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a b s t r a c t

As one of the series of fusion system design concepts developed in China, the fusion power plant FDS-II, is
eywords:
usion power plant
onceptual design
iquid blanket

designated to exploit and evaluate the potential lucrativity of using fusion energy for generating electricity
based on the advanced plasma parameters, which can be extrapolated from the successful operation of
ITER. Two options of specific liquid LiPb blanket concepts for FDS-II have been proposed, i.e., the He/LiPb
Dual-cooled Lithium Lead (DLL) breeder blanket (∼700 ◦C coolant outlet temperature) and the He-cooled
Quasi-Static Lithium Lead (SLL) breeder blanket (∼450 ◦C coolant outlet temperature), with RAFM steel as
the structural material. In this paper, an overview of the FDS-II conceptual design will be presented and
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. Introduction

A series of fusion reactor concepts [1–6] have been devel-
ped by the FDS (Fusion Design Study) team in China, including
he fusion-driven sub-critical reactor (FDS-I), the fusion power
eactor (FDS-II), the fusion-based hydrogen production reactor
FDS-III) and the spherical tokamak-based compact reactor (FDS-
T). The objectives are to progressively assess the feasibility and the
dvanced performance, considering the different levels of techno-
ogical development (from mature to advanced).

As one of the series design concepts of fusion system developed
n China, FDS-II is designated to exploit and evaluate the potential
ucrativity of using fusion energy for generating electricity based
n advanced plasma parameters, which can be extrapolated from
he successful operation of the International Thermonuclear Exper-
mental Reactor (ITER) [7], and meet the requirements for tritium
elf-sufficiency, safety margin, operation economy, environmental
rotection, etc.

In this contribution, an overview of the work performed on the
DS-II conceptual design is presented. Considering the feasibility,
ucrativity and risk of blanket technologies, two options of specific
iquid LiPb blanket concepts are proposed, i.e., the He/LiPb Dual-
ooled Lithium Lead (DLL, coolant outlet temperature of ∼700 ◦C)

reeder blanket and the He-cooled Quasi-Static Lithium Lead (SLL,
oolant outlet temperature of ∼450 ◦C) breeder blanket, by using
educed Activation Ferritic/Martensitic (RAFM) steel as the struc-
ural material. The preliminary performance analyses, involving

∗ Tel.: +86 551 559 3326; fax: +86 551 559 3326.
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lasma core parameters, neutronics, thermal-hydraulics, mechan-
cs, safety and environmental impact, cost and benefit estimation,
tc., have been carried out. Finally, the R&D needs will be specified.

. Plasma core and reactor configuration

Based on the progress in the recent experiments and the asso-
iated theoretical studies of magnetic confinement fusion, and in
he studies of fusion power plant concepts, such as US ARIES, EU
PCS, and the Japanese SSTR series fusion reactor concepts [8–12],
s well as ITER, the core plasma parameters of FDS-II are ini-
ially designated and optimized by the SYSCODE [13], a coupled
hysics-engineering/cost-benefit computer system code, which
as developed by the FDS team itself. With a major radius of 6 m

nd a minor radius of 2 m, the fusion power for FDS-II is ∼2.5 GW
ith 1 GW of electrical power, and the power gain Q reaches 30.

he neutron wall load of ∼2–3 MW/m2 and the surface heat flux
f ∼0.5–1 MW/m2 are designated for highly effective power con-
ersion. A set of FDS-II plasma-related parameters are listed in
able 1. Because of the comparability between FDS-II and ITER,
he plasma physics and engineering technologies for FDS-II can be
xtrapolated from those for ITER. Considering the advanced plasma
peration mode, the detailed designs and optimization for plasma
ore parameters need to be further developed.

The configuration of the FDS-II reactor is shown in Fig. 1. It has
odularized blankets which can alleviate thermal-stress and the
mpact of electromagnetic force caused by plasma disruption. There
re 10 (Pol.) × 24 (Tor.) blanket modules inside the vacuum vessel.
he equatorial and lower ports provide installation and mainte-
ance access for tritium breeding blanket modules and the divertor
assette, respectively, with short service life due to high neutron

http://www.sciencedirect.com/science/journal/09203796
http://www.elsevier.com/locate/fusengdes
mailto:ycwu@ipp.ac.cn
dx.doi.org/10.1016/j.fusengdes.2008.06.048


1684 Y. Wu / Fusion Engineering and Design 83 (2008) 1683–1689

Table 1
The core physics parameters of main fusion demonstration reactors

Parameter Fusion reactor

FDS-II FDS-I FDS-ST ARIES-ST PPCS(C) ITERa

Fusion power (MW) 2500 150 150 2859 3410 500
Major radius (m) 6 4 1.4 3.2 7.5 6.2
Minor radius (m) 2 1 1 2 2.5 2
Aspect ratio 3 4 1.4 1.6 3 3.1
Elongation 1.9 1.78 2.5 3.4 1.9 1.7
Triangularity 0.6 0.4 0.64 0.7
Plasma current (MA) 15 6.3 15 29 19 15
Toroidal field (Bt) 5.93 6.1 4.7 2.2 6.4 5.3
Safe factor (q 95) 5.0 3.45 4.3 4.5
Normalized (ˇN) 5 3.0 3.0 7.4 4.0 2.5
Average density (1020 m−3) 2.2 2.2 3.4 1.6 1.2 1.0
Average temperature (KeV) 11.1 7.27 17.2 16.5 16
Assistant heat power (MW) 80 50 50 28 100 73
Bootstrap current fraction 0.69 0.41 0.30 0.96 0.63
Power gain (Q) 31 3 3 34 >10
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flow channel inserts (FCIs), e.g., SiCf/SiC composites or other refrac-
tory materials are designed to be used inside the LiPb coolant
channel and manifold, which serves as both a thermal and electri-
cal insulator to keep the temperature of the RAFM structure below
W neutron wall load (MW/m2) 2.63 0.49
W surface heat flux (MW/m2) 0.54 0.1

a ITER-FDR report.

all loading and surface heat flux. The schematical view of the
DS-II with framework dimensions is shown in Fig. 2.

. Blanket concepts and performance analyses

.1. Blanket design

Both the feasibility and lucrativity of the technology are mat-
ers of concern for the FDS-II blanket design. The principles and
equirements are defined as: (1) assurance of TBR (tritium breed-
ng ratio) higher than 1.1 to maintain the tritium self-sufficiency; (2)
doption of reasonable and simple structures for easy fabrication
nd high reliability; (3) selection of structural material with good
echanical performances, e.g., low activation, erosion resistance,

igh temperature resistance, etc.; (4) achievement of high thermal-
ower conversion efficiency; (5) consistency between existing and
xtrapolated technologies.
The liquid LiPb breeder blanket concept has been explored
xtensively in the EU and US as a design option for DEMO blankets
or fusion power reactors [14–19] and TBM (test blanket mod-
le) concepts (HCLL—the Helium-Cooled Lithium Lead, DCLL—the
ual-Cooled Lithium Lead) to be tested in ITERs due to their poten-

Fig. 1. Configuration of the fusion power reactor FDS-II.
1.14 4.1 2.27 0.5
0.22 0.46 0.45 0.25

ial with regard to economy and safety [20–22]. For FDS-II, two
ptions for liquid LiPb blanket concepts with their own features
nd design details (DLL and SLL breeder blankets) are adopted.
he basic blanket structure is made of RAFM (Reduced Activa-
ion Ferritic/Martensitic) steel, e.g., CLAM (China Low Activation

artensitic) steel [23,24], and a 2-mm ODS thin layer is considered
o be fabricated on plasma facing the FW (first wall) surface.

In the DLL blanket concept selected as the main candidate, He
as is used to cool the FW and blanket structures, and liquid LiPb
cts as the self-cooled tritium breeder and neutron multiplier. The
Fig. 2. The framework dimension of the fusion power reactor FDS-II.
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Fig. 4. He flow scheme in the DLL blanket.
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Fig. 3. DLL equatorial outboard blanket module.

he highest temperature limitation (∼550 ◦C), and to achieve high
emperature up to 700 ◦C at the LiPb outlet so as to obtain high ther-

al efficiency. A coating (e.g., Al2O3) on the RAFM structure is also
eing considered in the design for reducing tritium permeation and
reventing corrosion on the RAFM by LiPb.

The SLL concept is a backup option of FDS-II blanket, which was
esigned to use a quasi-static LiPb flow to mitigate the problems
f MHD (magnetohydrodynamic) effects and the corrosion due to
he hot LiPb. Mature material technology can be easily used for the
LL blanket without FCI, the only difference between the structures
f the SLL and DLL blanket designs. The heat in the SLL blanket is
emoved by pressurized helium gas obtaining an outlet tempera-
ure of ∼450 ◦C, which is under the maximum temperature limit
f RAFM steel. However, a coating is probably needed to allevi-
te tritium permeation and MHD effects, as well as to protect the
tructure.
In both DLL and SLL blankets, the “multi-modules” structures
re designed to reduce the thermal stresses and electromag-
etic forces caused by plasma disruption [25]. As shown in
ig. 3, the configuration of a DLL outboard blanket module in
he equatorial port features a rectangular box, approximately Fig. 5. Thermal and stress distribution of the DLL module.

able 2
he reference design parameters of DLL/SLL blankets

lanket DLL SLL

tructural material RAFM (CLAM) ODS RAFM (CLAM) ODS

unctional material(s) FCI: e.g., SiCf/SiC, Coating: e.g., Al2O3 Coating: e.g., Al2O3

Plasma core
Fusion power (MW) 2500 2500
Major radius (m) 6 6
Minor radius (m) 2 2

Heat source
Ave./Max. heat flux (MW/m2) 0.54/0.7 0.54/0.7
Ave./Max. neutron wall load (MW/m2) 2.63/3.54 2.63/3.54
Nuclear heat deposition (FW/breeder zone)a (MW) 5.7/15.3 ∼5.7/15

He system
In/Out temp. (◦C) 300/450 300/450
FW/SP velocity (m s−1) 115/40
Pressure (MPa) 8 8

LiPb system
In/Out temp. (◦C) 480/700 /450
Ave. velocity of LiPb in breeder zone (mm s−1) 99/78/12 ∼1

a Only for one equatorial blanket module.
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Table 3
The efficiency of the components and key parameters of system

Turbine efficiency 92%
Compressor efficiency 92%
Recuperator efficiency 96%
Generator efficiency 98%
Pressure drop ratio 5.0%
Compressor pressure ratio (total of all stages) r 2
Turbine inlet temperature, To 680 ◦C
L
O
R

4

m
o
d
a
o
c
o
b

)((To

w
l
r
t
ˇ
r

t
S
i

5

o
t
t
c
l
b
p
fi
l
i
b
S
s
m
t
r
t
m
[

686 Y. Wu / Fusion Engineering

m (Pol.) × 2 m (Tor.) × 1.2 m (Rad.), enclosed by a U-shaped FW,
overs, and BPs (back plates). The rp (radial-poloidal) and tp
toroidal-poloidal) SPs (stiffening plates) containing a helium
hannel strengthen the structure to form 3 (Rad.) × 6 (Tor.) rect-
ngular LiPb channels inside the breeder zone. Four BPs create
helium-distributing/-collecting chamber. Due to the different

ypes of irradiation damage to the blanket, waste generation
nd cost, the blanket module is made up of a breeder module,
hich must be maintained and replaced due to its short ser-

ice life, and a shield module, having the same service life as the
lant.

The helium coolant flow scheme in the DLL blanket is shown in
ig. 4. The helium gas (8 MPa and 300 ◦C) flows into the first cham-
er from the FW to remove the heat. It then collects in the second
hamber to be evenly distributed over the rpSPs, tpSPs and covers;
nd is finally collected in the third chamber to exit the module at
50 ◦C.

The LiPb flow scheme in the DLL blanket is shown in Fig. 3. The
iquid LiPb (1 MPa and 480 ◦C) is fed into the module and flows
rom the top down in the front row channel closest to the plasma;
hen it reverses and goes upwards, entering the two branches in
he rear two rows of the channels. Finally it exits the module at
00 ◦C.

.2. Performance analyses

Analyses which mainly focus on the DLL blanket were carried
ut. However, most of the estimations can also be applied to the
LL blanket.

.2.1. Neutronics analysis
The TBR and distribution of NWL (neutron wall loading) and

ower density were calculated to evaluate the nuclear performance
y using the Monte Carlo transport code MCNP4C [26] and the
uclear data library FENDL2.1 [27] based on the multi-dimensional
1D/2D/3D) cylindrical models. The detailed descriptions of the

odels and neutronics analyses were presented in Ref. [28]. Based
n a lithium enrichment of 90% 6Li in LiPb, the TBRwas determined
o be 1.29. The average and peak values of NWL in the outboard
lanket were 2.63 and 3.54 MW/m2, respectively. The total power
eposition in the DLL blanket has been estimated to be about
330 MW.

.2.2. Thermal-stress analysis
The thermal-hydraulic parameters of DLL/SLL blankets for FDS-II

re listed in Table 2. The calculations and analyses of thermal-stress
or the DLL blanket module [29] were carried out based on 2D and
D finite element models by using the commercial finite element
ode ANSYS. The thermal and stress distribution are shown in Fig. 5.
he maximum temperature in the ODS steel of the FW was 557 ◦C,
hich is lower than the limit of 650 ◦C. And the maximum temper-

ture in the CLAM steel of the FW was 545 ◦C, which is lower than
he limit of 550 ◦C. The maximum Von Mises stress is 333 MPa at the
orner of the FW helium channel, which is under the limit of 3 Sm of
76 MPa at 370 ◦C. That is, the module is able to resist the mechan-

� =
(1 − �x
cal loads under normal operating conditions. The maximum tem-
erature and stress on the FCI amounts to 653 ◦C and 6 MPa, respec-
ively, which are under the allowable limit of 1000 ◦C and 190 MPa
or SiCf/SiC material [30]. It is shown that the DLL blanket design is
ble to satisfy the material performance requirements [31].

6

d

owest helium temperature, Ts 35 ◦C
verall pressure loss ratio ˇ 1.02
atio of helium specific heat � = Cp/Cv 1.66

. Power conversion system of the blanket

A direct helium Brayton cycle power conversion system with a
aximum gas temperature of 680 ◦C, which has a gross efficiency

f about 47%, was selected for the DLL blanket. The preliminary
iagram is shown in Fig. 6. The intermediate heat exchanger serves
s an isolating loop to prevent the tritium from permeating out
f the reactor system. The Refs. [32,33] assumed Brayton system
omponents might reach higher efficiencies. The analysis model
f power conversion efficiency in Ref. [33] is quoted for the DLL
lanket as follows:

�t(To/Ts)(1 − ˇ(1/r)(�−1)/� ) − (3/�c)(r(�−1)/3� − 1)

/Ts) − 1 − (1/�c)(r(�−1)/3� − 1)) + �x�t(To/Ts)(1 − ˇ(1/r)(�−1)/� )

here To is the coolant temperature for the turbine, 680 ◦C; Ts is
owest helium temperature in the cycle, 35 ◦C; r is the compression
atio of the turbine, 2; �x is the recuperator efficiency, 0.96; �c is
he compressor efficiency, 0.92; �t is the turbine efficiency, 0.92;

is the pressure loss ratio, 1.02; and �(Cp/Cv) is the heat capacity
atio for helium, 1.66.

The power conversion efficiency of the DLL blanket with a gas
urbine power conversion system can reach approximately 47%.
ome key parameters of the Brayton system are assumed and listed
n Table 3.

. Safety and environmental impact

Activation calculations were performed to evaluate the level
f afterheat, dose rate, activity and the biological hazard poten-
ial for the different regions in the DLL breeder blanket by using
he self-developed multi-dimensional transport and burn-up cal-
ulation code VisualBUS [34] and the multi-group nuclear data
ibrary HENDL1.0/MG [35,36]. The service lives of the tritium
reeding and shield blanket modules were assumed to be 5 full
ower years and 30 full power years, respectively. During the
rst 10 years after shutdown, the FW has the highest activation

evel in the DLL blanket. Moreover, the residual tritium plays an
mportant role in the contribution to the afterheat, activity and
iological hazard potential of the LiPb breeder. Referring to the
EAFP (Safety and Environmental Assessment of Fusion Power)
trategy for the management of activated material, most of the
aterial cannot be recycled after 50 years of cooling, but all of

he material can be recycled after 100 years of cooling. The dose
ates of CLAM steel, SiC, and LiPb in the DLL blanket as a func-
ion of the cooling time are shown in Fig. 7. Table 4 lists the

anagement options for activated materials of the DLL blanket
37,38].
. Economics analysis

The economics analysis was performed by using the self-
eveloped SYSCODE. The COE (cost of electricity) is calculated using
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Fig. 6. Diagram of the blanket power

Fig. 7. Dose rates of RAFM steel, SiC and LiPb in the DLL blanket.
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conversion system for FDS II.
he following reference model [39]:

OE = 106[CC0FCR0 + CF + CO&M + CR&D + CD&D

+CSCR]/(24 ∗ 365 ∗ PE ∗ pf)

able 4
anagement options for activated materials of the DLL blanket (%)

anagement option Cooling time 50a Cooling time 100a

ermanent disposal waste 20 0
omplex recycle material (RHR)a 31 0
imple recycle material (RHR)b 15 66
imple recycle material (HORc) 34 34
on-activated waste (Ic < 1)d 0 0
ass inventory (ton) 9678 9678

a RHR (remote recycling limit) for complex recycle material <20 mSv/h.
b RHR for simple recycle material <2 mSv/h.
c HOR (hands-on recycling limit) <10 �Sv/h.

d IC =
Z∑

i=1

Ai
Li

Ai and Li are the specific activity and clearance level of the ith nuclide

40], respectively.
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Table 5
Input parameters of cost calculation

Parameter Value

Main radius (R, m) 6
Aspect ratio (A) 3
Triangularity (ı) 0.60
Normalized (%) (ˇN) 5
Plasma current (IP, MA) 15
Toroidal field (BT(T)) 5.93
Average density (<n>, 1020) 2.20
Thermal-electricity (�TH) 0.47
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apability factor of power plant (pf) 0.75
usion power (PF, MW) 2500
et electricity power (PE, MW) 1199.11

here CC0 is the TCC (total capital cost), FCR0 is the annual fixed fee
atio, CF is the annual fuel cycle cost, CO&M is the annual operation
nd maintenance cost, CR&D is the R&D cost, CD&D is the annual
econtamination and decommissioning cost, CSCR is the annual
cheduled component replacement cost, PE is the net electric power
nd pf is the averaged capability factor of the power plant. The
alculation model using CC0, FCR0, CF, CO&M, CR&D, CD&D and CSCR
as derived from Ref. [40]. All initial input parameters of the COE

nalysis for FDS-II are listed in Table 5.The Coe of FDS-II is in the
ange 63–105 million/kWh when the averaged capability factor, the
ncertainty factor of the blanket material price and the thermal-
lectricity conversion efficiency are assumed to be 60–85%, 0.5–2
nd 47%, respectively.

. R&D needs

The material R&D activities are focused on the material RAFM
teel, such as the impurities control in large scale melting, the
adiation hardening and embrittlement behavior at 300–400 ◦C,
he mechanical properties, such as creep, the fatigue and fracture
oughness at 450–600 ◦C, the corrosion behavior in flowing LiPb at
levated temperatures, the optimization of the welding techniques
nd the material properties study before and after irradiation.

The coating technology R&D mainly involves the Al2O3 coat-
ng and the composite Al2O3/SiC coating, including the fabrication
n CLAM steel by means of HDA (Hot Dip Aluminizing), A/VPS
Air/Vacuum Plasma Spraying) or PVD (Physical Vapor Deposition),
ests of compatibility with liquid LiPb, at elevated temperatures,
/D/T permeation, in situ self-healing capability to repair defects,

f possible, and performance under neutron irradiation.
The R&D on SiCf/SiC composite FCIs is addressed for fabrica-

ion and joint technology, the chemical compatibility with LiPb at
levated temperatures and MHD effects.

Tritium control technology is also developed on the basis of
he available nuclear industrial experiences. The process of tritium
xtraction from the liquid metal through the TES (Tritium Extrac-
ion System) and the subsequent tritium removal from helium
oolant by the CPS (Cooling Purification System) needs to be devel-
ped.

. Summary

The fusion power plant FDS-II has been designed to gener-
te electricity based on advanced plasma physics and engineering
arameters that can be extrapolated from the successful operation

f the ITER. Two options for specific liquid LiPb blanket concepts
or FDS-II have been proposed, i.e., the DLL breeder blanket (coolant
utlet temperature of ∼700 ◦C) and the SLL breeder blanket (coolant
utlet temperature of ∼450 ◦C) with RAFM steel as the structural
aterial. A series of preliminary performance analyses, i.e., plasma

[

[
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hysics and engineering, blanket neutronics, mechanics, safety, cost
nd benefit analyses, indicate that this conceptual design can satisfy
he design requirements.
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