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Past 28 Years

® The world explored and adopted specific materials and concepts.
* The design concepts for in-vessel s

(1971) and UWMAK-II (1974):

~ solid first wall facing the plasma

ystem are essentially the same as UWMAK-]

— configurations for solid breeder, separately cooled LM, self-cooled liquid metal

Main Line Blanket Concepts by Various Parties (1997)

EU | Japan | USA
Helium/Solid Breeder/Ferritic Steel X X X
Water/Solid Breeder/Ferritic Steel X
Water/Li Pb/Ferritic Steel X
Li/Li/Vanadium X
*RF is not devoting resources to R&D
P




EU Helium-cooled pebble bed DEMO blanket design
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In-Vessel Material System Has Many Materials

-Structural Material - Breeding Material - Multiplier Material
- Cooling Fluid - Tritium Barriers - Insulators
0

* These Materials are Equally
Important Because
- Each material has its own critical 0.4
technical issues c
. . 9
- Interactions among materials are 5 0.3
critical, involve challenging science L‘f
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The interactions among materials are very important;

- often the most critical feasibility issues
- often the most interesting scientific issues
Purge Gas CLAD/BREEDER MECHANICAL INTERACTION

(ESTIMATES FOR LigO/HT-9/He)
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Major Events during the Past Two Years
| (1997/98)

Major cuts in US funding

2. Criticism of fusion became intense

They say — We do not have an attractive product
— We do not know how to get there
ITER detailed design revealed that the In-Vessel system was one of the most

difficult. Design kept changing.
— This is at 1 MW/m?
“Internal” technical analysis and realistic assessment revealed that current

FW/blanket/divertor concepts are not likely to lead to an attractive product.

Major Issues

1. Heat removal capability at high temperature and power density

2. Failure rate (MTBF) is too short
3. Time to recover from failure (MTTR) is too long

4. Tritium fuel self-sufficiency margin
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Most Challenging Issues for FPT

1. Heat removal at high temperature and high wall load

2. Failure rate
3. Time to recover from a failure

4. Tritium fuel self sufficiency




Power Density and Heat Flux in Fission Reactors

—

PWR BWR | HTGR LMFBR ITER-
Type

Equivalent Core Diameter(m) 3.6 4.6 8.4 2.1 30
Core Length (m) 38 | 38| 63 0.9 15
Average Core

Power Density 96 | 56 9 240 | 04
(MW/m®) |
Peak-to-Average Heat Flux 2.8 2.6 12.8 1.43 50
Coolant (MW/m2)

Suggested Fusion Goals

e Neutron Wall Load > 10 MW/m?
® Minimize Peak - to - Average Power Density




Current Design C:)ncepts and Materials

for First Wall / Blanket
Do NOT Have the Capability to Meet
the Fusion Challenge
Concept Wall Load Other Observations
Capability *
MW/m?
Ferritic / He / Breeder  Magnetic material
Ferritic / H,0 / Li Pb 0) * Fracture toughness
e V works only with lithium
Vanadium Alloy / 95 o Is lithiurp accep?able?
Lithium ) e Not .feamble.untfl a self
healing coating is found
e Serious feasibility issues
SiC/ SiC / He / Breeder 1.5 * Do NOT know how to design
* Poor thermal conductivity

* Average wall load based on 5-mm thick wall, surface heat flux with peaking factor of 2,
and high-temperature limits




Goals for MTBF & MTTR
Can be Easily Derived

Availability = A
A (Plant) = 75%

A (BOP) = 85%
A (Reactor) = 88%

Reactor
Assume 6 major components with equal outage risk

An example of such a component is FW / Blanket
A (Blanket) =97.8 %

B MTBF
A (FW / Blanket) 4 = MTBF + MTTR
M T B F
M T TR __ *38

Note: Itis the Mean Time Between Failure which is the issue.
It is NOT lifetime

D




Several Studies

* R. Biinde et al. (several articles, 1990-95)

What MTBF Can Be Achieved?

e Abdou & Ying (1994)
¢ Detailed EU Blanket Evaluation (1994)

Methodology

e Compile Relevant Failure Rate from Mature Technologies (e.g. fission)
* Estimate Failure Frequency For the Best FW/Blanket Designs Available

0 Include Failures for Pipes and Welds

0 IGNORE (DO NOT Include) Fusion Specific Failure Modes

Failure Modes Failure Rate [Length Failure Modes | Failure Rate Length
(FW) hr'.m! (BLKT) hr'm
Diffusion weld 1x107? 4.56 km Longitudinal 1x10° 4.8 km
weld
EB Weld 1x10°% 2.93 km Butt weld 1x10° 2.58 km
Longitudinal weld |1 x 107 19 km Pipe bend (90°) |5x 107 1152 bends
| Straight pipe 1x107° 2.9 km

P




Current FW/B Design Concepts are NOT Capable
of Meeting the Challenging Reliability and
Maintenance Requirements

X
3 .
% 10 ~ 800 é
2 2
V;} @ 600 >
D 6®6 D
2 s- 2 w00
3 ™ ©
m o
t ) -
2 ~200 X
o3 Current Conceptg L
: -
= 07 -0 S

(o
p—
N
w

MTTR (Months)




Failure Rates and Maintainability
Are More Pressing Issues Than Lifetime

Table 1, Availability as a function of lifetime

Lifetime | Availability
1 year 92 %
2 year 96 %
5 year 98 %
MTTR = 1 month

Table 2, Availability as a function of mean time between failure (MTBF)

MTBF | Availability
1 hour 0.14 %

1 day 3.2%
1 week 18.6 %

MTTR =1 month




Tritium Self Sufficiency is a Serious Issue

1.8% T

current
design
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Summary of FPT most challen ging issues

1) Economic competitiveness requires much higher power density than we have been
working on. Current first wall/blanket concepts are limited to about 2 or 2.5 MW/m?

neutron wall load. Comparison to fission reactors reveals that much more higher neutron
wall loads should be the goal for fusion R & D.

2) Tritium self-sufficiency is highly uncertain with present concepts.

3) Failure rates as extrapolated from current technologies are too high with present first
wall/blanket concepts (and due to the nature of present magnetic confinement schemes)

4) Maintainability is a serious issue with current concepts. Specifically, MTTR (mean time

to recover from failure) is very long. Such long MTTR (>2 months) seriously reduces
reactor availability and make requirements on MTBF impractical.

Path to Improving Fusion

e All the above four issues need to be addressed (ultimately).
* We need concepts that

1) can handle much higher wall loads than we have been working on,
2) can provide better margins for insuring self-sufficiency,

3) have lower failure rate (longer MTBF), and
4) faster maintenance (shorter MTTR)




- New Directions in the US

— APEX (in-vessel system)
— ALPS (Divertor)

APEX Objective

New Concepts

Several are being explored
— Thin Liquid Wall
— Thick Liquid Blanket (no solid first wall)
— Li,0 particulate flow with no structural first wall
— High-temperature refractory alloy (e. 8- W or Ta alloy) first wall with helium

cooling
— Others

=+ -
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unctional Requirements of Fusion Power Technology

1) provision of VACUUM environment
2) EXHAUST of plasma burn products

3) POWER EXTRACTION from plasma particles and radiation (surface
heat loads)

4) POWER EXTRACTION from energy deposition of neutrons and
secondary gamma rays

5) TRITIUM BREEDING at the rate required to satisfy tritium self
sufficiency

6) TRITIUM EXTRACTION and processing

7) RADIATION PROTECTION

\%




1. ECONOMICS

a) cost per unit therma] power
b) thermal conversion efficiency
C) mean time between failure (MTBF)
d) mean time to repair (MTTR)
e) lifetime
2. SAFETY

a) chemical reactivity
b) decay heat

C) tritium inventory
d) off-site dose

e) biological hazard potential
f) radioactive invento
g) etc.

3. ENVIRONMENTAL
a) waste disposal

b) routine releases (e.g. tritium)

C) material resources utilization
d) etc.

and tritium permeatjop

ry of volatile materials
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Liquid First Wall Concepts

. . . Film Former
Use thin/fast liquid layer to remove “surface” heat and
Blanket Module

peak nuclear heat in FW (and divertor) at low surface [Fiowing Fiim
temperatures.
* Provides high heat flux removal capability
e Eliminates thermal stress in the first structural wall
* Accommodates plasma erosion (disruption, etc.)
without increasing FW thickness or damage .-\_,

Pump liquid back through self-cooled blanket to:
e achieve bulk heating for energy conversion
e breed sufficient tritium
e attenuate neutron flux -

Other advantages

>» FW surface breeds tritium

> Reduces failure rates in FW

> Flowing liquid helps pump plasma impurities —~ Film Collector

M. Abdou, APEX Group Leader 20 February, 1998




* Fast Flowing Thick Liquid
FW/Blanket Flow catches all
surface and nuclear heating

* Applicable to alternative

confinement schemes (here an
FRC)

® Easier maintainability of in-vesse]
components

Other advantages
> Renewable FW surface

» Improved tritium breeding
characteristics

> Impurity pumping

> Reduced neutron damage and
activation of structures

M. Abdou, APEX Group Leader

Thick Liquid FW ang Blanket
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Liquid-Filled Porous Wall Concepts

Liquid Film/Porous Fw

Liquid from cooling channel flows through

porous wall to the plasma-facing surface

* Surface heat removed by combination of

conduction to main coolant channels, _—
convection along wall, and/or heat of Plasma —— g
vaporization | —
——
Advantages
® Renewable FW surface

M. Abdou, APEX Group Leader

Reduced elastic modulus of porous material
Fw

High thermal conductivity (even under |
irradiation) and thermal inertia] due to filling
porous FW with liquid

Reduced coolant-side film drop and thermal

contact resistance by direct liquid contact to
bulk coolant and mixing

Continuous
film

February, 1998
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Lithium Oxide Particulate FW/Blanket

¢ Free flowing Li,O particles in direct
contact with the plasma act as first wall

and divertor

e Li,O particles flowing in channels
" behind the first structural wall act as

blanket

e Particles are recirculated by means of
mechanical conveyors

Other Advantages

» Li,0 has low vapor pressure up to
1000°C

> High temperature and large AT for
power conversion

M. Abdou, APEX Group Leader f‘*‘“

Li20 inlet

Open Diverter

Shield

Li20 Outlet

February, 1998




Thick Liquid FW/Blanket Concept
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Possible Imbvlications of the
New Innovative Designs

 Liquid walls and/or liquid blankets will have tremendous effects on the
operating environment and requirements for the solid first wall.

e These effects depend on the liquid (lithium, LiPb, or flibe) and the thickness.

e Effects
— Eliminate thermal stress as a limiting factor

— Lower Flux

— Markedly softer spectrum (No 14 MeV peak anymore)
— Lower activation

— Lower helium

— Lower dpa
Big change in helium-to-dpa-ratio. It will be much lower (easier to test

in fission reactor)

e For thick liquids, the problem may shift more toward making the vacuum
vessel thin, better reweldability limit, and lower failure rate.

25




Vacuum Vessel As The First Solid Wall
e It is desirable to have only liquids inside the vacuum vessel.

* It takes only 40-50 cm of liquid to reduce dpa in 30 year (i.e. lifetime) to
<200 in stainless steel.

* Reweldability becomes a major issue.
It takes a lot more liquid to reduce helium to < 1 appm in 30 years.

Interesting Material Issues

— Criteria for reweldability of the vacuum vessel
— Material candidates for vacuum vessel?

— Material candidates for flow guiders, MHD guiders, etc.
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Liquid Walls/Blankets Will Reduce He,
Dpa, He/Dpa Ratio In Solid First Walls
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‘Maximum Rate of Displacement per Atom in the Vaccum Vessel

Versus Convective Layer Thickness
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Maximum Rate of Hellum Production in the Vaccum Vessel
Versus Convective Layer Thickness

1000 T

{%

10

f LS L 4 LGRS L S

| Wall Load = 7 MW/m2

\\\v.-...-J

appm/y

O Li/vacraTi
% Fl‘b 'F ]t'c stee‘ 5‘-............A...........-.....:.. “eee s reaes

."..0--..-.-.5"-4-ug~l.l.".~.-l"ni-l‘nn' e . caree . .

- 0.001 ’l'lé.""lel",l!‘i'

0:cm 10cm 20 cm 50cm  100cm 140 cm
Convective Layer Thlckness, cm

. T d"
-
IJ: i

<




0%

November, 1977

*

ANL/FPP/TY~g
MDCE-1743 >

THE ESTABLISHMENT OF ALLOY DEVELOPMENT G

OALS IMPORTANT 10
THE COMMERCIALIZATION OF TOKAMAK-

BASED FUSION REACTORS

M. Abdou, S. D. Harkness, s, Majumdar,
V. Maroni and B, Misra

Argonne National Laboratory
Argonne, Illinois 60439

and

B. Cramer, J, Davis, D, Defreece and D, Kummer

McDonnell Douglas Astronautics Company - East
Saint Louis, Missouri 63166

ANL/FPP Technical Memorandum Number 99

Results reported in the FPP serie
are preliminary and subject to re

s of memoranda frequently
be quoted nor referenced without

vision. They should not
the author's permission.

Work supported by the U.S. Department of Energy.

"



Authorized Reprint from
Special Technical Publication 570
Copyright
American Society for Testing and Materials
1916 Race Street, Philadelphia, Pa. 19103

1976 .
G. L. Kulcinski,* D. G, Doran,? and M. A. Abdou?®

Comparison of Displacement and Gas Pro-
duction Rates in Current Fission and Future

Fusion Reactors

; 70, American Society for Testing and Materials
Pp. 329-35].

ABSTRACT: The displacement, he
rates in five candidate materials fo
(Type 316 stainless steel,

aluminum product) were calculated for se

Experimental Breeder Reactor-11), two t
and experimental test reactor), two ac

KEY WORDS: radiation, irradiation, power reactors (nuclear

lium production, and hydrogen production
r controlled thermonuclear reactors (CTR)
molybdenum, columbium, vanadium. and sintered

ssion reactors (fast flux test facility and
hermal reactors (high flux isotope reactor

). displacement,
simulation, helium, hydrogen

Ss;olgrofcssor. Nuclear Engineering Department, University of Wisc

* Senior research scientist, Hanford Engineering Development Laboratory,
Wash. 993532,

3 Research scientist, Argonne National Laboratory, Argonne, 111. 60439

329

onsin, Madison, Wis.

Richland,



