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% Approaches of DEMO design study

Joint Special Design Team for Fusion DEMO

Component approach 4 Systematic approach )

Access options of each component F%atiqnal design meeting
and narrow them down requirements

System design

integration

Buildings
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SELF-SUSTAINING FUSION

A reactor is on the horizon—but will it always be on the horizon? By William Sweet

Thermonuclear fusion is,
in principle, a hugely at-
tractive energy source. It

relies on a fuel, hydrogen, that abounds
everywhere in the world, and on pro-
cesses that release no greenhouse gases.
In contrast to nuclear fission, it yields only
short-lived radioactive waste that is rela-
tively easily handled and cannot be made
into raw material for nuclear weaponry.

If a fusion reactor could be made to
work economically, the payoff would
truly be a Holy Grail. The rub: enor-
mous amounts of pressure and heat
are required to make fusion happen,
and even if the technical feat of creat-
ing self ining fusion r ions can
be accomplished in principle, there re-
main the challenges of achieving a net
energy gain and, even tougher, a net
economic gain.

So great are those challenges,
in fact, that the prospect of
building a commercially vi-
able reactor has come to re-
semble an ever-receding mi-
rage—a promise that is
somehow always just
25-50 years ahead.

In fusion, hydrogen
isotopes are made to
combine to form heli-
um, bringing an enormous
energy yield with the release
of neutrons and alpha parti-
cles. One way of doing this,
called intertial confinement
fusion, is to train giant lasers
on pellets of hydrogen fuel.
That's what's being done at
Lawrence Livermore National
Laboratory’s National
Ignition Facility in California,
mainly to test and evaluate
some of the processes
that take place in
thermonuclear weapons.

The favored approach for
electricity generation, dubbed
magnetic confinement, is to
achieve compression and
heating of the isotopes by
means of powerful
fields, usually in toroidal
machines. It got its first
big tests at the Joint
European Torus, Abingdon,
UK, and at the Princeton
Plasma Physics Laboratory in New

Jersey, where reactors momentarily
demonstrated sustained reactions in the
mid-1990s.

The next main event is to be the
design and completion of ITER, the
International Thermonuclear Experi-
mental Reactor, an international col-
laboration in a US $5 billion plant to
generate continuous self-sustaining
reactions in a so-called burning plas-
ma. ITER has suffered many vicissi-
tudes since its conception more than a
decade ago, including decisions
by the U.S. government to drop out
of and then rejoin the group. The U.S.
Department of Energy has now.
declared ITER its highest priority

among major new facilities and up-
grades, but the project still awaits a fi-
nal design and selection of a site.

No project of this scale gets adopted
without a lot of politics. U.S. President
George W. Bush decided to get back
into ITER under considerable pressure
from Britain’s leader, Tony Blair, and
evidently he backed a proposed site
near Barcelona in return for Spain's
support in the Iraq war. The European
Union, meanwhile, has thrown its sup-
port to a site in southern France, at the
Cadarache nuclear complex; the choice
between that site and one in Japan
was to have been made on 20

December in Washington, D.C. [

POWER SQUEEZE: In the gourd-shaped toroidal cavity of the proposed tokamak reactor,
-mnwmwwwmmunmmuwu
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€ Basic principle

» Minimum technological gap from ITER to DEMO

= application of ITER technology

> Feasible concept based on the present understanding
=Fusion power compatible with divertor heat load

=full-current ramp-up by CS coil

Present design guideline for DEMO

Joint Special Design Team for Fusion DEMO

Reactor core

® [usion power : ~1.5 GW
® Coresize. ~8m

® Continuous operation

® T[ritium self-sufficiancy

BOP is based on the existing
__ technology and minimize

BoP (Balance of plant)
® Pressurized water condition

15.5 MPa. 290-325°C
® Thermal output: 1.6-1.7 GW
® Net elec. output: 200-300 MW
(gross elec. output400-500 MW)

development issue.

26



Major parameters (2014 version)
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€ Based on the assessment of technologies, -m Rets
) 85 €

possible design parameter set is analyzed by R, (m 6.35
systems code (TPC). S a,(m 242 €& 185
# Steady-state and pulse operation in the S A L
: . : & Ky 1.65 &  1.85

same device design including CD powver. s 41 P —

95 . .
€ R =8.5m for 2hrs pulse by expanding CS size & 1 (MA) 123 € 90

(]

¢ P, <1.5GW and P,.0.2-0.3GWe to oL 594 & 518
demonstrate electric generation and to B () GRS
roduce P (MW) 1462 1085 356

08 Pret(MWe) 303 185 -

> heat flux on DIV due to heat removal EF! 175 13 6
capability gg Paop (MW) 83.7 835 59
<8¢ n, (10®m?) 66 65 6.7

» neutron flux on BLK for enhancement of

TBR NWL (MW/m?) 1.0 0.74 0.35
HHag,, 131 113  1.57
® «=1.65 due to vertical stability B8 By 34 26 295
® TF coil is designed using NbzSn, S,,=800MPa ‘gt ]‘:BS 82; 8‘3‘2 g':i

co  fo : : :
® Moderate plasma performance for the pulse 25 /n, 12 12 082

operation, while advanced for steady-state . 007 0.07 0.04
27
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Power exhaust study for DEMO

Joint Special Design Team for Fusion DEMO
@ Design parameters for power exhaust with P /R =30- -
60:. 2- - 4times larger than ITER
> P; ~0.5- - 2GW level (P, ~300- - 400MW)and R=7- -
Om.

® Large f 4 = 0.8-09 and ITER divertor technology will be still
required, while experiments with high H-factor and
radiation loss are limited up to f,,,=0.7-0.8

> Developments of the divertor physics and engineering/

Qtarget (MW/m?2) -- without radiation&neutral loading

technology are necessary. 30 prrer
Simple estimation of peak heat load:|| « ITER divertor technology € -
Demo design  n %9 Imp. seeding (W&Cu-alloy COOling plpe) N 20F
| | can handle up to 10MW/m? :

-

y

Pout (1 'fmd) Sinediv

qtarget = R 4:[1(7,,,,-(1 feXpdiv b I:OWGF Ileat |Oad ( :5”' W/m ) - 10F
is required for W&F82H 3 :
Transport & - ' [ S|=T5F
Df:t’;([/ﬁgiw Geometry design (RAFM) COOIIng pipe g EEZ
desian > [

IUI L --—)

| %0 ""20 a0 60 80 100 20




P:.s compatible with heat handling

DEMO
apa
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€ The divertor transport simulation was 20—
carried out by SONIC code. - R =5.5m A
. . i 'f —70%-
€| [he simulation results suggest that the | _ 15¢ S
e . _ o . e artial ]
radlatloh frac.tlon fraa= (0% will be S > ‘detached
compatible with P; .=1.9GW and the 2 00T _(Caro% ]
larger major radius R, i i|0o 7 A 92%
@ The detail simulation of Py ;=1 5GW and °f|z .-~ - ?
8m class is started. WL " Fulldetached
y).s 2 25
outer target [ plasma heat
n, (“?"":t: I j’ T:':fv" 150 44 'arget hoot load (MWim?) ::"%J.',T."::‘.i“.:‘-;,..‘
: l 1‘“ ] 1 | 1 '—r # neutral load
4 —ia |{120 12
: ‘ 10
‘- °F R
2t 80 6
. 1 130 4
2
ot 4 I . wad 0 0
. -0.05 0 005 01 015 02 025 006 0 005 01 035 02 025
distance from strika point (m) distanoe from strike poirt (m)

Ref.: IAEA FEC2014 FIP/P8-11,K.Hoshino et al., 30



. Divertor engineering design
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Joint Special Design Team for Fusion DEMO
€ One divertor cassette covers 7.5 toroidal area = 48

cassettes to cover all toroidal area

€ Different water temperatures, flow speed is adjusted by
each inlet header:
Cu-alloy pipe inlet-T: 200° C, 5MPa iy
= outlet-T: 231° C is lower the critical-T (250° C)
F82H-pipe inlet-T: 290° C, 15MPa(PWR condition) Outer target (9.7m/s)
= water speed is acceptable (5-6m/s)

Inner baffle  Outer baffle outleté231 °C) Inner target (13.7m/s)
a8 ¢ intlet (200°C)
&=intlet 2290@(3) ’v
=P outlet(324°C)
F82H-plpe & Outlet: 231°C
/ Inner dome 'l \
\\Outer target W-monoblock/F82H-pipe Inlet: 290°C, 15MPa

Outer baffle (4.0m/s)

2 W W-block/ [ ] IT
V Cu'aIIOY'pipe inner dome (4.5m/s)

Outer dome (4.1m/s)

Inner baffle (5.4m/s) Reflector tO.SIﬁ/S)
Inner target . ! '
W-block/Cu-alloy-pipe Outlet: 325°C

4.7m 31

.




Conducting shell position for larger R,

Joint Special Design Team for Fusion DEMO

€ Conducting shell has an important role in stabilizing MHD
mode (vertical instability, kink etc.) for plasma performance.

€ Blanket thickness has a large impact on the position of the
conducting shell. 14

1.2

Water-cooled
Solid breeding

1.0

0.8

0.6

Local TBR

0.4

/ 0.2 f

00 = ! :
0 10 20 30 40 50 60 70 80 90 100
Blanket thickness (cm)

e ——————

\‘/#hickness

R,=8.5m,a=242m cond. shell
a SOL BLK clearance

Y y for connection plasma <Sﬂ_> blanket
h, 242+0.2+0.6+0.05 135

a 2.42
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& Simple stability analysis on « for r,,/a,=1.35
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# Shell approx. by the assembly e e
of toroidal filaments i NN\ A
® Elongation k=1 45-1.85

¢ Shell position r,/a,=1.2-1.5 |

Modes stabilized

Stabilizing index, Ns (s)

i by the shell
® «=1.65 has a sufficient margin = | R
for vertical instability : ﬁ a ,
EEAERER U 3 "e Growth rate
EQ fleld curvature VS. stablllzmg effect of shell
ZA 2 ' 1.5 . . r
Beq K =1.65 ats K =1.85
rw/a=1.2 -
15} ] \‘\
rwia=1.3 1 el - <n>York = 1.85)
rw/a=1.35 wWia=1.00
- wia=1.4 @ wia=1.4
R g ! w/a=1.5 %’ rw/a=1.5
T <n> fork =165 N\ | aml
0.5}
Curvature index z

of EQfield {p—_Ro9Bz| o M Y I S S W —
n= Bzo OR 10° 10° 10* 10° 10% 10" 10° 10 10® 10% 10* 10° 10% 10" 10° 10
20 1/s 1/s
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® Vertical stability constraints design elongation, which is strongly affect the
plasma performance.

l 2014 design
I I I I

L 1.5 15¢ 500
0.8F J1.4 : J400
<*> : — 10F S
£ oef . 113§ < 300 =
o r 1 jee) - 1 E
AN R ! =) 2 B 1 ~—
o 2 ! I S C ! =
T 04r : 112 I _o ¢ : 4200 ©
o | ; ’ St : ] Qo
L ! q95~4.1 k - : q95~4.1 E
02 ' bN~3.4 1 ' bN~34 {100
L ' ne/nGW~1.2 1 : ne/nGW~1.2
0 1 i 1 ) ) 1 0 1 i ] 1 1 0
155 1.6 1.65 1.7 1.75 1.8 1.85 155 1.6 1.65 1.7 1.75 1.8 1.85
K K
95 95

Analysis of Vertical Stability has been conducted by
* 3D-eddy current analysis with rigid plasma model
* MECS code (MHD eq. control simulator developed for JT-60SA)
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Systematic control analysis is underway

Joint Special Design Team for Fusion DEMO
€ Systematic position control is under study to determine a
design k, taking account of plasma MHD equiilibrium, eddy
currents induced in in—vessel components and the vacuum
vessel, and detection system, control algorithm, and PF coil

system 12

Disturbance in HESPSN
f plasma equil. 1 |E

=

PF coil system

currents

-]

o
o
=

N

SN B

1 (m)

| |
PF6
PF7 O

|
N o ® AN

[
- -

=]
N -
N
o=
oy
—
|
N
—
-
"
[
ot
®
[
=]

Behind shield

VV and in-vessel comp.
modeled with meshes

Neutronics
analysis

Detection
system

Shield

VvV

Fast n ~5x10'° cm=2s-!
y ray ~0.001 MGy/h

\‘ < Mag. probes not applicablg;

= Mag. probes withstand

Behind blanket
Fast n ~2x10'3 cm2s-!
y ray ~0.5 MGy/h




Preliminary design target of TFC

Joint Special Design Team for Fusion DEMO

® Large TFC size is required for R =8.0m class and
maintenance port, considering toroidal ripple 0.5%.

® Present target is based on ITER-TFC technology, except
Birax=13.7 and coil size

€ Manufacturing is one of the critical issues for a larger TFC

| DEMO | ITER_ .

SC material NbsSn  NbgSn

No. of TFC 16 18
Max. magnetic field [T] 137 11.8 l ,TER_TF':‘] |
Turn No. for one TFC 228 134
Total mag. Energy [GJ] 149 41

Coil width [m] 1.7 0.9

Conductor length [m] 52 32

. Fig. Comparison of TFC
Total weight [t] 11800 5400 between ITER and DEMO,,



Yield strength (MPa)

Design condition temp. and stress

Joint Special Design Team for Fusion DEMO

@® Operation temperature for TFC is similar to ITER
condition 5K considering temp v.s. vield strength.

® Target of stress condition (S,=2/3S,) is SOOMPa

based on the present forged JJ1 data, which is
larger than ITER condition 66 rMPa

Forged JJ1
No. of sample: 41

YS UTS EL (%) RA
(MPa)l (MPa) (%)
4K
Average 1126 1527 42 46
S.D. 66 18 4 5
Maximum | 1329 1610 52 35
o: 1 Minimum | 987 1478 32 27
0 50 100 150 200 250 300 K.Hamada et al. Fusion Eng. Design 82 (2007)1481.

- — Temperature (K)

37



Stress analysis for TFC
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ANSYS 14.5.7

.3229E+03
.3547E+03
.3865E+03
.4184E+03
.4502E+03
.4821E+03
.5139E+03
. 9457E+03
.57T76E+03
.6094E+03

Coll case

Conductor

Max. P, = 568MPa
P.+P, = 627MPa

Radial Plate W*

B0CCREENN

Winding pack

ANSYS 14.5.7

.300BE+03
.3620E+03
L4232E+03
.4845E+03
.5457E+03
.6069E+03
.6682E+03
. T294E+03
.7907E+403
.8519E+03

TF coil case

HE00NDEEN

ANSYS 14.5.7
-.4319E+02
-.3254E+02
-.2189E+02
-.1124E+02
-.5941E+00
.1005E+02
.2070E402
.3135E+02
.4200E+02
.5265E402

S, 667MPa may be possible by increasing

W|dth of the radial plate between conductor.
38
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Q\W Ciritical issue: Manufacturing accuracy

DEMO
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® In case of ITER TFC, winding accuracy is required
to be 2x1.75mm/14m (=0.025% )

® Vajor elements for accuracy are auto-winding

machine, radial plate, precise estimation for

deformation after heat treatment
Ref. Henmi (JAEA)

1.75 mm
g F\_M m COf}dUCtOF Conductor
RR le==== T— —© RR &= o
Before heat treatment (view of A-A) After heat treatment (view of A)

R
Qﬁ?mucm 3m size DEMO requires more
B accuracy than the ITER condition.
A \u A - Is it possible ?
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$. Comparison of maintenance methods
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Inint Snacial Dacion Team for Eucion DEN]()

€ Segment size - 10m x 4m x 1m € Segment size . 10m x 8m x 4m

€ Max weight is 90ton. € Max. weight is 360ton.

€ T[FC is smaller, and support € TFCis larger and support of
between TFCs is possible for overturning force is critical issue.
overturning force. € Other movement except

€ Additional support from divertor horizontal direction is not

port is required. required.
€ No. of welding points are 51 2. No. of welding points are 160.
€ Conducting shell effect is small Conducting shell effect is large

L 2 2

Saddle-shaped segment
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