temperature mixture with a net heat source

Fig. 14. TRISO production.
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Qnet 5 Qgenerated2 Qemissive ,

where

Qemissive 5 «sT 4 3 Area .

Since the heat generated by the fuel is coming only
from the decay of FPs and actinides, the temperature in
the core is strictly a function of time. The pin consists of
70% Zircaloy matrix and 30% BISO fuel particles~per
unit volume! with an enrichment of 30%, and the pin’s
effective specific heat capacity was modeled accordingly:

Cp 5 0.7~Cp-matrix! 1 0.3~Cp-fuel! .

The initial average pin temperature for the calculation
was 8008C, the total mass of the pin assembly was
1.711 kg, and the average specific heat capacity of the
homogenized assembly was 196.11 kJ0kg{8C.

The decay heat following shutdown after 1 yr of
operation was calculated with the ORIGEN code5; in
units of kilowatts per tonne of fuel, the decay heating was

299 att 5 0, 167 att 51 min, 65 att 51 h, 9 att 51 day,
and 8.3 att 5 2 days. The decay heat added by actinides
is insignificant in magnitude when compared to that of
FPs~thus not having a significant impact on temperature
rise!. Specifically, the initial decay heat produced by the
FPs is 0.105 MW while the heat from the actinides is
;2 kW. Since FPs build up over core operating life, it is
expected that the worst-case decay heat scenario will
occur when four of the five fuel zones are composed of
partially burned fuel. To simulate this situation, the ORI-
GEN decay heat was calculated after 1 yr of GCFTR
operation.

The amount of radiated energy is largely dependent
on the temperature of the structure~assumed to be a
blackbody! and the emissivity«, which is calculated as

« 5
12 exp@2NTU~11 Cr!#

11 Cr

and

NTU 5 UA0Cmin ,

TABLE XVII

Transmutation Fuel Cycle Analysis for 3000-MW~thermal! GCFTR

Parameter 1 2 3 4

Fuel particle type TRISO TRISO BISO BISO
Kernel composition TRU-O TRU-O TRU-O TRU-O
Enrichment~particle0particle1matrix! ~vol%! 62 76 60 65
TRU0core~vol%! 3.49 4.28 4.42 4.79
Matrix material SiC SiC Zircaloy-4 Zircaloy-4
Burn cycles~batches! 5 5 5 5
Burn cycle length~days! 600 1000 600 1000
Five-cycle fuel residence time~yr! 8.21 13.69 8.21 13.69
BOC keff 0.946 0.950 0.953 0.954
EOCkeff 0.809 0.755 0.873 0.807
BOC Pfus ~MW ! 42.1 38.8 36.7 35.5
EOCPfus ~MW ! 172 236 107 175
TRU BOC load~tonne! 36.4 42.8 47.0 48.8
TRU burnup per year~tonne0FPY! 1.11 1.11 1.11 1.11
TRU burnup per cycle@tonne~%!# 1.8~4.6! 3.0~6.2! 1.8~3.6! 3.0~5.6!
TRU burnup per residence time@tonne~%!# 9.1~23! 15.2~31! 9.2~18! 15.2~28!
SNF disposed per year~tonne0FPY! 99.3 99.2 99.8 99.5
Average core flux across cycle~n0cm2{s! 4.12E114a 3.82E114 4.09E114 3.97E114
Average core~.0.1 MeV! flux ~n0cm2{s! 1.63E114 1.54E114 1.67E114 1.61E114
Fluence0residence time~n0cm2! 1.07E123 1.65E123 1.06E123 1.71E123
Fluence~.0.1 MeV!0residence time~n0cm2! 4.23E122 6.67E122 4.33E122 6.96E122
Residence at 90% burn~yr! 80 99 103 110
Fluence at 90% burn~n0cm2! 1.04E124 1.19E123 1.33E124 1.38E124
Fluence~.0.1 MeV! at 90% burn~n0cm2! 4.12E123 4.82E123 5.42E123 5.59E123
Residence at 99% burn~yr! 159 197 205 219
Fluence at 99% burn~n0cm2! 2.07E124 2.38E124 2.65E124 2.74E124
Fluence~.0.1 MeV! at 99% burn~n0cm2! 8.18E123 9.60E123 1.08E124 1.11E124

aRead as 4.123 1014.
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where

Cr 5 specific heat ratio between the clad and fuel

NTU 5 number of transfer units

U 5 overall heat transfer coefficient

A 5 area of the pin

Cmin 5 lowest specific heat value within the structure.

It is also important to take into account what is ac-
tually happening in the core in terms of emissive power.
When heat is lost from a fuel pin due to thermal radiation,
the heat is dissipated asymmetrically.Away from the inner
and outer annuli of the reactor core, the heat being dis-
sipated in the radial direction is offset by the fact that the
adjacent pins will be receiving the heat and radiating
comparable amounts of heat back to the focus pin, thus
canceling out theQemissive term in the radial direction.
However, the reflector~and pressure vessel! receives heat
from the pins located near the inner and outer radii, and
there is a fraction of heat being radiated from both the top
and bottom of each individual fuel assembly~the total
fraction of core that actually emits heat by thermal radi-
ation is estimated to be between 25 and 50%!. Thus, an
effective view factor—the fraction of radiated heat not
reabsorbed—is used in the computation of the radiative
heat loss term in our analysis. The decay heat values are
initially 7% of the total core power density; i.e., for 50
W0cm3 fuel region specific power density, the decay heat
values have an initial value of;3.5 W0cm3.

The objective of the analysis is to determine when a
material thermal limit will be reached, assuming no op-
erator intervention. The thermal limits of the primary
materials of construction are listed in Table XVIII. The
calculated fuel pin temperature rise is tabulated in
Table XIX.

These results indicate that the temperature rise in the
core due to decay heat is significant enough during a
design-basis depressurization LOCA that the matrix and
cladding will reach temperatures that exceed their melt-
ing temperature 24 h after depressurization. Table XIX
also illustrates that the temperature rise begins to stabi-
lize between 24 and 48 h after shutdown. Thus, the de-
sign objective of passive safety with full containment has
not yet been achieved under a worse-case scenario, but

further analysis and some minor core configuration
changes should allow the GCFTR to achieve the desired
passive safety performance goal for the depressurization
accident.

XI. ELECTRICAL PERFORMANCE

The electrical performance goal of the GCFTR is
that it be power self-sufficient under steady-state oper-
ating conditions. Any surplus power generation capacity
can be routed to the commercial grid.

The use of helium as the coolant for all components
and systems results in significant pumping power require-
ments. Because helium is the working fluid and will not
undergo a phase change during the cycle, a Brayton power
cycle will be used.

XI.A. Electrical Power Production

The maximum gross thermal power that the core will
produce is 3000 MW. The;200 MW of fusion power
will not be directly converted into recoverable energy
except through a feed preheat system that, by redirecting
some of the fusion cooling waste heat back into the inlet
stream of the core coolant system, will slightly increase
the thermal efficiency of the core. The power cycle will
be configured into four independent loops, each with a
thermal power capacity of 750 MW. Each loop will cor-
respond to a 90-deg arc section of the core containing
51 800 fuel pins. The Brayton power cycle is illustrated
in Fig. 15.

The gross thermal efficiency of the Brayton cycle
when the feed preheater is incorporated into the system is
;32%. The gross electrical power generation capacity of
the GCFTR is 1024 MW~electric!.

XI.B. Operating Power Requirements

The pumping power requirements for each of these
four helium coolant loops represents a significant por-
tion of the operating power required for the system and is
briefly discussed here. The pressure drop over the com-
ponents of the system can be seen in Fig. 15 and is input
into the thermodynamic pumping power relationship:

Pumping Power5
_mloop 3 DPloop

rHe 3 «

3 number of loops.

The other primary loads that are accounted for in this
evaluation are the cooling and operating power require-
ments of the TF, CS, and PF magnetic coil systems; the
cooling power requirements of the divertor, first wall,
shield, and reflector systems; the pumping power require-
ments through the core and power cycle components

TABLE XVIII

Pin Material Critical Temperatures*

Zirconium
Carbide

Pyrolytic
Carbon

Zircaloy
Cladding

Zircaloy
Matrix

TRU-
Oxide

3250 3650 1845 1845 2085

*In degrees Celsius.
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including turbines and heat exchangers; and the heating
and current drive system requirements. The TFC cooling
power requirement is discussed in Sec. VI, along with the
first-wall, shield, and reflector cooling requirements. The
CS and PFC cooling power requirements are estimated to
be 1.2 MW. The divertor cooling requirement is derived
in Sec. VII. The core pumping power requirements are
derived in Sec. V. The heating and current drive system
delivers 62.5 MW with an assumed efficiency of 70%,
for a 90-MW requirement. The coolant system pumping

power requirements were derived above. The calculated
power consumption data are listed in Table XX.

XI.C. Net Electrical Power

By subtracting the total operating power require-
ment of 305 MW~electric! from the 1024 MW~electric!
produced by the GCFTR, a net surplus power generating
capacity of 719 MW~electric! is found. The electric power

TABLE XIX

Fuel Pin Temperatures Following Depressurization*

0
5

~min!
10

~min!
30

~min!
60

~min!
700

~min!
12
~h!

24
~h!

48
~h!

1yba at 25% view factor 800 1154 1256 1584 1652 1820 1841 1908a 1942b

1yb at 50% view factor 800 1136 1230 1541 1602 1760 1775 1835 1862b

*In degrees Celsius.
aFission products corresponding to 1-yr burnup.
bExceeds Zircaloy clad and matrix melting temperature.

Fig. 15. One loop of the Brayton power cycle.
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amplification factor for the entire plant isQe 5 10240
3055 3.4.

ACKNOWLEDGMENTS

The authors are grateful to S. Abdel-Khalik and N. Hertel
for input on various aspects of this paper.

REFERENCES

1. “GEN IV International Forum: Nuclear Energy Systems
for the Future,” Web sitêhttp:00gif.inel.gov0&.
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