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The first topical meeting on Asian Network for Accelerator-driven System (ADS)
and Nuclear Transmutation Technology (NTT) was held on 26-27 October 2015 at the
J-PARC Center, Japan Atomic Energy Agency, Japan. The topical meeting was an
optional one in-between the regular meeting, which is held in every two years.
Instead of the regular meetings, which cover all research fields for ADS and NTT,
such as accelerator, spallation target, subcritical reactor, fuel, and material, the
topical meeting is focused on a specific topic to make technical discussions more
deeply. In this meeting, the technology for lead-bismuth eutectic alloy was selected,
as it was one of the hot issues in the world, and the topic was deeply discussed by
specialists in Asian countries. This report summarizes all presentation materials

discussed in the meeting.
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1. Introduction

The first topical meeting on Asian Network for Accelerator-driven System (ADS) and
Nuclear Transmutation Technology (NTT) was held on 26-27 October 2015 at the J-PARC
Center, Japan Atomic Energy Agency, Japan. The topical meeting is an optional one
in-between the regular meetings, which are held in every two years. Instead of the regular
meetings, which cover all research fields for ADS and NTT, such as accelerator, spallation
target, subcritical reactor, fuel, and material, the topical meeting is focused on a specific
topic to make technical discussions more deeply.

In this meeting, the technology for lead-bismuth eutectic alloy (LBE) was selected as it
was one of the hot issues in the world and had deep discussions with specialists in Asian
countries. A research activity for LBE application in Germany was also presented as an
invited talk to develop an understanding for key technologies. Through the discussion, the
importance of cooperation in Asian region is recognized to solve the issues for application of

LBE. This report summarizes all presentation materials discussed in the meeting.
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2. LBE Applications in Europe

2.1 Materials Compatibility in Heavy Liquid Metals for ADS Applications



This 1s a blank page.




JAEA-Review 2015-042

SKIT

Karlsruhe Institute of Technology

Materials Compatibility in Heavy Liquid Metals for ADS Applications

Jirgen Konys

INSTITUTE FOR APPLIED MATERIALS — APPLIED MATERIALS PHYSICS (IAM-AWP)

KIT — University of the State of Baden-Wuerttemberg and
National Research Center of the Helmholtz Association

SKIT

Karlsruhe Institute of Technology

Outline

‘ European support for MYRRAH

‘ Corrosion of 9% Cr steels in LBE

‘ Corrosion of austenitic steels in LBE

2 Asian ADS Topical Meeting for LBE Applications, J-PARC Center, Tokai, Ibaraki, Japan, October 26-27, 2015 Jirgen Konys
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Lead-cooled Nuclear Reactors/Systems

Karlsruhe Institute of Technology

Forced convection

by buoyancy pump Accelerator Driven (Subcritical) System

F— _'EEJ H e @ Transmutation of long-lived radioactive isotopes in
: = AT nuclear waste

@ Power generation

@ Liquid lead (Pb) or lead-bismuth eutectic (LBE) as
spallation target and primary coolant

Target and Coolant

Heat exchanger | | i}

@ Maximum temperature, typically
[—J.p,‘,.o.. @ 450 -500°C for regular operation
@Neutron
@ Periodically 550°C (according to plant design)

Lead-Cooled Fast Reactor

@ One of the concepts for the 4t generation of
nuclear power plants (Gen IV)

@ Inthe long-term, Pb as primary coolant at
maximum ca. 800°C

@ Short- to mid-term: Pb- or LBE-cooled at

450 - 550°C
3 Asian ADS Topical Meeting for LBE Applications, J-PARC Center, Tokai, Ibaraki, Japan, October 26-27, 2015 Jirgen Konys
Application of Heavy Liquid Metals (HLMs) ﬂ(IT

Karlsruhe Institute of Technology

] Favourable properties of liquid metals
0O High thermal conductivity and boiling point Efficient heat transfer medium/
—
0O Reasonably low dynamic viscosity coolant for thermal energy conversion
0O Some show minimum interaction with neutrons ;
; — Essential for fast neutron reactors
(e.g., sodium and lead)

0O Liquid heavy metals release neutrons under Allows for sub-critical nuclear fuel in
proton irradiation (e.g., mercury, lead and e
bismuth)

O Liquid breeder and coolant for fusion application

a proton-accelerator driven system

— As eutectic Pb-16Li alloy in fusion

[ Compatibility between liquid metals and steels?
0O Major steel elements are soluble in liquid metals
0O Formation of intermetallic phases
0 Degradation of mechanical properties
0O Prominent issue for lead alloys, especially lead-
bismuth eutectic (LBE)
0 Chemistry is different for Pb/LBE and Pb-16Li

4 Asian ADS Topical Meeting for LBE Applications, J-PARC Center, Tokai, Ibaraki, Japan, October 26-27, 2015 Jurgen Konys
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Impact of oxygen on steel corrosion in HLMs

Karlsruhe Institute of Technology

O “Absence” of oxygen (Pb-16Li) [Dissolution] . Oxidation |
= Chemical oxygen potential too low for remarkable fof the steel | | ofthesteel 1 1
interactions with steel elements T i \T2>T1 | : V]
= Steel elements dissolve in the liquid metal gL\ g | §§ ]
= Absorption of liquid metal constituents by the steel % T1\ i g i i é § ]
(= Formation of intermetallic phases ) § - \\ ! 3 I T2>T, -1 %§ 1
81 =TT &g
O Low-oxygen conditions (Pb, LBE) i i i % i
= Solid oxides of steel elements are stable L oo

= But, amount of oxides formed too small
for a continuous surface layer o 2
= Concentration gradients that promote solution Transition from solution-based to

of steel elements may develop in the liquid metal oxidation-based corrosion with increasing
oxygen concentration

Oxygen potential —

O High-oxygen conditions (Pb, LBE) e Corftinuous oxide Iayer i.s the goal of
= Solid oxides of steel elements form a deliberate oxygen addition (Pb, LBE)
continuous surface layer Locally low-oxygen conditions even when
= Solution of steel elements still possible, but = oxygen concentration in the bulk of the
only after diffusion through solid oxide liquid metal is high
5 Asian ADS Topical Meeting for LBE Applications, J-PARC Center, Tokai, Ibaraki, Japan, October 26-27, 2015 Jurgen Konys
Corrosion testing in LBE for ADS applications ﬂ(IT

Karlsruhe Institute of Technology

Locks of the Oxygen-
test-sections Sensor 3 Heaters transfer
/ / \ device

Test-section 2
N

CORRIDA

Exposure to flowing LBE, typically 2
m/s. 1000 kg circulating LBE (5.3 kg/s)
Several steel samples simultaneously Se",“'z_s:nsﬁu
exposed in vertical test sections. egnetc —

Testing Oxygen control via gas with variable |
characteristics oxygen partial pressure. Large
internal steel surface in contact with
the liquid metal. Temperature
difference along the loop of ~100-

150°C.

Samble geometr Typically, cylindrical specimen with
e Y 7.5 cm? exposed to liquid metal.

Deter ion of Four potentiometric oxygen sensors
oxygen content distributed along the loop.

Sensor 1

Counter-
flow
heat-

exchanger

Constructed and operated at KIT’s
Institute for Applied Materials — Corrosion Department - current operational time: ca. 90,000 hours

6 Asian ADS Topical Meeting for LBE Applications, J-PARC Center, Tokai, Ibaraki, Japan, October 26-27, 2015 Jurgen Konys
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Effective operating time of the CORRIDA loop (h)

46000 48000 50000 52000 54000 56000 58000 60000 62000

Monitoring of test parameters

o o L i e e
10 '_ _‘ Karlsruhe Institute of Technology
L 4 J-probe
<09 |‘ - (Sensor 5)
w 1 Filling-level indicators
o8 - Pt / air sensor ] (liquid metal) Gas inlet
Gas outlet
07 i
06t eyl e e ) Optional gas inlet
B B o o B o B o R | below the
L 1 liquid-metal surface
K 4l Calculated oxygen ]
) L concentration |
17} -
g 5 - ‘ Liquid-metal
o 6 - Liquid-metal .
Sl l ) et Oxygen Transfer Devic
8 7L il [ . ]
7 e | | | T
gl | U NI ESII S | PRI IR | o
25 QO T=550(+5)°C,
& M T T T T
S 20l JJ\M——»——._J‘— Tnin = 385°C, ¢y = 1077 mass%, excursion to 10-4-10~° mass% O,
£ t 4
="r ] v = 2(+/-0.2) m/s, initially 1.5-1.6 m/s,
o
10 | .
g"r ] t = 288; 715; 1007; 2011 h
S 05 ] ]
K oof 1 | | | | | 1 0 T=450(+5)°C,
PR B BRI R R AR R PRI BRI B | - - - _; 5 . o 5
550°C 450°C 400°C Toin = 350°C, ¢ = 107 mass%, excursion to 10> mass% O
v=2(+/-0.2) m/s,
715 |1007 1007
288 | 2015 S0t t=500; 1007; 1925; 2015; 3749; 5015; 8766 h
1007 5015 500 O T =400(+5)°C,
2011 1925 4746
3749 Tmin = 350°C, co = 1077 mass%,
8766
. - v=2(+/-0.2) m/s,
xposure time(f) t= 1007; 2015; 4746 h; still continuing up to 10,000h
7 Asian ADS Topical Meeting for LBE Applications, J-PARC Center, Tokai, Ibaraki, Japan, October 26-27, 2015 Jirgen Konys

Quantification of corrosion loss (very important!!

0 Goal of quantification

T

Karlsruhe Institute of Technology

Material loss, average of general corrosion and maximum of local corrosion

Thickness of adherent (oxide) scale

Overall change in dimensions, including the scale

Amount of metals transferred to the liquid metal

O Metallographic method (cylindrical specimens)

Initial parameters - &

Rotation
in-between

measurements

e (8]
Loading
position

—

Rotated

by 90°

8 Asian ADS Topical Meeting for LBE Applications, J-PARC Center, Tokai, Ibaraki, Japan, October 26-27, 2015

o
«
90°-(7)-270°

diameter \

A-A

M)
180°

—

A A
UHD

Laser

beam

0°-position
in the micrometer

= Measurement of initial diameter in

a laser scanner with 0.1 um res.

= Diameter of unaffected material-
(12 measm. with rotation angle
15°) and thickness of corrosion
zones determined in a microscope
(LOM) with 1 um resolution

= Occurrence of different corrosion
modes on opposing sides of the re-

measured diameter is considered in~

Post-test examination

Apparent movement
of the cross hairs
relative to the specimen

Movement of the.
microscope stage

Transverse circular cross-section

the evaluation (% of surface

circumference)

Jurgen Konys
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Support for MYRRHA: EU-funded Projects

Karlsruhe Institute of Technology
MATTER
|
1 1 1 1
DM4 DM1 DMm2 DM3
and f test and Pre-normative R&D for Joint Program Scheme,
education/training evaluation guidelines for Rl R R Implementation and
structural materials Priorities
1.1 Identification of key 2.1 Design Rules. 3.1 Overall Joint
o - . || materialissues for (] | |_| Program scheme and
MATTER EBrojectischnicallcontrol Myrrha & Astrid Implementation
MATerials TEsting and Rules
1.2 Devel of 22 ical design 3.2 Industrial Initiative
|—  Project organi || screeningtests || " characteristics Ll support
* MatISSE
Materials Innovations for a
Safe and Sustainable nuclear 1.3 Procedures for 2.3 Manufacturing and| 3.3 oxide dispersed
L Education and training terial — welding strengthened steels

| characterization tests

in Europe
0 ities il 3.4 refractory alloys,
* ESNII+ — Zippor s e desn | fH " ceramicsand
composites
Preparatory phase for ESNII:
European Sustainable Nuclear
Industrial Initiative 2.5 Recomendations 3.5 Modelling,
and guidelines experiments and
validation
9 Asian ADS Topical Meeting for LBE Applications, J-PARC Center, Tokai, Ibaraki, Japan, October 26-27, 2015 Jirgen Konys

Support for MYRRHA: Process medium and materials AT

Karlsruhe Institute of Technology

O Process medium
= |Lead-bismuth eutectic (LBE)

Unfavourable -

= Addition of oxygen so as to favour concentration -

gradients T

oxidation over solution of material elements
No stable -

Transition from
solution- to oxidation-
based corrosion

= Oxygen activity or concentration required
is material- and temperature-dependent

Material loss —»

d Materials -
= Austenitic steels:

Oxides fo;m surface layer

Oxygen concentration in the bulk of the ﬂquid metal —»

316L for the main structural components,

15-15Ti in the core /

= 9Cr ferritic/martensitic steels: Goal of deliberate oxygen addition
T91 for parts of the core support and

spallation target assembly

10 Asian ADS Topical Meeting for LBE Applications, J-PARC Center, Tokai, Ibaraki, Japan, October 26-27, 2015 Jargen Konys
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MYRRHA design data used

Design operating parameters

. Surface area Oxygen conc. Average flow velocity
Temperature (°C) m2 mass% m/s

Karlsruhe Institute of Technology

400 120
350 419 (360) p— i
310 125 10 To be specified
270 1697 (1596)
410 194

~10-7 o
270 1150 10 To be specified
450 4
350 (59) ~1077 To be specified
270 1(102)

_ Duration (days) Temperature (°C)

Components at design
15t Power cycle 90 operating temperature;
temperature transients

ownime  [REL 2707
Early operating stages 2"d power cycle 90 As above

1 Asian ADS Topical Meeting for LBE Applications, J-PARC Center, Tokai, Ibaraki, Japan, October 26-27, 2015 Jurgen Konys
Objectives and approaches AT
O Estimation of corrosion product formation in respect of
= Solution of steel elements by the LBE —» May re-precipitate and contribute to

floating solid oxides or plugging

= Oxygen consumption, i.e., - Input for dimensioning appropriate

depletion if oxygen is not replaced oxygen-transfer devices

Contributes to deposition of solid
= Uptake/precipitation of solid oxides = matter; input for dimensioning filters
or other to remove floating oxides

O Work performed
= Analysis of availability of required corrosion data: mechanisms, Available data is

= incomplete, requiring
a number of
assumptions and
simplifications!

rate laws, activation energies, incubation times, surface area
affected by local processes

= Simplified spread sheet calculations for design operating
conditions of MYRRHA, separately for the corrosion modes
to be considered

= Specific calculations for reactor start-up and first power cycles

12 Asian ADS Topical Meeting for LBE Applications, J-PARC Center, Tokai, Ibaraki, Japan, October 26-27, 2015 Jurgen Konys
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9% Cr-steels tested in the CORRIDA loop

Concentration (in mass%) of alloying elements other than Fe
L vo L w | v Nl Tal v [ wmnl N
9.44 \ 0.850 <0.003 0.196 0.072 n.a. n.a. 0.588 0.100 /0.272
8.99 0.89 0.01 0.21 0.06 n.a. n.a. 0.38 0.11
o 8.50- 0.90- 0.90- 0.18- 0.060- _ 0.30- 0.10- 0.10- 0.09-
9.50 1.10 1.10 0.25 0.100 0.60 0.40 0.50 0.13
EUROFER 8.82 <0.0010 1.09 0.20 n.a. 0.13 n.a. 0.47 0.020 0.040 0.11
EF-ODS-A 9.40 0.0040 1.10 0.185 n.a. 0.08 0.297" 0.418 0.0670 0.115 0.072
EF-ODS-B  8.92 0.0037 1.11 0.185 n.a. 0.078 0.192" 0.408 0.0544 0.111 0.067

Karlsruhe Institute of Technology

T91-A
191-B

* Nominal composition

" In the form of yttria (Y,0,) Elements besides Cr that are likely to
S . ﬁlominizlly Qﬁmass% Cr improve oxidation performance
Icrostructure ully martensitic: g AS o " _
E911. T91-A Mainly ferritic: ODS-A, ODS-B

i et
e

EUROFER AL e !
13 Asian ADS Topical Meeting for LBE Applications, J-PARC Center, Tokai, Ibaraki, Japan, October 26-27, 2015 Jirgen Konys
Typical phenomena observed in flowing LBE on 9Cr steels .I.
at 450-550°C, 2 m/s and 10~° mass% dissolved oxygen

O Protective scaling = ideal case!!

Steel EF-ODS-B

= Thin Cr- (Si-) rich oxide scale (thickness ~1 pum or less)
= Promoted by high Cr content, fine-grained structure,

dispersed Y,0; ...

= Favourable situation with respect to minimum material loss, Fo(Fe,Cr,.),0,
but generally not of long duration (locally) B |_tem_] 550°C
l Scale failure at Scale failure at \
high local cg (?) low local ¢, (?)
O Accelerated oxidation _—

O Solution-based corrosion = seldom, but can happen

- most common

= Steel elements first dissolve but may re-precipitate
= Typical and, finally, . 5
Stoel T91.8 in the form of oxides
the general corrosion : : e :
= |ntermittent solution participates in accelerated
process for 9Cr steel

oxidation processes r Samelisie

Internal

oxidation  Steel T1-A

B Fe(Fe,Cr,).0, . 5
or solution outweighs

oxidation

550°C

14 Asian ADS Topical Meeting for LBE Applications, J-PARC Center, Tokai, Ibaraki, Japan, October 26-27, 2015 Jurgen Konys
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Exposure to flowing LBE at 450 or 550°C, 2 m/s
and 10”7 mass% dissolved oxygen (nominal conditions) =%

Effective operating time of the CORRIDA loop (h)
46000 48000 50000 52000 54000 56000

1.0 T=452C | {
Materials T91-A and T91-B (same supplier) so09 M ' i
Wos |- Pt/ air sensor -
07 rr=ss4C 7

aT= 550(+5)°C 06 LL 1 1 1 I 1

Tm]n = 385°C -3 T T T T ] T T
. = 4l Calculated oxygen concentration i
Co = 107 mass%, excursion to 10™-1075 mass% é N i
v = 2(+/-0.2) m/s, initially 1.5-1.6 m/s €. 1
t=288; 715; 1007; 2011 h %_7 ! ; \ 1\ L .

e e ——
O T=450(+5)°C 321 ]
T . =~350°C £ T
Co = 1077 mass%, excursion to 10~ mass% 2 : 3
v =2(+/-0.2) m/s : : ) . A . ]

t=500; 1007; 1925; 2015; 3749; 5015; 8766 h ‘ 450°C
5015 500
1925
3749
8766

Exposure time (h)

15 Asian ADS Topical Meeting for LBE Applications, J-PARC Center, Tokai, Ibaraki, Japan, October 26-27, 2015 Jirgen Konys
A o —
Flowing LBE at 550°C, 2 m/s and 10”7 mass% AT
dissolved oxygen (nominal conditions) e s
U Accelerated oxidation = Quter magnetite layer is missing
= Starts with internal oxidation = Some magneﬁte protrusions after
= Fe-Cr spinel formation follows internal oxidation excursion to higher c,,
= Consumes outer part of the internal oxidation L] Corresponds to previous observations at
zone (10Z) that may still grow at the 10Z/steel interface 550°C/10°6 mass% O
= General aspect of accelerated oxidation at 550°C, = Fe dissolves at the spinel surface rather
not only at low oxygen concentration of the LBE than forming magnetite

2011 h Magnetite

protrusion

'

infiltration

T91-A

16 Asian ADS Topical Meeting for LBE Applications, J-PARC Center, Tokai, Ibaraki, Japan, October 26-27, 2015 Jurgen Konys
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Flowing LBE at 550°C, 2 m/s and 10~ mass%
dissolved oxygen (nominal conditions) bl

O Solution-based corrosion

= Typically, affected site has pit-shape appearance

= Non-selective dissolution of steel elements rather

than selective leaching (Cr)

= Either spinel layer or thin Cr-rich scale is present

= Appears after failure of the thicker oxide scale

formed after accelerated oxidation

= Also, alternatively to accelerated oxidation after

failure of the thin protective oxide B
Spinel+10Z

Pit-like liquid
T91-A after exposure for 1007 h metalattack
with temporary increase in c, after
~450 h 100pum
17 Asian ADS Topical Meeting for LBE Applications, J-PARC Center, Tokai, Ibaraki, Japan, October 26-27, 2015 Jurgen Konys

Flowing LBE at 450°C, 2 m/s and 107 mass% ﬂ(IT
dissolved oxygen (nominal conditions) ol ot

O Accelerated oxidation
= Internal oxidation less pronounced, compared to 550°C
= |n general, only spinel layer observed
= Pores in the outer part due to Fe diffusion towards
the spinel surface
= No magnetite at constantly 107 mass% O
= Threshold oxygen concentration for magnetite
formation between 107 and 10® mass% O at 450°C

(500 ) (3749 h) 8766 h

R T—

T91-B

18 Asian ADS Topical Meeting for LBE Applications, J-PARC Center, Tokai, Ibaraki, Japan, October 26-27, 2015 Jirgen Konys
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Flowing LBE at 450°C, 2 m/s and 10”7 mass%
dissolved oxygen (nominal conditions) bl

O Magnetite formation
= Magnetite, in general, not present
= Forms during temporary increase in oxygen

concentration from 107 to ~10-> mass%

= |s not observed anymore some time after return

to 1077 mass% O Cr-0
- precipitates

= Metals in deposited magnetite may stem from
simultaneously exposed specimens or tubing of

the experimental facility

T91-B after exposure for 2015 h
with intermittent increase in c, after

~1200 h
19 Asian ADS Topical Meeting for LBE Applications, J-PARC Center, Tokai, Ibaraki, Japan, October 26-27, 2015 Jurgen Konys
Flowing LBE at 450°C, 2 m/s and 107 mass% QQ(IT
dissolved oxygen (nominal conditions) e s

O Solution-based attack
= Where spinel scale failed
= Non-selective dissolution of steel elements

Place of spinel
Spinel breakdown

1 4’\
ANy w%,wmwfvwm’wc‘,r

T91-A after exposure for 5015 h with NVAN Pb
intermittent increase in c, after ~1200 h - Bi
20 Asian ADS Topical Meeting for LBE Applications, J-PARC Center, Tokai, Ibaraki, Japan, October 26-27, 2015 Jirgen Konys
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Austenitic steels tested in the CORRIDA loop \\‘( |'|'

-
Austenitic .
steels
316L 16.73 9.97 2.05 1.81 0.67 0.23 0.07 0.02 0.018 = 0.019 0.029 0.032 0.0035 =
1.4970 1595 154 1.2 1.49 0.52 0.026 0.036 < 0.005 0.023 0.44 0.1 0.009 <0.01 0.0036 <0.01

1.4571 1750 12 20 20 1.0 - - o o 070  0.08 - 0.045  0.015 -
(Fe - Bal.)
1.4970 (15-15Ti) 316L 1.4571

" HV,, = 253; = HV,, = 132; " HV,, = 245;

= Grain size ranged from 20 to 65 pm; = Grain size averaged 50 um (G 5.5); = Grain size averaged 15 um (G 9.5).
= Intersecting deformation twins. = Annealing twins.

General view of initial sample after finishing turning

Shape and dimensions of sample for corrosion tests

M6
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Qualification of corrosion modes on surface of ﬂ(IT
austenitic steels after exposure to flowing LBE with St
107 mass% O at 450 and 550°C

Surface examinations - general corrosion appearance

1.4970, 550°C
After cleaning in glycerin After ciemical cleaning

=2

— -

_flowdirection _

U Oxidation — formation of golden-colored oxide film (shorter test) and green-colored oxide film (longer test)
O Light areas with exfoliated oxide film;
{ Severe local solution-based corrosion attack in the form of hemispherical pits and longitudinal and
transversal grooves;
U The surface area covered by the oxide film decreases with exposure time in LBE, while the number of
sites affected by local corrosion attack respectively increases.

22 Asian ADS Topical Meeting for LBE Applications, J-PARC Center, Tokai, Ibaraki, Japan, October 26-27, 2015 Jirgen Konys
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flowing oxygen-containing LBE (~ 2 m/s, ~ 1077 mass % O) S

at 400°C for 4746 h.

1.4970

" Smooth -
undamaged .
surface

30 um

316L

‘ - Smooth
undamaged

surface

1.4571

[30pm |

Smooth :
undamaged .
- surface .

= Samples revealed golden-colored oxide film - protective scaling;

23 Asian ADS Topical Meeting for LBE Applications, J-PARC Center, Tokai, Ibaraki, Japan, October 26-27, 2015

Cross-sections of austenitic steels in flowing oxygen-
containing LBE (~ 2 m/s, ~ 1077 mass % O) at 450 and 550°C™

1.4571

1.4970

450°C

Ferrite

550°C

30 um

resin
>

Ferite layer

Ferrite

matrix

316L

= Smooth undamaged surface is observed on the cross-section of samples;

= Selective leaching attack is not detected under the given duration of test - 4746h;

= Corrosion tests are still continuing with expected max. duration about 10000h.

Non-selective

leaching

i ":‘ 14970 Steel  Ferrite layer composition (mass %)
1.4970 z Fe Ni cr Fe Pb Bi
g
= 1.4970 1.85 6.76 84.47 - 3.12
550°C
Cr 316L 1.10 8.13 86.48 - 1.95
Ni
2011 h EPb 14571 161 615 6945 645 1375
10 20 30 40
Distance (um)
24 Asian ADS Topical Meeting for LBE Applications, J-PARC Center, Tokai, Ibaraki, Japan, October 26-27, 2015

_16_

Jirgen Konys

CIT

lsruhe Institute of Technology

Jirgen Konys



JAEA-Review 2015-042

Local pit-type corrosion attack

Expected sequence of evolution of corrosion pits wit time

Oxide film |

e

- Pit

Turning trace

Time

Object analyzed

@) Cr Fe Ni Pb Bi
Oxide film (a) 1068 16.36 54.06 1457 186 1.30
Oxide film (b) 721 16.08 6317 1023 221 -
Pit (b) 13.95 8.90 29.62 0.97 5.87 40.49
25 Asian ADS Topical Meeting for LBE Applications, J-PARC Center, Tokai, Ibaraki, Japan, October 26-27, 2015

Percentage (%) of circumference
affected by solution-based selective
leaching attack that resulted in

Apparent movement

Steel

of the cross hairs
relative to the specimen

Movement of the

Karlsruhe Institute of Technology

Jurgen Konys

Y

j !
E §
|

105G, (mass %)
& o b 4B

_ miooseopesage | SFL L) I ——
either formation of layer-type (L) or B
pit-type (P) damage o R -
Surface 550°C 450°C

appearance (%) 288h 715h 1007h 2011h  500h 1007h  1925h 2015h 3749h  5015h  8766h

1.4970

Layer-type (L) 6 43 62 75 42 * 33 52 23 92

Pit-type (P) 5 - 35 16 9 16 * 44 11 3

(L +P)** 11 43 97 91 51 79 96 34 100

1.4571

Layer-type (L) 4 46 68 42 17 100 4 98

Pit-type (P) - - 7 13 1 & 0 3 2

(L +P)** 4 46 75 55 18 100 7 100

316L

Layer-type (L) 4 58 88 82 100 8 92

Pit-type (P) 4 - 3 9 * & 0 7 3

(L +P)** 8 58 96 91 100 15 100

* - smooth surface covered by thin (~ 0.5 pm) protective Cr-based oxide film
** - L + P = selective leaching attack + protective scaling = 100%

0 The percentage of surface affected by selective leaching attack increases with time.

26 Asian ADS Topical Meeting for LBE Applications, J-PARC Center, Tokai, Ibaraki, Japan, October 26-27, 2015
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Overview of quantification of corrosion attack
at 450 and 550°C in LBE with 1077 mass% O

Average corrosion loss of steels, expectedly, increase with rise in test temperature from 450 to 550°C

51821.4571 O 1.4970 5671.4571 316L 210
200+ 550°C & 316L 200 200 f
180 v 1-:3;& 180 180
L] o
160 - 4500(: A 316L EWSD— §160—
2 10 v 14571 £ 140 214040 A
= 120 2 120 8§ 120 y © .
= 8 £ X
§ 100 £ 100 S100] O
2 3 8
2 80 £ 80 s8] °
o o poy Y
® gl| © g 60 3 60] ¢
= ¢ g ) A S ° Y v
S 404 & s © 404 £ 404
= 2]0.v . 2t 2] é@ 9 & 2 B v
o] & x x v Y oléee = L ¢ L4 0]
) R T T T ] o e e ]
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 0 1000 2000 3000 4000 5000 6000 7000 8000 9000 0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Time (h) Time (h) Time (h)

450°C:
0 Metal recession (change in diameter) does not exceed 4, 27, and 26 um after 8,766 h for 1.4571, 1.4970 and
316L steels, respectively;
Q Thickness of layer-type attack (ferrite) averaged 5, 7 and 4 um after 8,766 h for 1.4571, 1.4970 and 316L
steels, respectively;
O Depth of pit-type attack average 50, 114 and 136 um correspondingly. The percentage of circumference
affected by selective leaching increases with time and after 8,766 h reached 100 %.
550°C:
0 Metal recession averaged ~ 60, 46 and 51 um after 2011 h for 1.4571, 1.4970 and 316L steels, respectively;
O Layer-type attack averaged 23, 30 and 46 um;
U Depth of pit-type attack averaged 182, 124 and 127 um.

Maximum depth of solution based attack, seems to most adequately reflect corrosion losses of austenitic steels and
therefore could be used as parameter for evaluation of corrosion rates using linear kinetics!
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Corrosion behaviour of austenitic steels at 400, 450 and 55(§(IT
in flowing LBE (~ 2 m/s) with 10~ mass% dissolved oxygen.

Observed corrosion phenomena at:

Maximum depth of solution-based corrosion 450 and 550°C:
attack observed (AXSBA(max)) v' Oxidation — thin Cr-based oxide film;

v Solution-based corrosion attack — ferrite layer;

Karlsruhe Institute of Technology

In-situ formed oxide film is not a sufficient protective
1'2%8 : 2 2 barrier against solution-based corrosion attack at 450
14571 m O m and 550°C.
6005 a 400°C:

£ 501 550°C v’ Oxidation — thin Cr-based oxide film;

3 v Rare local pit-type solution-based corrosion attack;
= 4004 v' In-situ formed oxide film protects steels against
ES solution-based attack at 400°C.

I 300
><£ Maximum corrosion loss:
< 2004 © % .
op N asue v 400°C: 15-60 pum after ~13000 h;
1004 o o Iy N v' 450°C: 120-220 pm after ~9000 h;
b o : 400C v 550°C: 150-600 um after ~2000 h.
o ®
0 2000 4000 6000 8000 10000 12000 14000 Incubation time required for initiation of solution-based
Time (h) attack decreases with increasing temperature from
about 4500 h at 400°C to ~500 — 4000 h at 450°C and to
<200 h at 550°C.
28 Asian ADS Topical Meeting for LBE Applications, J-PARC Center, Tokai, Ibaraki, Japan, October 26-27, 2015 Jurgen Konys
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Corrosion rates of 1.4970, 316L and 1.4571 at

107 mass% oxygen at 400, 450 and 550°C

Karlsruhe Institute of Technology

550°C 450°C 400C
1.4970 O @] o
316L A VAN A
14571 IO O [ |
i |
—~ 1000
g ] 3
£ :
@ 100 S =
© 3
- |
kel
2 A
o
(&)
1 — T T — T L L
1.2 s 1.4 1.5
1000/T (K)
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Comparison of results at 107 and 10°°® mass% O

(CORRIDA experiments)

A 316L ], 7
< 14571 }10 mass%0
1200 | 550°C v
A 316L |6 o
:E\ v 1_4571}10 mass%0
& 1000+
I y = 0.07588 x + 227.745
[o%
5 8901 1.4571
%_ 550°C
g 6004 10° mass%0
g X
400 —
£ A 316L "a
© A
= 204 o y=0.02013 x + 93.587
¥
o BTA
0 T T T T T T T 1
0 2000 4000 6000 8000 10000 12000 14000 16000
Time (h)

Maximum depth of pit-type corrosion attack on
austenitic steels tested in flowing LBE (~ 2 m/s)
depending on temperature and oxygen concentration

in the melt.

30 Asian ADS Topical Meeting for LBE Applications, J-PARC Center, Tokai, Ibaraki, Japan, October 26-27, 2015
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Karlsruhe Institute of Technology

0 10 mass% O — preferential oxidation (spinel
formation);

U 107 mass% O — preferential solution-based
selective leaching of steel constituents (Ni, Cr);
O At both concentrations the local solution-
based attack - critical factor affecting corrosion
resistance of austenitic steels in LBE;

O Incubation time for initiation of dissolution
attack decreases with decreasing oxygen
concentration in LBE from 107 to 10® mass%0;
O Under the similar test conditions, the finer
the grain size (1.4571: 15 um blue markers) the
deeper the corrosion attack (316L: 50 um red

markers).

Jurgen Konys
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Possible effect of Ti(C,N) precipitation and Cr-rich

lamellae on the preferential initiation and propagation of

solution-based attack

Initial state

After exposure to LBE

31

32

1.4970 and 1.4571

316L 30pum FRE

with 107mass%0

Object mass%
analyzed cr Fe Ni Bi
Lamellae 1845 7073  3.36 -
Ferrite 652 6868 155 17.15

Asian ADS Topical Meeting for LBE Applications, J-PARC Center, Tokai, Ibaraki, Japan, October 26-27, 2015

Conclusions (FM-steels)

0 400°C/ 107 mass% oxygen
= Primarily corrosion process is accelerated oxidation (AO)
= Flawed and partially detached oxide scale
= Solution-based corrosion (SB) observed locally after 4766 h

0 450 and 550°C/ 107 mass% oxygen
= Protective scaling locally still evident, especially after
shorter exposure time
= Dominant is AO (spinel formation)
= Possible incipient stages of SB after 500, clearly
observed after 5000 h at 450°C
= At 550°C, incubation time of SB between ~300 and 700 h
= ~50 um maximum SB after 5000 h at 450°C,
exceptionally severe attack observed on T91-B (950 um) after 8766 h
= Maximum 190 um after 1000 h at 550°C

Asian ADS Topical Meeting for LBE Applications, J-PARC Center, Tokai, Ibaraki, Japan, October 26-27, 2015
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» Ti(C,N) precipitation in composition of

i ‘ _ ,Ti(_N,ci‘ ! > Cr-rich lamellae (Fe-20%Cr-4%Ni) in
é @ composition of 316L (Fe-16%Cr-10%Ni)

»> Ti(C,N) precipitation and Cr-rich

lamellae are corrosion resistant to LBE

Jirgen Konys

SKIT

Karlsruhe Institute of Technology
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Conclusions (Austenitic steels)

Karlsruhe Institute of Technology

[ Interaction of austenitic steels with flowing was accompanied by oxidation (400, 450 and 550°C) and
solution-based liquid-metal attack (450 and 550°C), resulted in selective leaching of Ni and Cr with
subsequent development of ferrite zone penetrated by LBE:
[ 400°C: oxidation — thin Cr-based oxide film (protective scaling)
[ 450°C: oxidation — thin (< 0.5 um) Cr-based oxide film
solution-based selective leaching with maximum depth of local attack 114pm
(1.4571), 183um (1.4970) and 210um (316L) for 8766h
[ 550°C: oxidation — thin (< 0.5 um) Cr-based oxide film
solution-based selective leaching with maximum depth of local attack 587um (1.4571),
207um (1.4970) and 158um (316L) for 2011 h
O Cr-based oxide films, formed in-situ on the surface of austenitic steels, are not sufficient protective
barriers with respect to selective leaching, at least at 450 and 550°C in LBE with 107 mass% O!
O In LBE with 107 mass% O, selective leaching is the main corrosion mechanism of austenitic steels

causing substantial corrosion loss, while in LBE with 10 mass% O, oxidation is dominating!!

33 Asian ADS Topical Meeting for LBE Applications, J-PARC Center, Tokai, Ibaraki, Japan, October 26-27, 2015 Jirgen Konys
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3. Activities in China

3.1 Development of LBE Technology and Related Facilities in China
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Design and R&D Activities of China LEAd-based Research
Reactor CLEAR-I
Yican Wu, FDS Team
Key Laboratory of Neutronics and Radiation Safety, Institute of Nuclear Energy Safety
Technology
Chinese Academy of Sciences, Hefei, Anhui, 230031, China

The strategic Priority Research Program “Advanced Nuclear Fission Energy-ADS
Transmutation System” had been launched by Chinese Academy of Sciences since 2011.
China LEAd-based Reactor (CLEAR) was selected as the reference reactor for the ADS
program, which is being performed by Institute of Nuclear Energy Safety Technology
(INEST/FDS Team), Chinese Academy of Sciences. The objective of subcritical and
critical dual-mode operation capability for validation of ADS transmutation system and
lead cooled fast reactor (LFR) technology, and also can be used as a fundamental
sciences and neutron irradiation research facility.

CLEAR-I design is based on the principles of safety reliability, experiment flexibility
and technology feasibility, in which the mature fuel and materials are adopted. The
conceptual design has already finished, and the engineering design is underway. The
design basis and beyond design basis accidents analysis indicated that the reactor has
good safety advantages with negative coefficient of reactivity feedback, large thermal
inertia and the passive decay heat removal capability.

To support the design and construction of CLEAR, large lead-bismuth experiment
loops, key technologies and components R&D activities are being performed. KYLIN
series Lead-Bismuth experimental loops have been developed and built to carry out
structure material corrosion experiments, thermal-hydraulics test and safety
experiments. The key components including the control rod drive mechanism, refueling
system, fuel assembly, and simulator have been fabricated and tested. In order to
validate and test the lead-based reactor key components and integrated operation
technology, the lead alloy cooled non-clear reactor CLEAR-S, the lead-based zero power
nuclear reactor CLEAR-O and the lead-based virtual reactor CLEAR-V are being
constructed.

Keywords: lead-based research reactor, ADS, CLEAR, R&D
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F D s Institute of Nuclear Energy Safety Technology, CAS
Key Laboratory of Neutronics and Radiation Safety, CAS

YT Befter Nuclear Energy Technology, Better Life!
www.fds.org.cn

*FDS Institute of Nuclear Energy Safety Technology,CAS
Key Laboratory of Neutronics and Radiation Safety,CAS

Development of LBE technology and related
facilities in China

Presented by Sheng Gao

Contributed by FDS Team

Institute of Nuclear Energy Safety Technology (INEST)
Chinese Academy of Sciences
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*FDS Institute of Nuclear Energy Safety Technology,CAS
Key Laboratory of Neutronics and Radiation Safety,CAS

I
China’s Plan on Nuclear Energy
( Plan up to 2020 )

>

K/
>

Nuclear power plant in China (By August, 2015)
25 reactors (~ 23GWe) in operation
26 reactors ( ~28GWe) under construction

oo«

>

R/
*

National plan of developing nuclear energy before 2020
58 GWe in operation
30 GWe under construction

oo -

ol

» National plan for nuclear and radiation safety before 2020

More R&D are required to enhance nuclear safety, especially in the basic
research of nuclear safety

O ~79.8 billion RMB investment plan (~13.3 billion US dollars)

a

,27,
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*FDS Institute of Nuclear Energy Safety Technology,CAS
Key Laboratory of Neutronics and Radiation Safety,CAS

I
China’s Nuclear Power Requirements and Issues
( Prediction up to 2050 )

+ Scenario Ratio A RatioB Nucl. Power Capacity (Approximate

L)

Scale)

% Low Level 10% 6% 120GW Double in France

< Mid. Level 20% 12% 240GW Sum in US, France and
RF

« High Level 30% 18% 360GW Sum all over the world

3

» A: fraction of nucl. power in total electricity capacity

» B: fraction of nucl. power in total primary energy capacity
Nuclear fuel supply ?
Radioactive waste disposal ?
Safety problem ?

*,

DS

*FDS Institute of Nuclear Energy Safety Technology,CAS
Key Laboratory of Neutronics and Radiation Safety,CAS

——
Nuclear Waste Disposal Strategy

+ Report of ADS (Accelerator Driven-subcritical System) and Fast Reactor
in Advanced Nuclear Fuel Cycles from OECD/NEA

* ADSs are better at burning waste than fast reactors

« ADSs employing a fast neutron spectrum and solid, fertile-free fuel with
the primary mission of transmuting transuranics or minor actinides

* ADS could support more PWR waste transmutation

+ The strategy of sustainable fission energy in China were suggested by
Chinese Experts of Academician

» The Fast Reactor is better used for Nuclear fuel breeding and the ADS is
better used for transmutation

,28,
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*FDS Institute of Nuclear Energy Safety Technology,CAS
Key Laboratory of Neutronics and Radiation Safety,CAS

Accelerator Driven-subcritical System (ADS)

o Proton Main function:

aaaaaaa O:D:D:]D «Waste transmutation:

n + MA/FP = less-harmful nucleus
sFuel breeding:

n + U238/Th?3? <> Fissile
sEnergy production:

Proton Accelerator
~1GeV/10mA

Spallation n + U/Pu/MA = Energy
target
~30n/p Reactor technical Challenge:

=High energy neutron: Fast Spectrum
i 5

Subecritical reactor | *High Power Density: Liquid metal coolant

*FDS Institute of Nuclear Energy Safety Technology,CAS
Key Laboratory of Neutronics and Radiation Safety,CAS

Fast Reactor Coolants Comparison

Advantage Disadvantage

* Low cost industrial fluid

Sodium  Transparent to neutrons » Opaque
* Low melting point, Low viscosity ¢ Low boiling Point
* High thermal conductivity * Reactive with water and air
» Compatible with steel
» Good heat transfer .IO.O‘:(?SUG
Lead-based - Transparent to neutrons Soli .
. . .+ Solid up in low temperature
coolant * No reactive with water and air ; :
- High boiling point » Very high density
e Corrosion in high temperature
 Transparent, Chemically inert * Low density
Helium - No temperature constraints » Low thermal conductivity
* No Phase changes * High pressure

Lead-based coolant has unique characteristics for
fast reactor and hybrid systems.
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#FDS Institute of Nuclear Energy Safety Technology,CAS
Key Laboratory of Neutronics and Radiation Safety,CAS

Latest Roadmap of Generation IV Reactors

—— GIF organization evaluated in 2014

GIF roadmap 2013
|

VHTR

Technology Roadmap Update
for.Generation IV,
Nuclear Energy Systems

SFR

SCWR

MSR
LFR

,/) lhiethetionsl
o 5

ol

GFR

2000 2005 2010 2015 2020 2025 2030

@ Viability OPerformance £3Demonstation

LFR is expected to be the first Generation-IV nuclear system to
achieve industry demonstration and commercial application.

*FDS Institute of Nuclear Energy Safety Technology,CAS
Key Laboratory of Neutronics and Radiation Safety,CAS

China Lead-based Reactor Development Plan

B Chinese Academy of Sciences (CAS) has launched the ADS Project, and plan to construct
demonstration ADS transmutation system ~ 2030s through three stages.

B China LEAd-based Reactor (CLEAR) is selected as the reference reactor for ADS project
and for Lead cooled Fast Reactor (LFR) technology development.

ADS Demonstration Facility
Accelerator: 0.6-1GeV/~10mA
Reactor: China Lead-based Engineering
Demonstration Reactor CLEAR-II (~100MW)

ADS Research Facility
Accelerator: ~250MeV
Reactor: China Lead-based
Research Reactor CLEAR-I(~10MW)

ADS Commercial Prototype Facility
Accelerator: 1.5-2GeV/~10mA
Reactor: China Lead-based Commercial
Prototype Reactor CLEAR-III (~1000MW)

RFQ
Accelerate element

High current ion source
Superconducting cavity
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*FDS Institute of Nuclear Energy Safety Technology,CAS
Key Laboratory of Neutronics and Radiation Safety,CAS

. CLEAR-l Implementation Plan

[ = ] Proton Beam

Subcritical o Critical
Test Test

CLEAR-I (Stage B)
Critical operation
for fast reactor
technology test

CLEAR-I (Stage A)
Subcritical operation
for ADS integration
technology test

CLEAR-S

 Lead Alloy-Cooled Non-nuclear Reactor
|

Non-nuclear reactor technology integ/r—‘ d test platform

5 CLEAR-0
7 ad-based Zero Power
_Reactor for neutronics test

n'ce integrated test platform

Accelerator

Nuclear perfd
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*FDS Institute of Nuclear Energy Safety Technology,CAS
Key Laboratory of Neutronics and Radiation Safety,CAS

Development Strategies for CLEAR Reactor

Zero Power
Reactor
CLEAR-0

Non-nuclear
Reactor
CLEAR-S

Digital
Reactor
CLEAR-V

*FDS Institute of Nuclear Energy Safety Technology,CAS
Key Laboratory of Neutronics and Radiation Safety,CAS

Current Status of CLEAR-I Project

+ Reactor Design

= 2011: Conceptual Design

= 2012: Detailed Conceptual Design

= 2015: Preliminary Engineering Design
+* Technical R&D

= 2011: PbBiLoop and Components Conceptual Design

= 2013: PbBi Loop Construction and Components Fabrication

= 2014: Thermal-hydraulic and material test and design of integrated test platform

= 2015: Lead alloy cooled non-nuclear reactor CLEAR-S Design and Construction
% Safety Analysis

= 2011: Safety characteristics evaluation and software development
2012-2015: Software V&V, Accident and Environmental Impact Analysis
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*FDS Institute of Nuclear Energy Safety Technology,CAS
Key Laboratory of Neutronics and Radiation Safety,CAS

CLEAR-I Design Objective and Principle

+ Design Objectives
= ADS and Lead cooled Fast Reactor technology validation platform
Neutronics; Thermal hydraulics; Safety characteristics
Key components R&D and measurement control technology
= Fundamental science and neutron irradiation research platform
Fuel and material irradiation
Isotope production and nuclear technology training

% Design Principles
= Feasible technology
Mature material and fuel; Low power; Pool type vessel
= Reliable safety
Natural circulation; Passive decay heat removal system
= Capability of flexible experiment
Dual mode operation; Remote handling refueling system
= Technical continuity
MOX fuel, Minor actinides transmutation fuel...

*FDS Institute of Nuclear Energy Safety Technology,CAS
Key Laboratory of Neutronics and Radiation Safety,CAS

CLEAR-I Main Design Parameters

Parameter Values

Thermal power (MW) 10
Core Activity height (m) 0.8
Activity diameter (m) 1.05
Fuel (enrichment) U0,(19.75%) at first
Primary coolant LBE
Inlet/Outlet temperature (C) ~300/385
Cooling Primary co.olant mass flow rate (kg/s) 52?.5 .
Coolant drive type Forced Circulation
System
Heat exchanger 4
Second coolant Water
Heat sink Air cooler
Cladding 15-15Ti/316Ti
Material  Structure 316L
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*FDS Institute of Nuclear Energy Safety Technology,CAS
Key Laboratory of Neutronics and Radiation Safety,CAS

Overview of CLEAR-I Structure |

Refueling and control
rod driven system

Structure support

RVACS Vessel Core Core shroud

N\

Heat exchanger

=

Cover

*FDS Institute of Nuclear Energy Safety Technology,CAS
Key Laboratory of Neutronics and Radiation Safety,CAS

CLEAR-I System Design Status

» The detailed conceptual design has been done (more than 20 Systems)
»> Preliminary engineering design is underway

Nuclear Design
Thermo-hydraulic Design
Coolant System

Reactor Structure
Reactivity Control System
Refueling System

LBE Process System

Fuel Assembly

Safety System

0. I&C System

11.  Application System

12. Radiation Protection System
13.  Auxiliary System

i e U o
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Institute of Nuclear Energy Safety Technology,CAS
Key Laboratory of Neutronics and Radiation Safety,CAS

Design Features: Multi-functions

Dual-mode operation
= Critical for LFR technology test

= Subcritical for ADS technology test o god’
Innovation refueling system for ADS

= Dual-rotating plug

= Split type central measure post

Flexibility experiment

= Different criticality (deep subcritical to critical)

= Different fuel type( UO,/MOX/MA...)

= [rradiation platform for fundamental sciences

Institute of Nuclear Energy Safety Technology,CAS
Key Laboratory of Neutronics and Radiation Safety,CAS

Design Features: Inherent Safety

+ Lead-based coolant safety advantages
% Large thermal inertia

% Passive safety

+* Low erosion-corrosion effect

%+ Others

= Chemical inertial, low operation pressure, high boiling temperature, etc.

= Large coolant inventory to power ratio (~700t / 10MW)

= Primary coolant: natural circulation
= Passive decay heat removal: RVACS

= Low velocity (<1m/s in core)
= Low operation temperature (300°C-400°C)

= Negative reactivity feedback
= Subcritical operation
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*FDS Institute of Nuclear Energy Safety Technology,CAS
Key Laboratory of Neutronics and Radiation Safety,CAS

CLEAR-II: Lead-based Experimental Reactor

* A test platform for ADS integral test and materials experiment, fuel test.

* High neutrom flux test reactor for ADS DEMO and fusion reactor materials

Design objective Engineering validation

Accelerator power 0.6-1GeV/~10mA)
Keff ~0.98
Thermal power ~100MW

Windowless or

SrallElim e window Pb-Bi Target

Fuel MOX

Coolant Liquid Pb-Bi/Pb

*FDS Institute of Nuclear Energy Safety Technology,CAS
Key Laboratory of Neutronics and Radiation Safety,CAS

CLEAR:-Ill: Lead-based Demonstration Reactor

* To demostrate the nuclear waste transmutation technology using ADS

Design objective Waste
transmutation .

Accelerator power 15MwW
(1.5GeV/~10mA)

Kot ~0.98 1N
Thermal power ~1000 MW |I" Eil :
Spallation target Windo_l\flless Pb-Bi “. l N ||Yll : |

arget )
Fuel TRU+Zr @qg
MA Transmutation 400kgly
Coolant Liquid Pb-Bi
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*FDS Institute of Nuclear Energy Safety Technology,CAS
Key Laboratory of Neutronics and Radiation Safety,CAS

Key Technology for Lead-based Reactor

3 Reactors in Hefei 4 Key Technologies
Coolant materials technology

to support
. Key Components Development
Lead 'based reaCtO r III.  Structural Materials and Nuclear Fuel

IV. Instrumentation and Control

Lead-alloy Cooled
Non-nuclear Reactor
CLEAR-S

Out-pile Integral Test

3 Integrated
Test Platforms

Lead-based Zero Power Lead-based Virtual Reactor CLEAR-
Reactor CLEAR-0 \
In-pile Integral Test Code Integral Test and V&V
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Lead Alloy Cooled Non-nuclear Reactor (CLEAR-S)

Materials and LBE technology test loop Reactor key technology validation loop  Key component integral test platform
KYLIN-I KYLIN-II
(2010, in operation) (2010-2013, in operation) (2014-2016, under construction)

l ! ourmx
ORREE g |
@k oums @R @ i oum

Th | tion | KYLIN- Multi-function LBE loop KYLIN-II

ermal convection loop = - _Corrosion Ioop Lead A||°y Cooled Non-
Forced convection loop PREKY R . _ nuclear Reactor

Thermal-hydraulic loop CLEAR-S

Static/Rotating device KYLIN-RT/ST -Safety loop
— Loop design, construction and control - Material and components validation — Reactor Integral Circulation testing
— Loop Circulation and measurement - Natural /Forced/ Mixed circulation — Reactor Integral safety testing
— LBE technology (Oxygen control) — Fuel assembly testing — Reactor components validation
— Material corrosion R&D — Safety accident research (SGTR. etc.) — Reactor operation and

measurement

Series PbBi loops were built to develop the LBE technology and support the design and
construction of CLEAR.
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I
Materials and LBE technology test facilities
U Objectives

> Key technologies of large-scale loops

> Corrosion mechanisms and components of
flow measurement and control

> Oxygen control and purification technologies

U Development Course

> 2010 : the first thermal convention corrosion Thermal °.°"Ve"“°" Corrosion device with OCS
loop corrosion loop

> 2011 : Pre-research loop for measurement
and control of liquid metal, development of
mechanical pump and electromagnetic pump

> 2012 : Oxygen control system and oxygen
sensors, small-scale corrosion device with
ocs

Pre-research loop for measurement
and control of liquid metal
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Reactor key technology validation loop KYLIN-II

** Main functions
Materials corrosion and LBE chemical control
e Corrosion of structural materials
e OCS, purification, etc.
Thermal-hydraulic Behavior of HLM
e Natural/Forced/Mixed circulation
e Fuel Bundle test

e CFD and System Code validation
Reactor Typical/Severe Accident Test

*» Typical parameters
Temperature: 550°C, 1100°C(Max.)
Mass flow rate: 50m3/h KYLIN-II loop
Total power: ~2MW
Inventory of PbBi: ~20t

KYLIN-II Materials test loop
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KYLIN-II Materials test loop

+* Main functions:

*  Corrosion of structural materials

LBE conditioning technology (Oxygen, etc.)

*  Key components development testing

* Instrumentation technology

** Main parameters:

*  Operating temperature : 350 ~550C

*  Flow velocity: 0~3m/s

*  Oxygen concentration: 10°~10wt%

KYLIN-II Materials test loop
*  PbBiinventory: ~3t

31

*FDS Institute of Nuclear Energy Safety Technology,CAS
Key Laboratory of Neutronics and Radiation Safety,CAS

KYLIN-II Ultra-high Temperature Materials Corrosion Loop

+* Main functions:

*  Corrosion test under extreme accidents
*  Development of Structural material potential used at
ultra-high temperature

% Main parameters:

*  Maximum operating temperature : > 1000 C
*  Flow velocity: 0.1 m/s
*  Structural material: high purity quartz tube

s Key issues:

*  Selection and development of structural material
*  High density heating technology
*  Sealing technology and in-situ sampling KYLIN-II -UM- loop

KYLIN-II (UM) thermal-convection loop has been operated at 1000 °C and can be used to
investigate the potential of the LBE operated at evaluated temperature.
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Facilities for Mechanical Tests in LBE

U Objectives _ 1

- Explore mechanisms of LME, SCC D00 \
sensitivity bASy |

- Fatigue, Creep, Tensile properties test
in LBE with oxygen control

U Design Parameters
- Temperature up to 600°C
- Static LBE
- Gas phase oxygen control

2012-2014

Creep facility Fatigue facility

Most of the Facilities have been built till to 2014. Fracture toughness facility will also
been designed and constructed next year

KYLIN-II Thermal-hydraulic test loops
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KYLIN-II TH FC: Forced Circulation Loop

O Design objectives

Characteristics of heat transfer in 7 pin assembly bundle

Flow resistance on full scale fuel assembly simulator of CLEAR-I
Heat transfer capability of heat exchange and heat transfer coefficients
Pressure drop measurement of key components

Chemical control performance under forced circulation

O Main parameters

® Temperature :500°C

® Material :316L

® Main pipe : & 76x5mm

® Flowing rate (mechanical pump) : 50m*h
® Thermal power :80 kW

® Secondary loop : Pressured water

® Max. Pressure : 10MPa

{FDS

Institute of Nuclear Energy Safety Technology,CAS
Key Laboratory of Neutronics and Radiation Safety,CAS

KYLIN-II TH NC: Natural Circulation Loop

O Design objectives

O Major parameters
® Temperature :200~500°C

® Max flowing rate  : 0.5 m%h (NC);

m3/h (Gas-1ift)

® Length of HS: 1800mm

Natural circulation characteristic
Gas—1lift enhanced natural circulation
LBE heat transfer characteristic
Validation of CFD and RELAP code

Circulaition height :6m

Heat pin power : 0~24kW

Max temperature difference: 150°C

® Maximum wall heat flux: 43.4 W/cm?
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Natural Circulation Tests

O The temperature differences and the LBE mass flow rate with
different heating powers

—— T.6Kw 14
9 ——11.2Kw
15.3Kw 12
_ 120+ \ « 17.9Kw
e \ B -
2 100 I
g W ettty Tr e e TR, Sohie s -
: = 2os
£ 80- \ Wu«‘““‘“‘““ =981
8 A &
2 0 M et st bt s nan % 0.6
g o
E a0 P —— 0.4
<
&
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0 2 4 6 8 10 12 o 2 4 8 10 12
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* The natural circulation can be easily established and stabilized in a few minutes.

* The higher input power, the higher temperature peak and the less time for steady NC
needed to stabilize.

*FDS Institute of Nuclear Energy Safety Technology,CAS
Key Laboratory of Neutronics and Radiation Safety,CAS

KYLIN-II TH MC: Mixed Circulation Loop

O Design objectives

® Thermal-hydraulics characterization of natural and forced circulation
under steady and transient condition

® Heat transfer, pressure drop, cladding temperature on fuel pin assembly

® Overall heat transfer coefficients and efficiency of heat exchanger

® Code development and validation

® Gas injection enhanced circulation research

® (Gas phase oxygen control, filtering and getter

O Main parameters
Temperature :500°C

[ ]
® Design pressure : 1.2MPa

® Velocity : 2m/s (FC) , 0.15m/s(NC), 0.5m/s(GEC)
® Thermal power /heat exchange :  300kW

® Sccond side : Pressured water

® Pressure : 10MPa
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KYLIN-II Safety test loop

Institute of Nuclear Energy Safety Technology,CAS
Key Laboratory of Neutronics and Radiation Safety,CAS

{FDS

KYLIN-II Safety Test loop

s Experimental Functions:

°  Vapor explosion of PbBi contacting with water

*  Steam bubble transportation monitoring

*  Heat-exchanger manufacture technique validation

*¢ Main parameters:

*  Temperature : 200~550C
*  Pressure of water: ~25MPa
*  PbBiinventory: ~3t

« Key issues:

4 Innovation heat-exchanger development and testing
Shock pressure measurement and evaluation
LBE two-phase inspection and monitoring

The construction has been finished and the experimental verification for
accident evaluation test will be performed in this year.
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Mechanism investigation of LBE with water for SGTR

1.2 3 4 5 6 7 8 9 10

o
3.50 SHT

3.25
3.00 | 4
275 | 4

250 [

441 f

CH1/mV

3.78 |

CH2/mV

3.15

252

o 1 2 3 4 5 6 7 8 9 10
ts

Steam explosion facility and LBE-water interaction photos Void fraction probe

LBE/water interaction experiment to simulate SGTR accident for reactor, No steam explosion was
observed. Further work focus on the code-code benchmark.
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I
Lead-based Cooled Non-nuclear Reactor CLEAR-S

U Functions

- Reactor prototype components validation
Pump, HX, DHR...;
Refueling machine, Control rod driven system.

- Pool thermal-hydraulic integral test
Integral circulation test in pool type facility;
Code V&V (RELAP, CFD, etc.).

- Large scale SGTR (interaction of HLM with water)

U Parameters
- Dimensions: 1:1 height, 1:2.5 diameter to CLEAR-I

- Temperature: 250°C~550°C
Thermal power: 2.5MW (7 full scale fuel bundles)

Mass flow rate: 100m3/h
- Inventory : 200 tons

*FDS Institute of Nuclear Energy Safety Technology,CAS
Key Laboratory of Neutronics and Radiation Safety,CAS

B
Design Parameters for CLEAR-S

Item Value
Temperature 300/550 °C
LBE
Volume 204 ton
Power 2.5 MW
Fuel Assembly
Number 7 (full scale FPs)
Diameter 2000 mm
Main Vessel -
Height, 6500 mm
Structure Double wall
Heat Exchanger
Power 2.5MW
Mass flow 100m3/h
Main Pump
Head 0.4 MPa
DHR 0.175 MW
Coolant Pressured water
Secondary Loop
Pressure 10 MPa
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Key Technologies I: Coolant Materials Technology

@ Preparation of lead alloy & e 3

v’ 12.5 tons of high purity ingots

v' Homogeneous

v Purity : 99.9999% PbBi ingots (12 tons)

Industrial scale of high purity LBE has been prepared.

€ Oxygen measurement and control
v' Pt/air and Bi/Bi,0; developed by INEST

v’ Gas phase control and solid phase control technology

Oxygen control system has been operated for

more than 5000hrs. Oxygen measurement and control
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Key Technologies I: Coolant Materials Technology

@ Preparation of lead alloy
v’ 12.5 tons of high purity ingots

v' Homogeneous

v’ Purity : 99.9999% PbBi ingots (12 tons)

Industrial scale of high purity LBE has been prepared.

€ Oxygen measurement and control

v' Pt/air and Bi/Bi,0; developed by INEST

v Gas phase control and solid phase control technology

Oxygen control system has been operated for

more than 5000hrs. Oxygen measurement and control

*FDS Institute of Nuclear Energy Safety Technology,CAS
Key Laboratory of Neutronics and Radiation Safety,CAS

Key Technologies II: Key Components Development

€ Pumping technology

v' EMP (5m3/h, 0.75MPa) has been operated for
more than 5000hrs

v" Mechanical pump (50m3h, 2MPa) with anti-

corrosion coating has been developed

v’ Gas lift technology

€ Heat exchanger technology
v" Double wall HX

v Heat-exchanger for LBE with different coolant

materials (air, oil, etc.)
Double wall heat-exchanger LBE-LBE HX

Different types of pump and heat-exchanger have been developed.
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B
Key Technologies I11: Structural Materials and Nuclear Fuel

€ R&D of nuclear-class structural materials

v" Development technology of nuclear-class structural

material
v' Platform of non-nuclear performance tests and data

accumulation of out-of pile performance
v" Development of neutron irradiated experiment and in-pile

service performance Results of flow corrosion

e . i d |
R&D and verification test system of material has ~ ©Perments underoxygen contro
already implemented.

€ R&D of nuclear fuel

v Scheme design and preliminary engineering design of fuel

assembly
v" Preparation of full-scale simulated FAs and thermodynamic :
experiments Full-scale simulated FA  Full-scale simulated FA for
for flow experiments heat transfer experiments
Experiments of full-scale simulated FAs has already (ilr;’};;;‘)”"e (61 pins/ 290kW )
been done, and experimental data has been | |
given. 1 '
Nuclear Scheme design Simulated FA for Simulated FA for Simulated FA for Real fuel
physics flow and heat structural irradiation assembly
research transfer experiments experiments experiments

*FDS Institute of Nuclear Energy Safety Technology,CAS
Key Laboratory of Neutronics and Radiation Safety,CAS

I
Key Technology IV: Instrumentation and Control

» 1:2.5 Scaling Verification platform for Fuel

Handling System
Double rotating plugs design Verification
Assembly interfaces and fixed way verification, etc..

» 1:1 Scope Verification platform for Control Rod Drive

Mechanisms
* Validation on the Impact of LBE (High Density / Lead Vapor ) Fuel handling system
» Verifying the design of Control Rod Drive Mechanisms, etc..
» CLEAR Full Scope Simulator n

* Reactor safety analysis and serious accident simulation
* Reactor operator training, etc..

» LBE target prototype
* Provide test data of pressure drop of LBE target, and plot

property curve ,
* Validate CFD simulation of LBE target, etc.. Control rod drive mechanisms LBE target prototype

The fabrication of verification platform have been accomplished, and the

experimental testing are under way.
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Experimental Platform for Nuclear Technology
—— Lead-based Zero Power Reactor (CLEAR-0)

{FDS

e Pre-research Facility of PbBi Cooled ADS
e Detailed conceptual design for CLEAR-0 has been finished

— Verification of the nuclear analysis method, code and
database for PbBi Cooled ADS;
— Verification of the nuclear design and control technology;

— Provide experimental data of Zero Power Reactor based

on CLEAR-I to support the licensing;

Nuclear Design, Structure, Core and Standard Assemblies,
Shielding, Reactivity Control System, Measuring System,
I1&C System, Plant and Auxiliary System (7 systems, 10 key Zero Power Reactor (CLEAR-0)

equipments)

Institute of Nuclear Energy Safety Technology,CAS
Key Laboratory of Neutronics and Radiation Safety,CAS

I
Highly Intensified Neutron Generator(HINEG)

{FDS

> Neutron with different energy > Test objectives

D+D —> 3Het+n(2.5MeV) * Reactor design verification
D+T —> “Hetn(14.1MeV) * Materials radiation experiments
* Radiation protection and environmental

» Steady/pulse dual-modling impact
 Steady intensity:10'°n/s (Phasel)  Application of nuclear technology
¢ Pulsed width:1.5ns - ...

Engineering design has been finished, construction is underway.
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Institute of Nuclear Energy Safety Technology,CAS

{FDS : ne
Key Laboratory of Neutronics and Radiation Safety,CAS
R —

Digital Virtual Reactor (CLEAR-V)

for Integrated Design and Simulation of Advanced Reactors

» Multi-physics Integrated Simulation
Monitor the performance of any part of the reactor at any point in full cycle.

Neutronics (VisualBUS, SuperMC), Neutronics-Thermohydraulics (NTC), Irradiation Damage
(MSC), Probabilistic Safety /Reliability (RiskA), System Parameter Optimization /Economical

.

Assessment (SYSCODE)), etc.

» Cloud Computing based High-performance Simulation
Nuclear Safety Cloud: database / codes services ..

Hybrid architecture based parallel computing

CPU + CPU
» Virtual Reality based Lifelike Simulation

Virtual tour, assembly & design validation

Maintenance optimization & training

Digital Reactor = Virtual Plant

Contents

I. Introduction

II. Research Progress
1. Reactor Design
2. Key Technology R&D
3. Safety Assessment

II1. Development Prospects

IV. Summary
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Preliminary Safety Analysis

+ Accident Analysis
= Accident classify and initial events definition
= Analysis code preparation
v RELAP, MELCOR, NTC (self-developed), CFD (commercial)
= Typical accident analysis
v" (U/P)LOHS, LOFA, Reactivity Insertion, SBO, etc.

< Probability Safety Analysis

= The 1 class internal event PSA has been done

= Quantify risk assessment and safety object study

= Risk comparison between design options %%

Preliminarily analysis results shows that under the A

typical accident reactor core will not be damaged and =)

the decay heat can be removed effectively

*FDS Institute of Nuclear Energy Safety Technology,CAS
Key Laboratory of Neutronics and Radiation Safety,CAS

Environmental Impact Assessment

+ Studies of Environmental Impact Assessment Report
v Radioactive inventory in reactor

Radioactive waste disposal system and reactor decommissioning

Environmental impact during normal operation / under accident

Character and safety of Lead-Bismuth

Environmental impact of construction

Monitoring both effluent and environment

v
v
v
v
v

+268184014

B oo

+13848401 +7.533E4010

+L148E 4010
137874010
+2.599E4009
+9.24184009 +7.126E4008

+154584009 +9.639E+007

+2.067E+007
+4.681E+006
+L11SE+006
+2.33264003

Radioactive distribution in reactor Dose distribution under an accident

4522184008

18342 4008

Dose of public was far below the value in Chinese national standards (GB). |
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Code V&V

CLEAR-I design and analysis code V&V methodology and system has

been established.
"~ Coses | orgncaion | Facities |

« Code — code benchmark NPIC HFETR
% Verification Experiment North West Nuelear e, | pujsed Reactor
Technology Institute
= More than 10 facilities Nuclear Design/  jsp CEFR
Nuclear Database
= Self-developed & Cooperation Belgium SCK-CEN?  VENUS-F (Guinevere)
(domestic / abroad institute) Russia? BOR-60/BFS-1/2
% Cooperation & communication Swiss PSI? SINQ
= Nuclear and Radiation Safety Cent Thermal- — \estcas —
uclear and Radiation Safety Center hydraulics KYLIN.S
= State Nuclear Power Software .
INEST CAS KYLIN-IT
Development Center KYLIN-S
Accident Analysis Jtaly ENEA? NACIE
Korea SNU? HELIOS
Shielding Design CIAE CPNG6

*FDS Institute of Nuclear Energy Safety Technology,CAS
Key Laboratory of Neutronics and Radiation Safety,CAS

SuperMC: Super Monte Carlo Simulation Program for
Nuclear and Radiation Process

Reactor Physics, Radiation Physics, Medical Physics, High Energy Physics ......

Geometry Results and
and Physics Process
Modeling Visualization

Nuclear Data Lib. Cloud Computing
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*FDS Institute of Nuclear Energy Safety Technology,CAS
Key Laboratory of Neutronics and Radiation Safety,CAS

I
Lead-Based Reactor Characteristics

% Lead-Based Coolant Technologies

Lead Bismuth Low operation temperature
—>Early application for ADS

Lead High power conversion coefficient
-2>Long-term electricity application for GIF LFR

Tritium breeding
—2>Long-long term application for fusion

Lead Lithium

O Similar properties, key technologies shared with others
O Can be applied for both critical and sub-critical systems
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Application Prospects of Lead-based Reactors

O Energy: Generation IV/Fusion/Hybrid Reactors

v LFR-One of Generation IV reactors =

v" Promote the development of fusion/ hybrid reactors

O Isotopes Production
v' Tritium for fusion test reactor start -up
v' Other radioactive isotopes
O Hydrogen/Sea Water Desalination
v' Hydrogen is a clean energy and has great market potential

v' The world’s fresh water gap is 200 billion/year, per capita
in China is only a quarter of world average

*FDS Institute of Nuclear Energy Safety Technology,CAS
Key Laboratory of Neutronics and Radiation Safety,CAS

CLEAR-SFB: Lead-based Reactor for Spent Fuel Burning
—Spent Fuel Generate Power ‘Trash into Treasure’

* Based on relatively simple reprocessing requirements, no ‘
need to separate of Pu and MA; >

* Supplement depleted uranium after first loading, without

fissile fuel added; ‘l i1
* MA net decrease, none extra nuclear waste production; f | E
* Long period and deep burnup operation, high economic and B4

resource utilization for single cycle.

1050 mang E ' 1050

Parameters Values . I

Thermal Power (MW) 1000

TSRy, (kgly) 29.6

Average Burnup (GWd/t HM) 150 e

Refueling Cycle (yr.) 3 e e il
ETEE

Fissile nuclide mass change with burnup
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R
CLEAR-Th: Lead-based Reactor for Thorium Burning
—Efficient Utilization of Th

Supplement depleted uranium after first loading, without fissile fuel added;
Integration of conversion and burning of Th-U, no separation of U-233;
MA net decrease, none extra nuclear waste production;

Long period and deep burn-up operation, high economic and resource utilization for

single cycle.

Parameters Values
Thermal Power (MW) 1000

Fuel composition Spent fuel TRU+Th
Average burnup (GWd/t HM) 150
Refueling Cycle (yr.) 3

*FDS Institute of Nuclear Energy Safety Technology,CAS
Key Laboratory of Neutronics and Radiation Safety,CAS

B |
CLEAR- H: Lead-based Reactor for Hydrogen Production
—Low Temperature Hydrogen Production

* New hydrogen production technology based on lead-based alloys with low
temperature and high efficiency, Pb/LBE as coolant and hydrogen-
containing substances, materialize by oxygen control technology;

* Integration of reactor and hydrogen production by direct contact heat
transfer, simplified equipment and save cost.

Parameters Values Pb+H20<=Pb+H,+[O]
Integration pool-type fast reactor . .

Reactor Type gration pool-typ PbBi+H20 < PbBi+H,+[O]
Thermal Power 200MW

Fuel UN Oxygen Pump

Refueling Cycle No reloading

Coolant Pb/LBE

Hydrogen-containing Water

Gas Lift Pump
substances
Water Input

Hydrogen Production ~2880kg/h <«
Efficiency >55%
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China ADS & Lead-Based Reactor
Development Roadmap (Proposal)

. . Selection &
Initiate Prior  R&D > jnjiementation Goals

«Electricity
*Transmutation
nnovatiwve +Fuel Breeding
Concept «Others

. (H, production. ...
H, production

‘ Thorium-based
High Temperature

Out-of-pile NUe Key Component

EngineeringTesting ing e It

Contents

l. Introduction
ll. Research Progress
lll. Development Prospects

IV.Summary
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Summary

China LEAd-based Rector (CLEAR) has been selected by CAS as the ADS
reference reactor and Generation IV advanced reactor development emphasis;

X3

o

+% CLEAR series lead-based reactor conceptual design has been carried; the
preliminary engineering design Lead-bismuth cooled research reactor CLEAR-I
is underway;

% KYLIN series Lead-bismuth experimental facilities and key components for
CLEAR has already constructed and the experiment research is under way.

+ CLEAR-S Lead-alloy cooled non-nuclear reactor and the test component are
under construction and fabrication.

% Construction of Zero-power experimental Facility CLEAR-0 and High Intensify
D-T fusion Neutron Generator (HINEG) is underway.

+ Widely international cooperation on lead-based reactor design and technology
R&D is welcome.

*FDS Institute of Nuclear Energy Safety Technology,CAS
Key Laboratory of Neutronics and Radiation Safety,CAS

Thanks for Your Attention

Website: www.fds.org.cn
E-mail: contact@fds.org.cn
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Institute of Nuclear Energy Safety Technology,
Chinese Academy of Sciences (INEST, CAS)

< Jointly sponsored by:
= Hefei Institutes of Physical Science, CAS (CASHIPS)
= University of Science and Technology of China (USTC)
« Key programs:
= Advanced Fission Reactor Design and R&D (ADS - CLEAR)
= Fusion/Hybrid Reactor Design and R&D (ITER/FDS)
= Nuclear Safety Innovation Project for Scientific and Technological
Development

< 10 Divisions, 400~500 Staff +200~300 Students

~400 members

Major Research Areas:

1. Nuclear reactor safety
(reactor design, nuclear detect & experiments, safety analysis methodology, ...)
2. Radiation safety and environmental impact
(radiation protection & shielding, chemistry safety of nuclear energy, ...)
3. Nuclear emergency and public safety
(nuclear safety culture, nuclear accident emergency, nuclear power economics, ...)

The major professional/fundamental research basis for nuclear energy safety technology in
China to promote the efficient and safe application of nuclear energy.

*FDS Institute of Nuclear Energy Safety Technology,CAS
Key Laboratory of Neutronics and Radiation Safety,CAS
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4. Activities in Korea

4.1 Current Status of the Development of Electromagnetic Pumps in Korea
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Current Status of the Development of Electromagnetic
Pumps in Korea

Hee Reyoung Kim

Ulsan National Institute of Science and Technology

Pilot electromagnetic (EM) pumps with the flowrate of 60 L/min ~ 900 L/min
and the developing pressure of 1 bar ~ 4 bar have been developed for the
circulation of liquid sodium in the sodium fast reactor (SFR) in Korea
since1990. The EM pump, which has no mechanical part contacting with the
liquid metal fluid of the high chemical reactivity and strong corrosiveness, is
required to circulate the liquid sodium coolant in the sodium fast reactor
without particular maintenance for a long period. The EM pump using a
Lorentz’ force generated by the vector product of current and magnetic field
perpendicular to it have been designed for the sodium, wood’s metal, lead
and lead lithium by magnetohydrodynamic (MHD) and equivalent electric
circuit method. The MHD analysis was carried out for the EM pump with
coupled properties of electromagnetics and fluid mechanics, where Maxwell’s
equations and fluid equations should be solved together. The EM pump was
fabricated taking into environmental condition such as operation
temperature and chemically reactive sodium based on the analysis result.
The experimental characterization on the flowrate and developing pressure
showed a good agreement with theoretical prediction. The characteristic of
the MHD pressure drop by the magnetic field was experimentally analyzed
where the drop was proportional to the velocity and the square of the
external magnetic field. The stability criteria for the annular linear
induction EM pump, the flow under the high magnetic field was thought to
be kept stable even in a higher fluid velocity for low perturbation with a long
wave length. The EM pump technology for design and fabrication is expected
to be directly applied to the transportation of liquid metals used as a coolant
in the LFR, TWR, MYRRHA, ITER and SFR due to the same principle of

generation of electromagnetic force on the electrically conducting liquid.
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contents

I. Fundamentals of ElectroMagnic (EM) Pump
® Fundamental Principle of EM Pump

® Electromagnetic Pumps

3
Fundamental Principle of EM Pump
@ Generation of rotating ® Generation of electromagnetic
magnetic field force
Force, F
L. ) )
/| Magnetic field, B
Rotation of e T
~ Magnet L K\Y/y/
Rotation i \ 7
of Disk l Current, [

Fleming’s left hand rule

CO%@}EM ® Current perpendicular to the magnetic
. field
® Generation of force perpendicular to
] both current and magnetic field
Arago’s disk
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@ Rotating magnetic field € Moving magnetic field

Force, F =

A s = [ B Sk
) ]" Magnetic field, B Lo N / | 7N
3 y s 2|/ L) : N

L : A A

chh‘k“ s r \\ /
Il’\duced Current, I s
U, V, W field

ot = a)tl ‘ wt =ty '
Arago’s disk q H z
- The disk rotates in the direction of a \/

rotating magnet

Radial B-Field
Radial B-Field
Radial B-Field

Roatio

Radial B-Field
Radial B-Field

Combined filed

<Moving magnetic field by three phase alternative current>

- Moving magnetic field instead of
rotating magnetic field
=> linear induction pump or motor

Electromagnetic Pumps

Jowwr Core

Electromagnet Core . Duct Uiguld Sadium 4 \ . 2 Coll Suppurter & Gooling Air Fipe
Side Bars \
Flat Linear Induction Pump (FLIP) Annular Linear Induction Pump (ALIP)
(ARIEEY Yo e NI E) (REHEY NYQEHIHLD)
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I1. Development of EM Pumps in Korea
® Development Status of EM Pumps

® EM Pumps! Past, Present and Future

Development Status of EM Pumps

€ 1990

® Design and manufacturing of a flat linear induction EM pump
= Fluid : Wood's metal and liquid sodium

= Experimental verification of the difference of pumping flow rate
due to electrical conductivity and density.

cctromagnet Core Duct
Flectromagnel Core g pars

® Conceptual and detailed design of externally-supported-duct type and submersible-in-
pool type annular linear induction EM pumps

€ 1991

® Manufacturing of the 6 outer core slot-externally-supported-
duct type annular linear induction EM pump with a flow rate
of 60 L/min and an operation temperature of 400 C.
€ 1992~1993
® Design and manufacturing of an externally-supported-duct type
annular linear induction EM pump with a flow rate of 60 L/min
(12 outer core slots).

Tnner Core,

CoolingPipe
Na

================
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& 1994

® Design and manufacturing of an externally-supported-duct type annular linear
induction EM pump with a flow rate of 60 L/min (12 outer core slots and 8§ core
blocks).

® Design of an externally-supported-duct type annular linear induction EM pump with a

flow rate of 800 L/min. e
@ 1995~1996 i
® Design and manufacturing of a sodium submersible-in-pool type
annular linear induction EM pump with a flow rate of 60 L/min and

an operation temperature of 600 C.

& 1997~1999

® Design and manufacturing of a sodium submersible-in-pool type
annular linear induction EM pump with a flow rate of 200 L/min
and an operation temperature of 600 C.

® Characteristic experiment on flow rate on the change of frequency.

nnnnnnnnnnnnnnnn

€ 2000~2011
® Design and manufacturing of an EM pump with a flow rate of
900 L/min for the test of sodium thermohydraulic effect for
a sodium fast reactor.
® Design and manufacturing of an EM Pump with a flow rate
~100 L/min for sodium cleanup and instrumentation system.

® Design, manufacturing and characteristic experiment of an EM Pump for circulation of
lead-bismuth for a fusion reactor.

& 2012~

® Design and manufacturing of the sodium transportation EM Pump
with a flowrate of 100 L/min for material corrosion test.

10
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EM pumps! Past, Present and Future

« Verification of * experimental * Application * Large EM pumps for
the principle characterization - corrosion, component test, SFR and ITER
- MHD pressure drop

+ Flat and annular type with ~ * Annular pipe-supported, * Annular pipe-supported type * Annular pipe-supported type  Annular pipe-supported,

~60 LPM pool-immersed and center- ~ with ~60 LPM and 4 bar with ~2,265 LPM and 4 bar pool-immersed pump
» Temperature: 400C . return type with ~200 LPM  » Temperature: 500 C . « Temperature: 550 C . with >50,000 LPM
* Fluid : Wood metal and  Temperature: 600 C * Fluid : Lead-bismuth * Fluid : Sodium and Lead- « Temperature: 600C ..
Sodium * Fluid : Sodium lithium * Fluid : Sodium and lithium
! I ! ! |
T T T T T
1992 1997 2002 2007 2012ﬁ
) UNIST 1

UsenNasoral lnsttts of
Sciancs and Teenlogy

III. Experimental Characterization and Application of the EM
Pumps
® Background and Objective
® The MHD Dynamic Analysis
® The Design and Manufacturing of the EM pump
® Experimental Verification

® Applications

unIsT 12

UsanNasoral nsttte of
Scianca and Teenilogy
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Background and Objective

€ In the sodium fast reactor, the electrically conducting sodium liquid metal is
used as a coolant.
® Therefore, EM pump appropriate for the liquid metal coolant circulation is required.
® EM pump, which has no mechanical part contacting with the liquid metal fluid of the
high chemical reactivity and strong corrosiveness, is required to circulate the liquid
metal coolant without particular maintenance for a long period.

€ Magnetohydrodynamic analysis is carried out for EM pump with coupled
properties of electromagnetics and fluid mechanics.
® Maxwell’s equations including Ampere’s law, Faraday’s law, Ohm’s law and Gauss’
law, and fluid equations including continuity equation and momentum equation should
be solved together.

€ An effective design analysis method is developed for designing an EM pump
from the results of the complicated magnetohydrodynamic analysis and
applied to the actual design.

e Scioncs and Tochnclogy

Magnetohydrodynamic Analysis

@ Analysis for EM pump

e W 2

A Sheet current ﬁ

7
) LS LSS /

/ Inner core

0 S LLLLs > Z

® Governing equations

Vev=0
2

ov 1 _, H
—+(veV)v=-Vp+—Vv+—-JxB
ot ( ) P R R

"B
VXB:RmJ VXE:—E VeB=0 J:E+VXB

e
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@ Solutions
u= 7 1 oz e mr @) (Ko@) K (e D, @)+ (L (ar,) ~ 1)K (o)

B = sk (Ko (67,1, (6°) + 1, (85, ) K, (5v))

(Ko (8,01 (8, )1y (8,) Ko (6}

_ /208, ~(K,(87,)1,() = 1,(67,)K , (7))

7T Ko () o (8,)- I (6, Ko (&,

J=—(1-u)B,
B.BS H?
f.=(-u) TR
where,
PR, oB,/R,’ 1 R, n(-s) -
R = H,= R,=moRy, f=——7r7 7=I- a7 a - 0= 4|(kR )2+JkRRm
l “ 1+()’ o " i

9 Analysis results
6 - x 105 12 —
) g
% Z
~ — 8 -
g 2
= o
> =
= i
8 v 4
2 =
(5] Q
> 2
>
0 L) I T l L) I T l T 0 I T I T I T I I“ I
00 02 04 06 08 10 00 02 04 06 08 10
Dimensionless radius, r Dimensionless Radius, r
Flow velocity Viscous force
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x 10° 12 = x10° 5-

L T Y -

£ £

Z, 8- Z,

>, >3]

= = |

%] e 2B §

5 =
[} () 4
o =2/

o 4 ] i

(& o 1/

= — H

o @) |
[T 1

0 L I T I T l T I L I 0 L] I T I L] I T

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Dimensionless Radius Dimensionless Radius
Electromagnetic force Pumping force

Flat velocity distribution '
viscous force < electromagnetic force
=>Pumping force = Electromagnetic force

360sf7> (u,k, NI)®
pe{m* +Quosfr’)’}

® The developed pressure from the MHD analysis is

which is equal to that from the electrical analysis.
® The liquid fluid can be treated as a solid.

® Therefore, the electrical approach is available without complicated and
tedious mathematical procedure.
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Design and Manufacturing of the EM Pump

@ The electric equivalent circuit for EM pump

Outer Core

~ ﬂqukPZszON2 R - 67Dp,"(k,N)

R
! kfkd pz'2 2 (72
v 2 2HODANT  y _ OpporDy (kN )’
e pq ! 7’ pg,
19
® The Developed pressure :
e 360sf7” (kNI
2
pg. AT + (2pu,05/7°)’}
® Friction loss :
Ap = PILY’
=

2g

= Pole pitch (Core length), Diameter of inner core, Slot width, Inter-core gap,
Number of pole pairs, Coil turns...

]

Optimized design according to the change of variables

20
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€ Manufacturing of the EM Pump

Silicon st;cl plate

Stainless steel pipe
/ Silicon steel iron core plate

+

A lumina-dispersed copper band
Asbestos insulator

H UNIS
& Ulsan Natioral Instituts of

i

H

Y i
Sclence and Technelogy

21

@ Design Analysis of EM pump

Variables Increase Decrease
Olncreased magnetizing reactance due
Pole pitch g)actt(l)l: high - Laithwaite Goodness ODecreased flow speed due to the
(Core length) Olncreased weight of the device and low synchronized speed
impedance
Geome- Olncreased developing pressure ODecreased leakage reactance
trical i i <l : .
Diameter of inner core OStabilized flow ODecreased weight of the device
Slot width Olncreased magnetizing current due to | OThe more magnetic flux from the
the Increased effective inter-core gap outer stator
Inter-core gap Olncreased magnetizing current Olncreased frictional loss
ODecreased electrical conductivity due ODecreaspd speed of the moving
Input frequency to skin effect Og:cgrne?;;{l ﬁggnetizing and leakage
Olncreased end effect renctance
: ODecreased end effect ODecreased length of the device on
Electr;)_— Number of pole pairs ODecreased magnetizing reactance the fixed pole pitch
magnetic ; —
Electrical conductivity p ODecreased Joules’ loss
of liquid metal OLarge electromagnetic force OReduced End-effect wave
: : : Olncreased leakage reactance
Coil turns Og;rgrlgrll? agnetic field on the same input Olncreased heat generation on the
constant input voltage

=> Optimized design on the variable change

unIsT

UsanNasoral nsttte of
Scianca and Teenilogy
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@ The completed EM pumps

Pool-immersed type  Center Return

23

Experimental Verification

@ Preliminary test

24
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<I=100A, V=100V, VI=17kVA>

25

<[=20A>
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8

_—:prediction 8r — : prediction
o6 * :experiment ] et * :experiment ]
e Q g \
48 //\5 . 248+ 4\5 .
= < G, w2 « G
2 A 2 D
Ext v Ext v
z z
2 =
=167 =6t
0 ! ! 0 1 L |
0 6 12 18 24 30 0 45 90 135 180 25 270
Input current (A) Tnput voltage (V)
27 2 r
T 16 7 predicltion 16 - 7:predicltion
< ¢ @ experiment o * :experiment
212t N 212
8 PIARS g
< S/ <
208 4 3 0.8
2 <
2 S
Zo4f g 0.4
-Flowrate : 54 L/min 0 ' b0 ‘
0 6 12 18 24 30 0 45 90 135 180 225 270
-Developed pressure : 1.3 bar
Input current (A) Input voltage (V)
) UNIST 27

UsenNasoral lnsttts of
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12

NS
(=]

T=150 C

[=27A, V=254

W
I—@ﬁrﬁfﬁ?m
, T3

—
(=)}

1.0

—_
NS

0.7

Developed pressure (bar)
Developed pressure (bar)

0.8 05 T
[=12A, V=113V 1=12A, V=116
04 ® b 02 X—W
* o . . I:7.A,V:!66V P P § !I:7A,V§:67V{
0.0 : ‘ : 0.0 ‘ . !
0 16 32 48 64 80 0 10 20 30 40 50
Flowrate (L/min) Flowrate (L/min)

“Good agreement with the theoretical calculation”

unISsT 28
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Applications

4 The EM pump for the sodium thermo hydraulic components

teSt fOf the future SFR P-Q curve
12
AHX (sodium-Air Heat ) u //
10 T
/Flowrate Preheater — H :
-900 L/min N e : AL
“ MHD Pump ran-1 == | 6
Developed pressure " i-. i aN
-4 bar . raac AN s,
Tem & - BN
perature ’ —
-550°C 1
Pump Length o —
750 1000 1250 1500 1750 2000 2250
-0.95m Flowrate( L/min)
Pump Diameter
-39 cm
IHX (Intermediaf
Input current Heat Exchanger)
-180 A T
Input voltage ey s PlugsingMeter |
‘548 V STELLA THX

/ stocage Tank Dump Tank eliiig Cooling System

29

4 The EM pump for the MHD experiment of the liquid PbLi flow
in the ITER

4 Flowrate

-60 L/min
Developed pressure
-1 bar
Temperature

-500 °C

Pump Length

NagretConyuiar

. {
Mo Tore :uml—

PNP Cortrobe

-1m P-Q. curve

Pump Diameter

—s8a

—72A

-33 cm

—86A

Input current

-62 A

Developed Pressure (bar)

Input voltage

LR T Y]

311V /

Flowrate (LPM)

o 50 100 150 200

30
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€ The EM pump for the experiment of the liquid PbBi flow

6 lowrate

-60 L/min
Developed pressure
-4 bar
Temperature
-500 °C

Pump Length
-1m

Pump Diameter
-28 cm

Input current
-52A

Input voltage
-353V

31

4 The EM pump for the corrosion test of the material in the
sodium environment

ﬂ: lowrate

-9 L/min
Developed pressure
-4 bar
Temperature
-550°C

Pump Length
-40 cm

Pump Diameter
-31 cm

Input current
23 A

Input voltage

=250V  ; :

32
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@ The performance estimation of EM pump for IHTS of PGSFR
with 150 MWe

/F lowrate
-51,400 L/min I
Developed pressure
-3.7 bar
Temperature
-322°C

Pump Length
-<3m

Pump Diameter
-<22m

Input current
-140 A

Input voltage

-1820V £M pump for PGSFR (designed by ANL)

x10°

—

——— Developed pressure
= Pressure drop of IHTS

=)

2340V,180 A

o

1820V, 140 A

=

w

1300 V, 100 A

Developed pressure [Pa]
o

u0 01 02 03 04 05 06 07 08 09 1
Flow rate [mals]

Estimation by UNIST

33

@ The DC pump for test of the reaction between sodium and CO,

ﬂ: lowrate

-3 L/min
Developed pressure
-0.05 bar
Input current
-200 A

Input voltage
-~mV

34
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Lead—bismuth EM Pump for URANUS SMR

@ Conceptual design of lead-bismuth EM pump for experimental
test (installed in downcomer pipe)

Flow rate

-150 L/min
Developed pressure
-9,911 Pa

Input current

-60 A

Input voltage
-~52V

Conceptual design | __Shape [ ppe |

Size ID (mm) n/a
OD (mm) n/a
A (m?) n/a
t (mm) n/a
L (mm) 2210
Connection Heat exchanger (from)
Downcomer (to)
(barrel)
Requirements - Connected between outlet of heat exchanger
and inlet of downcomer (barrel).
UﬂIST - ID and OD must be same with heat exchanger. 35
Frodligtit i
Design variables Unit Values
Flowrate [L/min] 150
Mass flowrate [kg/s] 25.88
Developed pressure [Pa] 9911 —
3 © 2
. Temperature K] 573
Hydrodynamic Velocity Tmisec] 0.885 o
[Siip %] 94.1
Reynolds number 178892 % \
Pressure loss [ Pa] 0553 —_—
Core length [mm] 500.0 [0)) 1 5 \
Outer core diameter [mm] 243.0 S
inner core diameter. [mm] 30.0 )
Inter core gap [mm] 21.0 »
Flow gap [mm] 18.0 [} 1
Inner duct thickness [mm] 10 5_
[Outer duct thickness [mm] 1.0
Slot width [mm] 20.00 e} \
Slot depth [mm] 60.50 8_ 0 5
Geometrical Core depth [mm] 85.50 o
Core thickness [mm] 25.0 —_—
Stacked coil thick [mm] 44,0 g
[Coil support ring [mm] 10.00 ) 0
Space in slot depth [mm] 6.50
oo widh {om] oo 0 10 20 30 40
Slot pitch [mm] 40.00
[Conductor widih [mm] 16.00 MaSS ﬂOW [kg/ S]
[Conductor thickness. [mm] 2.00
Insulator thickness. [mm] 2.00
Input current [A] 60.0
Input voltage vl 52
Impedance [Ohm] 0.9
Input VA [KVA] 54
Input power (kW] 2.0
. Power factor %] 36.8
Electrical [Goodness factor 07
Pole pitch [cm] 12.50
Number of slot [#] 12
[ Turns/slot [#] 22
[Number of pole pairs [#] 2
Slot/phase/pole [#] |

unIsT 36
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€ Conceptual design of lead-bismuth EM pump for URANUS
SMR (installed in lower section of S/G Modules) with the output

of 100MWth
Glow rate \

-3,298 L/min

Developed pressure N
-29,688 Pa

Input current

-178 A

Input voltage

-~807V

il

i

|

S/G Modules

Reactor

Prima
vessel i

control rod

Distributor

=y

e Naticra nstt of
Sciancs and Teenlogy

N
N »f

37

Design variables Unit Values
Flowrate [L/min] 3298
Mass flowrate [ke/s] 568.25
Developed pressurc [Pa] 29688
. [ Temperature K 573
Hydrodynamic \'c]o‘cny |nE cic\ T.968
[Stip %] 36.9
Reynolds number 1722789
Pressure loss [Pa] 41994
Core length [mm] 1000.0
Outer core diameter [mm] 519.0
inner core diameter [mm] 340
Inter core gap [mm] 81.0
Flow gap [mm] 780
Inner duct thickness. [mm] 1.0
[Outer duct thickness [mm] 1.0
Slot width [mm] 2041
Slot depth [mm] 136.50
Geometrical Core depth [mm] 161.50
Core thickness [mm] 25.0
Stacked coil thick [mm] 120.0
Coil support ring [mm] 10.00
Space in slot depth [mm] 6.50
[Tooth width [mm] 2041
Slot pitch [mm] 4082
[Conductor width [mm] 1641
[Conductor thickness [mm] 6.00
Insulator thickness. [mm] 2.00
Input current [A] 178.0
Input voltage V] 807
Impedance [Ohm] 45
[mput VA [kVA] 248.9
Input power kW] 733
. Power factor %] 295
Electrical [Goodness factor 10
Pole pitch [em] 12.50
Number of slot 1] 24
[ Turns/slot [#] 30
[Number of pole pairs ] 4
Slot/phase/pole ] |

= N W s~ O

o

Developed pressure [104 Pa]

0 200

AN

N\

400 600
Mass flow [kg/s]

800

unIsT
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IV. Summary

39

summary

4 The EM pump was analyzed and designed using an equivalent electric circuit
method.

€ The characteristic of the pilot EM pumps was experimentally verified.

® [ts experimental result will contribute to the design of the liquid metal coolant system in
the fast reactor or nuclear fusion reactor.

€ The technology of EM pump design and fabrication was established for the
transportation of the liquid metal in the SFR.

® [t is expected to be directly applied wherever the liquid metal is used as a coolant in the
LFR, SFR, TWR, MYRRHA and ITER.

40
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Thank you for your attention!
- CEEHYMESTEELTE.
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4.2 Preliminary Core Design Analysis of a Subcritical Dedicated Burner

Loading Thorium-based Oxide Fuel
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Preliminary core design analysis of a subcritical dedicated

burner
loading thorium-based oxide fuel

Jueun Lee*D, Yong-Hoon Shin?, Seung Woo Hong?, Myung Jae Song? and Il Soon Hwang?

1) School of Energy Systems Engineering, Seoul National University, 1 Gwanak-ro, Gwanak-gu,
Seoul, Republic of Korea

2) Department of Physics, SungKyunKwan University, 25-2, Seobu-ro, Jangan-gu,
Suwon-si, Gyeong Gi-do, Republic of Korea

3) Korea Radioactive Waste Society, 150, Deokjin-dong, Yuseong-gu, Daejeon, Republic of Korea

*Corresponding author: happyljel4@snu.ac.kr

Spent nuclear fuel is a pressing issue in most nuclear power generation countries including
Korea, because onsite storage facilities are filling up with no further solutions available. As
a way of reducing the burden of spent nuclear fuel, partitioning and transmutation (P&T)
based on pyroprocess-SFR system can eliminate 99.9% of TRU. Still, 0.1% of TRU, 10kg per
year [1, 2], is remaining despite of such P&T process when Korean nuclear power fleet
produces 1,000 tons of SNF per year. Subcritical system using Thorium-based oxide fuel can
incinerate the rest, leaving behind only low and intermediate level wastes. Hence, the aim of
this study is to design a subcritical dedicated burner to incinerate the residue.

A subcritical system which uses thorium-based oxide fuel for the purpose of managing
spent nuclear fuel by burning TRU and long live fission product has been designated as
TORIA (Thorium Optimized Radionuclide Incineration Arena). For coolant and target
material, lead-bismuth is selected. By adopting thorium based oxide fuel, the support ratio
[3] can be increased over that of uranium based oxide fuel because there is less additional
TRU generation during operation. Fabrication of thorium-based oxide fuel is already shown
to be feasible on industrial scale [4]. Safety margin of TORIA, which is a subcritical system,
is higher than that of critical system. In addition, TORIA has high temperature feedback
property [5] and low void coefficient.

The design of TORIA is based on the earlier critical reactor design designated as PASCAR
(Proliferation-resistant, Accident-tolerant, Self-supported, Capsular, and Assured Reactor)
[6]. Basic design requirements are to maintain geometrical profiles and core power density

of PASCAR by proportional reduction of the core size. TORIA is designed for 30MWth and
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average effective multiplication factor during effective full power days is 0.955. Required
proton beam current at the energy of 600MeV and 500MeV is 1.43mA and 2mA, respectively.
Fuel composition was determined using the flowsheet of PyroGreen [1]. Mass ratio between
Th and TRU is decided to be Th:TRU=0.632:0.368.

A deterministic code system for fast neutronics analyses, consisting of TRANSX [7],
DANTSYS [8], and REBUS-3 (DIF3D) [9], was used and the external source was not
considered for this preliminary analysis. Calculation result of deterministic method is
shown to be reliable on a subcritical system compared with Monte-Carlo method [10, 11].

The preliminary core design satisfied the basic design goal. It is expected to be useful in
the step of detailed core design by understanding characteristics of core loaded with
thorium-based oxide fuel. Detailed core design should consider external neutron source, and

optimization about fuel composition, geometrical arrangements, etc. is necessary.
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Why is SNF a pressing issue?
Pyroprocess-SFR system
Pyroprocess-SFR-TORIA system
Concept of TORIA
Characteristics of TORIA
Design criteria of TORIA
Calculation method
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Why is SNF a Pressing Issue?

SNF management of Korea

The Spent Fuel Storage Status (2th quarter of 2015)
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Why is SNF a Pressing Issue?

SNF management of Korea

« Expansion of storage capacity (since 1990)
— Replace the low-capacity racks by the high-capacity racks

— Move SNF in the AR pool of the older unit to that of the younger
unit within the same site

— Build dry storage & MACSTOR/KN-400 for CANDU SNF

* There is no specific decision about SNF.

The First topical Meeting on Asian Network for Accelerator-driven Systems and Nuclear Transmutation Technology

,91,



JAEA-Review 2015-042

Pyroprocess-SFR System

* Anticipated amount of SNF is about 1000 ton per year at 2025 in
Korea

— It contains 1% of TRU, which is about 10 ton.
* Pyroprocess separates TRU from SNF

— Separated TRU goes to SFR

— Residual waste contains about 10kg of TRU

Pyro- TRU
process 9990 kg

SNF
1000 ton

i

1% of TRU (10 ton)

Residual
Waste <:I 10kg of TRU
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Residual waste containing TRU 1s mixed with thorium and used for fuel of
TORIA. This system leaves behind only low and intermediate level waste.

Pyro- il
process 9990 kg

SNF
1000 ton

@

1% of TRU (10 ton) R\‘/“-VS::::'

@

10kg of TRU

Low and Inte
rmediate Le
vel Waste

o - - —

=

Fuel of subcritical reactor
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Concepts of TORIA

TORIA: Thorium Optimized Radionuclide
Incineration Arena

* Purpose

— TORIA is designed for the purpose of
managing spent nuclear fuel by burning
TRU and long-lived fission product.

¢ (Characteristics

1. Accelerator-driven subcritical system
Dedicated burner

2
3. Thorium based oxide fuel
4

LBE as coolant and target material Conceptual diagram of TORIA

The First topical Meeting on Asian Network for Accelerator-driven Systems and Nuclear Transmutation Technology

Characteristics of TORIA

1. Accelerator driven subcritical system

Safety margin of TORIA, which is an accelerator-driven subcritical
system (ADS), is higher than that of critical system.

— Low delayed neutron fraction is acceptable in the safety aspect.

Inherent safety characteristics f

— “Fundamental property of a design concept that results from the basic
choices in the materials used or in other aspects of the design which

assures that a particular potential hazard can not become a safety
concern in any way.”

Neutron is provided
by accelerator for criticality

Nuclear bomb

Akeﬁ' >1

Super-critical state

Sub-critical state Critical state

The First topical Meeting on Asian Network for Accelerator-driven Systems and Nuclear Transmutation Technology

T “Safety related terms for advanced nuclear plants,” IAEA-TECDOC-626, September (1991)
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Characteristics of TORIA

2. Dedicated burner

* Subcritical system using thorium-based oxide fuel can incinerate the high
level waste, leaving behind only low and intermediate level wastes.
*  Much less quantity of plutonium long-lived minor actinides are formed in
232Th—-233U fuel cycle as compared to the 238U-239Pu fuel cycle.
— As a result, radiotocxicity associated in spent fuel is reduced at 232Th-233U
fuel cycle

— 232Th-233U fuel cycle 02 +n +n
: 231Pa, 229Th, 230U, and 232U v

— 238U-239Pu fuel cycle X &g AR T AN
:Np, Am, Cm, and Pu %,
P m— — ZMPa BZPa ZHPa mall 234Pﬂ
| TrU
1| 10kg || 2P ’
I I % n.2 +n
I + > torA @ Zo1p @ - @ #Tn
| 1
I I o 19 »
o, 3.6d @55s «0.15s o ‘3_106
The First topical Meeting on Asian Network for Acceleraf] 024 MeV 054 Mev 03MeV
T IAEA, Thorium fuel cycle-Potential benefits and challenges, 2005 Fig. 25. Main isotopes in 232Th-233U fuel cycle. t

Characteristics of TORIA

2. Dedicated burner

« PWR to transmutor support ratiot

SR= Decreased transuranic isotope mass during 1 year at a transmutation reactor

Increased transuranic isotope mass during 1 GWe production at LWR (PWR)

— By adopting thorium based oxide fuel, the support ratio can be increased over that
of uranium based oxide fuel because there is less additional TRU generation during

operation.

Reactor Fuel type Criticality Coolant | Power (MWth(MWe)) SR Reference
PEACER-300 U-TRU-Zr Critical LBE 850 (300) 2.085 T
KALIMER-600 U-TRU-Zr Critical Na 1500 (600) 2.180 Tt

Generic ADS /w TRU TRU Subcritical - - 3.422 Tt
Generic ADS /w MA MA Subcritical - - 3.750 Tt
Energy Amplifier Demo Facility Th/PuO2 Subcritical LBE 80 3.492 Tttt
Energy Amplifier Demo Facility U/PuO2 Subcritical LBE 80 0.571 Tttt

F Lim, J.-Y., Kim, M.-H., “A new LFR design concept for effective TRU transmutation, Progress in Nuclear Energy” 49, 2007

1 Ser Gi Hong, Sang Ji Kim, Yeong Il Kim and Dohee Hahn, 600 MWe Sodium Cooled Fast Reactor Core Designs for Efficient TRU Transmutation, Transactions of the Korean

Nuclear Society Spring Meeting (2006) “
++ M. Cappiello, The potential role of accelerator driven systems in the US, ICRS-10/RPS 2004, Madeira (PT), 2004

+++ M. Dahlfors, Sensitivity to Nuclear Data and Neutron Source Type in Calculations of Transmutation Capabilities of the Eneregy Amplifier Demonstration Facility
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Characteristics of TORIA

3. Thorium based oxide fuel

e Thorium is 3 to 4 times more abundant than
uranium and is widely distributed in nature Concentraion of U and Th on the earth's crust ***

as an easily exploitable resource in many .
: T Uranium .
countries. Tharium o6
* Proliferation resistance

— Thorium fuel cycle generates 233U
— High 233U inventory implies high dosed unless
shielded
*  Production of long-lived minor actinides and
plutonium are suppressed
— Safety improvement of disposal site
e Higher chemical and radiation stability of
ThO2ft

— Higher thermal conductivity and lower
coefficient of thermal expansion compared to
U002
* Fabrication of thorium-based oxide fuel is
already Shown to be feasible on industrial Fig. 25. Main isotopes in 232Th-233U fitel cycle.
scalet

7 OECD/NEA, “Introduction of thorium in the nuclear fuel cycle”, Nuclear Science, 2015
T 1 IAEA, Thorium fuel cycle-Potential benefits and challenges, 2005
ungmin Kang and Fran . von Hippel, U-232 and the proliferation-resistance of U-233 in spent fuel, 2001
it J in K d Frank N. Hippel, U d th liferati i f U i fuel

5
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<

Characteristics of TORIA

4. LBE as coolant and target material
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LBE is a eutectic alloy of lead and bismuth (Pb : Bi = 44.5 : 55.5)

1.  Lead does not react with water or air
- Secondary heat exchanger circuit is not needed unlike SFR.
- Steam generators are installed inside the rector vessel.
2. Very high boiling point (Lead: 1750°C, LBE: 1670°C)
- Reduced core voiding reactivity risk
- Lower probability of loss of coolant during an accident
3. High density
- Target material of accelerator beam, high n/p
- No need for core catcher (molten clad float and breached fuel could float)
- Neutron reflector
4. Low moderating capability and low absorption cross-section
- No need of compact fuel rods (large p/d)
- Fast neutron spectrum
5. Natural circulation
- LBE density strongly depends on temperature

- Passive removal of heat from the reactor without dangerous over-heating of the core

The First topical Meeting on Asian Network for Accelerator-driven Systems and Nuclear Transmutation Technology
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Characteristics of TORIA

4. LBE as coolant target material
6.

Negative void coefficient

Safer in the case of a fuel cladding rupture.

Lead and LBE has chemical bonding with radiotoxic fission products such as I and Cs
8.  Control of corrosion/erosion
- Compatibility between the coolant and structural steels
9.  Coolant activation

wBitn —— ,Bi _5}%) 20PO 55 206Pb
Po-210 is of importance due to its high radiotoxicity, chemical toxicity, and heat
generation

10. Seismic safety

11.

Seismic risk due to large mass of coolant

Overcooling transient (secondary side) may cause coolant freezing (melting
point : 125°C)
12.

LBE is expensive

Bismuth is rare material

The First topical Meeting on Asian Network for Accelerator-driven Systems and Nuclear Transmutation Technology

Design Criteria of TORIA

Preliminary core design
The design of TORIA is based on the design of
PASCAR

— PASCAR: Proliferation-resistant, Accident-tolerant,
Self-supported, Capsular, and Assured Reactor *

Proportional reduction of the core size

— To maintain geometrical profiles and core power
density

Things considered to decide core design

— The amount of TRU needed to be burned.
— Accelerator performance

— Construction expenses

The First topical Meeting on Asian Network for Accelerator-driven Systems and Nuclear Transmutation T¢

T Choi, S., et al. "PASCAR: Long burning small modular reactor based on natural circulation" Nuclear Engineering and Design 241.5 (2011): 1486-1499.
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Design Criteria of TORIA

Preliminary core design

* Power of TORIA: 30MWth
— It is decided to burn 10kg of TRU per year.

v It is calculated from proportional relation between power of commercial
reactor and mass of uranium depleted.

- Average effective multiplication factor(k ) is set to be 0.955

The First topical Meeting on Asian Network for Accelerator-driven Systems and Nuclear Transmutation Technology
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Design Criteria of TORIA

Preliminary core design

e

Main parameters of preliminary core

Thermal power 30MW,yy,
Power plant efficiency 35% = Hmmﬂ i
Refueling interval 1000 days N
Primary coolant Lead-bismuth eutectic EEEEEEEE
Fuel type (Th-TRU)02 B e HH“.-\
N\ Y TN
Cladding, structure material HT9 N ] T N
\EREEE PP NN
Pellet nominal density (%TD 100.0 s
cllet nominal density B4TO) (EEGED DfEEECEESE mm
Active core height/equivalent <1 mﬂﬂmﬂmmﬂﬂmﬂﬂm

diameter (H/Dq)

Number of pins per one assembly [ 64 including 4 skeletal bar

Avgrage gffective 0.955 |
multiplication factor N »
Average core power density 28.856W/cc —
Average linear power density 4.252kW/m Target/beam tube (9) y Fuel Assembly (168)
- Control Assembly (4) /% Shutdown Assembly (4)
Average discharge burnup 14.127MWd/kgHM LBE Reflector Zone (116) §\\\§ B4C Shield

The First topical Meeting on Asian Network for Accelerator-driven Systems and Nuclear Transmutation Technology
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Design Criteria of TORIA £y

Vt )
W' )y
Accelerator X &

The protons are injected onto a spallation target to produce source neutrons
for driving the subcritical core, and proton is generated by accelerator

Beam power needed to drive a 0.8-GW ADS subcritical core

(assumes a 50-cm-diameter LBE spallation target) '
_. 50 T T T T T T T Beam
g Energy 500 MeV 600 MeV
s
E 0 Rx Power
el
=
Q 800 MWth 26.5 MW 23 MW
[}
o 30
2265
k<] 3SMW
e 23 MYRRHA
3 20 (600MeV,
? 100 MWth
2 5mA)
)
g 10 1 MW 0.86 MW
o TORIA
g (500 MeV, (600 MeV,
F 30 MWth
0 | | | 1 I I 2 mA) 1.43 mA)
400 600 800 1000 1200 1400 1600 1800 2000

beam energy (MeV)
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tH. Ait Abderrahim, et. al., “Accelerator and Target Technology for Accelerator Driven Transmutation and Energy Production” ADS white paper 2010
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Design Criteria of TORIA

Accelerator

s
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* Required proton beam current at the energy of 600MeV and 500MeV is
1.43mA and 2mA, respectively.

1000 ~ ~
S S Lo Zom, _— “On the whole, the development
100~ e 7 S e status of accelerators is well
E S 7, Saay W O ulsed planned advanced, and beam powers of
: o S~ vau,g = O CW Planned up to 10 MW for cyclotrons and
5 T L rmso 0 o R 100 MW for linacs now appear
e ! TN e et X to be feasible. However, further
- muge @ S~ N development is required with
5 b et Ss o respect to the beam losses and
W oo By WO e especially the beam trips to
p T, el avoid fast temperature and
0.001 : iy ~. mechanical stress transients in

0.001 0.01 0.1 1 10 100 1000 the reactor” T

Beam Energy (GeV)
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t”Acclerator Driven Stems (ADS) and fast reactors in advanced nuclear fuel cycles,” 2002,
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Design of TORIA

Fuel composition

Fuel composition was decided by “Flow sheet and mass balance of 10 MTHM of oxide fuel with
4.5 wt% U-235, 45,000 MWD/MTU, 10-years cooling”.

I 0.030807
/N /M 6] 33.1/812
TRU 115.8665
v v RE 1471484 Cadmium
Electrowinning "l distillation
0975156 U | 1.026128

The First topical Meeting on Asian Network for Accelerator-driven Systems and Nuclear Transmutation Technology

TOECD/NEA, “Spent Nuclear Fuel Reprocessing Flowsheet”, Paris, France, 2012

Design of TORIA

Fuel composition

50,
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+ U:TRU: RE= 33.178: 115.87: 1.4715

TRU Composition (Mass fraction).)>
Uranium) TRUD
Isotope Mass fraction Isotope Mass fraction Isotope Mass fraction
U234 1.99E-04 NP237 4.59E-02 AM241 5.05E-02
U235 8.34E-03 PU238 1.36E-02 AM242M 6.51E-05
U236 4.14E-03 PU239 5.18E-01 AM243 8.81E-03
U238 9.87E-01 PU240 2.38E-01 CcM243 2.83E-05
b D PU241 7.75E-02 cM244 1.68E-03
b D PU242 4.64E-02 CM245 8.78E-05
> > CM246 1.05E-05
Sum)p 1.00 Sum)p 1.00

* Mass ratio between Th and TRU is decided to be Th:TRU=0.633:0.367.

The First topical Meeting on Asian Network for Accelerator-driven Systems and Nuclear Transmutation Technology
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Calculation method
OECD/NEA benchmark

N\
N
41}’

Combinations of codes and libraries of the different solutions T

— There were international benchmarks about s B R
accelerator driven system calculations. s : : Jooiin S
MC2-ERANOS ANLjefe ANLb6m ANLbSm
3 ERANOS2.0 CEA
1. Theoretical benchmark e T =
— Comparison calculations for an accelerator- ECCO-ERANOS ?;';Jeff;ﬂ
. . .. €]
driven minor actinide burner (1999~2001) ERANOS-1.2-33g (Ne“ ”pu mm) PSleral
2. Experimental benchmark TORT Sn an bt g)'o\_lgs)
. . LOOP2 RRCK
— Benchmark on computer simulation of Monte Carlo
MASURCA critical and subcritical MCNP4b T UPM
. jef2
experiments: MUSE-4 benchmark (2001~2005) |McNpac (*®Pu partial CNRS
X-sections)
PSTjef3
MCNP4c (**Pu total PSIb6
_ : : : X-sections J)
The discrepancies are given from the data Pt T T
: : : MCNP4c (**Pu partial (Unresolved
libraries used in both benchmarks. Koot t) 5
CIEMAT
MCNP4c3 pu . CEA)
SCKjef -
. . MCNP4c3 230 SCKendf
— In the case of calculation methods, there is no C P‘({;(f“)
. . . FZJ
clear evidence which method is adequate for MENP4e3 ey (+ ENDFBS)
MCNPac3 RIT
ADS. py— NI
. . (+ ENDFB6.2)
(Method: deterministic method/ Monte-Carlo method) [, oue VIT VIT VTITjidl
<= (4 cases) (2 cases) (+1 case)
VIM ANLVIM
JAERI
i i i i i MVP +7Au
The First topical Meeting on Asian Network for Accelerator-driven (ENDFB6)

TOECD/NEA, “Benchmark on computer simulation of MASURCA critical and subcritical experiments_MUSE-4 benchmark”, NEA/NSC/DOC(2005)23

Energy group of KAFAX-F22 and ISOTXS
e e . 80 Groups 24 Groups
* Deterministic code system for fast - — — —
pper Energy pper Energy pper Energy) pper Energy
neutronics analyses’ Consisting of G":‘(LUP Boundary G’r\looup Boundary Gr’\:):p Boundary G;;‘(Z)UP Boundary (Me
’ (MeV) . (MeV) : (MeV) ’ V)
TRANSX2.15, DANTSYS3.0, and 1 2.00E+01 28 143601 | 55 | 2.61E-03 1 2.00E+01
EB - in h 2 1.69E+01 29 1.11E-01 | 56 | 2.31E-03 2 6.07E+00
R US-3 was used the 3 1.49E+01 30 8.65E-02 | 57 | 2.03E-03 3 3.68E+00
preliminary core design. 4 1.35E+01 31 6.74E-02 | 58 | 1.80E-03 4 2.23E+00
5 1.19E+01 32 5.256-02 [ 59 | 1.58E-03 5 1.35E+00
6 1.00E+01 33 4.09E-02 | 60 | 1.40E-03 6 8.21E-01
7 7.79E+00 34 3.186-02 | 61 | 1.23E-03 7 4.98E-01
« KAFAX-F22 library is based on 8 6.07E+00 35 2.81E-02 | 62 | 1.09E-03 8 3.02E-01
K 9 4.72E+00 36 2.61E-02 | 63 | 9.61E-04 9 1.83E-01
JEF-2.2 library. 10 | 3686400 | 37 | 248602 | 64 | 7.49e04 | 10 | 111E-01
R . 11 2.87E+00 38 2.196-02 | 65 | 5.83E-04 11 6.74E-02
v MATXS format library is generated 12 2.23E+00 39 193602 | 66 | 4.54E-04 12 4.09E-02
from JEF-2.2 using NJOY 13 1.74E+00 40 1.70€E-02 67 3.54E-04 13 2.48E-02
’ 14 1.35E+00 41 1.50E-02 | 68 | 2.75E-04 14 1.50E-02
v" Neutron: 80 group, 1.3888x10-4eV ~ 15 1.19E+00 42 133602 | 69 | 1.67E-04 15 9.12E-03
16 1.05E+00 43 117602 | 70 | 1.01E-04 16 5.53E-03
200MeV 17 9.30E-01 44 1.036-02 | 71 | 6.14E-05 17 3.35E-03
v . - 18 8.21E-01 45 9.12E-03 | 72 | 3.73E-05 18 2.03E-03
Photon: 24 group, 10keV~30MeV 19 7.24E-01 46 8.05E-02 | 73 | 2.26E-05 19 1.23E-03
20 6.39E-01 47 7.10E-03 | 74 | 1.37E-05 20 4.54E-04
21 5.64E-01 48 6.27E-03 | 75 | 8.32E-06 21 6.14E-05
22 4.98E-01 49 5.53E-03 | 76 | 5.04E-06 22 3.73E-05
23 4.36E-01 50 4.88E-03 | 77 | 3.06E-06 23 1.37E-05
24 3.88E-01 51 431E-03 | 78 | 1.13E-06 24 4.14E-07
The First topical Meeting on Asian Network for Accelerator-driven 25 3.02€-01 52 3.80E-03 79 4.14€-07 1.39E-10
26 2.35E-01 53 3.356-03 | 80 | 1.52E-07
27 1.83E-01 54 2.96E-03 1.39E-10
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Calculation method £y

By
TRANSX2.15-DANTSYS3.0-REBUS-3 code system ~&

KAFAX-F22:
80-group Cross-section
Data Library

- TRANSX2.15 and DANTSYS3.0

*  Generating effective cross section.

v TRANSX2.15 uses MATXS format library and
input file containing composition information.

And it gives CX file in the form of ISOTXS

MATXS:
80-group
Library

v" DANTSYS3.0 uses ISOTXS file generated by TRANSX:
TRANSX2.15. e
v" DANTSYS3.0 uses TWODANT module using 2- l
D transport calculation. DANTSYS (TWODANT)
v Binary format of ISOTXS is translated to e i
ASCII format to be used in REBUS-3. l
TRANSX: i
. REBU S_ 3 24-groug°(|)l;c:)sss;sechon
v" Depletion chain and burnup calculation l
v" Nuclear design and evaluation Geometry and SOTXS:

Composition A
Data Cross-section Data
[

T

REBUS-3:

* The external source was not considered
for this preliminary analysis. imup Caloulation.

The First topical Meeting on Asian Network for Accelerator-driven Syste

Calculation result
Effective multiplication factor

Sy
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(2eut}
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Average effective multiplication factor is 0.955 and total defect of effective
multiplication factor is about 1300pcm.

Time(days) Kers Effective multiplication factor
0 0.962 0.964
100 0.960 0.962
200 0.958 0.960
300 0.957 0958
400 0.956 &+
© 0.956
500 0.955 =<
0.954
600 0.954
0.952
700 0.953
0.950
800 0.952
900 0.951 0.948
0 100 200 300 400 500 600 700 800 900 1000
1000 0.949 Effective full power days

The First topical Meeting on Asian Network for Accelerator-driven Systems and Nuclear Transmutation Technology
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Calculation result

Mass balance-uranium and thorium

» Fertile/fissile fuel cycles: 232Th breeds 233U
232Th (nIY) 233Th B- 233Pa B- N 233U

T1/2=22min Ty2=27d

* Production of 233U compensates defect of k.

1.000.E+04

1.000E+03 — 08— 08— 00— 08— 08— 00— 00— 00— 0 —9

1.279.E+03 1.263.E+03

1.000.E+02
o 1.387.E+01
vy
+— 1.000.E+01
<
5 -8-232Th -15.631kg
2 1.000.E+00
s —-233U +13.867kg
I

1.000.E-01

1.000.E-02

1.000.E-03

0 200 400 600 800 1000

Effective full power days
The First topical Meeting on Asian Network for Accelerator-driven Systems and Nuclear Transmutation Technology

Calculation result
Mass balance-uranium and thorium

1.000.E+03
£oC
(kg) BOC EOC oc
1.000.E+02
232Th | 1278.660 | 1263.030 | -15.631
< 1.000.E+01
233U | o000 | 13867 | 13867 | = e234U
% 1.000.6400 * *> * > . *> * * * * * —e-235U
224U | 0036 | 0325 0289 | ¢
< 236U
I 1.000.E-01
235U 1.510 1418 -0.092 -+-238U
236U 0.750 0.803 0.053 1000802
1.000.E-03
238U | 179.012 | 176953 | -2.059 . - . o . o0

Effective full power days

The First topical Meeting on Asian Network for Accelerator-driven Systems and Nuclear Transmutation Technology
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Calculation result

Mass balance-transuranic elements

The quantity of produced neptunium and plutonium is
small.

— Neptunium and plutonium are produced by transmutation of
238U which is loaded at BOC rather than 232Th.

(kg) BOC EOC _E%CC
237Np | 29.691 | 28.044 | -1.647
238Pu | 8991 | 10929 | 1.938
239Pu | 342.915 | 317.960 | -24.954
240Pu |157.634| 157.534 | -0.099
241Pu | 51.442 | 48.875 | -2.567
242pPu | 30.807 | 31.291 | 0.484

5.000.E+02

-e-237Np
—=-239Py

240Pu
—A-241Pu
-m-242Pu
—-238Pu

5.000.E+01 & A& A L & % 4 & x A A

HM weight (kg)

5.000.E+00
200 400 600

Effective full power days

800 1000
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Calculation result
Mass balance

Major isotopes in terms of loaded mass among actinides (239Pu,
241Am) are burned effectively.

1.000.E+02

1.000.E+01
EOC
(ke) BOC £OC Boc
alOOO.E'l’UO
241Am | 34376 | 31783 | 2592 | =
%ﬂ 1.000.E-01 —8-241Am
242am | 0044 | 0000 | -0.044 | = S 43Am
s
T 1.000.E-02
243am | 6018 | 6104 | 0.086 —#-242Am
1.000.E-03
1.000.E-04
0 200 400 600 800 1000

Effective full power days
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Calculation result

Mass balance-transuranic elements

* Generation of curium is suppressed compared to other types of

reactors.
1.000.E+01
EOC
K BOC EOC
(ke) -BOC 1.000.E+00
242Cm | 0.000 0.390 03% | - e ——o—¢
= 1.000.E-01 -8-242Cm
243Cm | 0.020 0.021 0.001 ® L —e=243Cm
[ >— - - ® - ® - ® * —.
B T T - T M T M T M T —a—244Cm
S LOO0E02 , [ 3 N — L
244Cm | 1171 1.325 0.154 2 S5
—4&—246Cm
245Cm 0.061 0.077 0.015 1.000.E-03
246Cm | 0.007 0.008 0.001
1.000.E-04

0 200 400 600 800 1000

Effective full power days
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Calculation result
Mass balance-transuranic elements
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« Total TRU destruction is about 28.834kg during 1000 days (1 cycle).
— 10.525 kg TRU destruction per year

6.700.E+02
6.632.E+02

6.600.E+02

6.500.E+02

6.400.E+02 '10.525kg/y1‘

HM weight (kg)

6.343.E+02
6.300.E+02

6.200.E+02

o

200 400 600 800 1000

Effective full power days
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Conclusion

* 99.9% of spent nuclear fuel can be reused by pyroprocess-SFR system, and rest of
long —lived TRU elements are burned by TORIA, subcritical dedicated burner. As
a result, spent nuclear fuel can be declassified from HLW to LILW by
Pyroprocess-SFR-TORIA system.

« Amount of transuranic elements generation in thorium fuel cycle is small
compared to uranium fuel cycle.

« TORIA puts its priority on transmutation of high radiotoxic transuranic
elements. Transmutation of long-lived fission products such as Tc-99 and I-129
will be studied further.

*  TORIA considers cyclotron as proton supplier, which is considered to be feasible,
economically efficient, and reliable.

» It is expected to be useful in the step of detailed core design by understanding the
characteristics of core loaded with thorium-based oxide fuel. It should consider
external neutron source and optimization including fuel composition, geometrical
arrangements, etc. is necessary.

The First topical Meeting on Asian Network for Accelerator-driven Systems and Nuclear Transmutation Technology

The First topical Meeting on Asian Network for Accelerator-driven Systems and Nuclear Transmutation Technology

Thank you

Jueun Lee
happyljel4@snu.ac.kr
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5. Activities for J-PARC Transmutation Experimental Facility

5.1 TEF-T Target Station Design and Maintenance
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TEF-T Target Station Design and Maintenance

Hironari OBAYASHI, Hidemitsu YOSHIMOTO, Kazushi YAMAGUCHI,
Tao WAN, Hiroki IWAMOTO, Shigeru SAITO, and Toshinobu SASA
Target Technology Development Section, Nuclear Transmutation Division,

J-PARC Center, JAEA

Japan Atomic Energy Agency (JAEA) has been researching and developing
an accelerator-driven system (ADS) as a dedicated system for the
transmutation of long-lived radioactive nuclides. The ADS proposed by
JAEA uses lead bismuth eutectic (LBE) as a target material and a coolant.
Construction of the Transmutation Experimental Facility (TEF) is planned
under the framework of the J-PARC project as a preceding step before the
construction of demonstrative ADS. In TEF, ADS target experimental
facility (TEF-T) is aimed for the acquisition of irradiation data of ADS’s
candidate materials by using 400MeV-250kW proton beam.

Almost concept of LBE spallation target system was based on a mercury
target system in J-PARC. A target vessel with irradiation samples is
installed to the fixed irradiation position by a trolley. The evaluated
maximum dpa value of irradiation samples was 8 dpal/y. However,
requirement from PIE experiment is over 15 dpa. Hence repetitive
irradiation will be performed in TEF-T. Comparing with the mercury target,
LBE target requires preheating system for operation. As a result of
application test, the packaged-heater system worked well. Because the
target vessel and surrounding environment becomes the strong
radioactivation state after bombardment of proton beam, the remote
maintainability is required to exchange each component. The design of basic
layout of LBE target system was performed by considering the drain route
and maintainability. Further design harmonized with remote operation by
MSM and PM will be performed.
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N L7

1t TM Asia ADS & NTT
27-29, Oct., 2015

TEF-T Target Station design
and Maintenance

OH.Obayashi, H.Yoshimoto, K.Yamaguchi, T.Wan,
H. Iwamoto, S.Saito, T.Sasa

J-PARC Center, JAEA

INNiGREFIOBAVASHI | TEF-T Target Station Design and Maintenance

L7

Outline of TEF-T (1/2)

m Construction of the Transmutation Experimental Facility (TEF) is
planned under the framework of the J-PARC project as a preceding
step before the construction of demonstrative ADS.

TEF-P: Transmutation Physics i
- o TEF-T: ADS Target Test Facility
Expenimental .Facmty Purpose: Material irradiation
Purpose: Reactor physics

I
I
r
1
1
[

I

%

Proton Beam | E

IoREHOBAVASHI | TEF-T Target Station Design and Maintenance
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JAEA

Outline of TEF-T (2/2)

o
%

P PARC

Purpose of TEF-T

m To get ADS material irradiation data

® Demonstration of components

Specifications of TEF-T Spallation Target

Item | Specification

Lead-Bismuth Eutectic alloy (LBE)

Coolant / Target medium
Working temperature

Control of oxygen concentration
Power of proton beam

JAEA

_Material data taken by TEF-T Target

400-500°C Max. in LBE

550°C Max. in irradiation sample

Available
400 MeV-250 kW

tation Design and Maintenance

enter, Japan Atomic Energy Agency

o .
0 )

P S PARC

DPA (proton+spallationneutron)

ODS F/M steels

F/M steels
——-
Austenitic steels

20
STIP-ll, stagnant LBE

15F

5 -
‘ MEGAPIE, Flowing LBE

STIP, Il, without LBE
1 1 1 1

TEF-T, Flowing LBE

ADS plant, 1.5 GeV, 600FPD

NoX| proton+spallation neutron

. STIP-I,II

at PSI
MEGAPIE

1MW
proton beam performed at PSI
SNS

USA
MLF

0
0 100 200 300 400 500

Irradiation Temperature (°C)

600 | PARC

Irradiation in Stagnant Pb-Bi performed

§ World’s first Pb-Bi spallation target with

High power spallation neutron source in

1MW Mercury spallation target of J-

B Irradiation data at higher temperature range than existing experiments is

required to realize ADS

tation Design and Maintenance
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Conceptual design of target vessel

Conceptual design of target vessel
® Flow configuration: Coaxially arranged annular flow channel

Annular channel
Beam window:

To assist returned flow and
reduce the thermal stress.

Perforated plate :
To improve heat removal at
beam window and control a
flow in sample region.

Velocity(m/s)

=& w100
Irradiation sample holder: |orso
To install plate samples 0.00

R&D for present design = Dr. Wan

ign and Maintenance

an Atomic Energy Agency ‘;gm

Heat deposition

Calculated Heat deposition by PHITS code |

CASE 1, SUS316

Target vessel

1200

T T T
— #1(z=0mm)
== #2(r=8mm)
1000F —  #3 (z = 16 mm)
-- #4 (z=24 mm)

800

600

o o e e

N N

400 TR

Heat (W/cm® ) @ 250 kW

e e i e

G o

Proton T L 51
beam \
Irradiation samples Bragg peak

Number: 8 samples (present design) Appeared at depth of 15 cm
Material: T91, 316SS, other candidate ® Extremely high heat deposition

Length of irradiation samples
= reduced < 14 cm
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JAEA =PARC Center, Japan Atomic Energy Agency ‘;?r,mm__
Evaluated irradiation damage of samples

Estimation of DPA and Helium production of irradiation samples

Example) Peak beam current density : 20 mA/cm? = planning ADS plant in JAEA
g N ;% ’E; 0 .::?' &3- :g
. - il - BT

" Max. DPA (dpa/year) Max. He Production (d a/year)
] 7191 | sus3ié |

DPA He Production

y (cm)

Inner Sample #1 7.6 7.7 249 254
Sample #2 6.8 6.8 217 222
Sample #3 5.8 5.9 181 175
Sample #4 4.7 4.7 137 129

outer gy 6.0 — 274 —

B Max. DPA of Irradiation sample is 7-8 dpa/year (=4,500hr).
=required irradiation sample for PIE experiment: 15<

Repetitive irradiation will be performed in TEF-T.

JAEA =PARC Center, Japan Atomic Energy Agency { f

o PARC
Design of Target system

High radiation environment

® Almost concept was based on MLF(mercury target system)
in J-PARC.

oTarget vessel is installed to the irradiation position by trolley.

= Present trolley design will be introduced by Mr. Yoshimoto.

o Remote exchanging of each component is performed by MSM & PM.

Difficulties to use of LBE

® Preheating device & insulator

m Control of oxygen concentration

= Introduced by Dr. Sugawara & Mr. Yamaguchi
® Flow monitoring system

= Introduced by Obayashi (tomorrow)

® Other component for LBE handling

= Introduced by Dr. Sasa & Obayashi
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&
JAEA ARC Center, Japan Atomic Energy Agency "{‘r,mm__

Remote preheating device & insulator

B To exchange/remove each component, removing of preheating
device & insulator is necessary.

e Comparing with Hg target, Pb-Bi target requires preheating
system for operation.

e Application of the technology from fast reactor "Monju”

e Works well at basic handling test

e Further improvement to optimize remote handling is
underway. 9

I REOBAVASHL | TEF-T Target Station Design and Maintenance

JAEA ARC Center, Japan Atomic Energy Agency { f

P PARC

Design of Target system

High radiation environment

® Almost concept was based on MLF(mercury target system)
in J-PARC.

oTarget vessel is installed to the irradiation position by trolley.

= Present trolley design will be introduced by Mr. Yoshimoto.

o Remote exchanging of each component is performed by MSM & PM.

Difficulties to use of LBE

® Preheating device & insulator

® Control of oxygen concentration

= Introduced by Dr. Sugawara & Mr. Yamaguchi
® Flow monitoring system

= Introduced by Obayashi (tomorrow)

® Other component for LBE handling

= Introduced by Dr. Sasa & Obayashi

10
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Target trolley (1/3)

]
“Y,*FHHE

Designed based on the experience in MLF

®m Similar structure was adopted.
B Some modification is necessary.
(by using LBE: temp. condition, exchanging method, etc.)

Basic desigh concept

®m Application of elemental technology for LBE handling
= Packaged system, HX, EMP, monitoring system...

B Reduction of overall height of primary cooling system
= Slope angle of 1/25 is considered for drain of LBE

m Considering accessibility for remote handling device

INOREHOBAVASHI | TEF-T Target Station Design and Maintenance

Target trolley (2/3)

11

o,

Gaseous waste
Safety Vessel \ Treatment system

Cover gas supply

Target Vessel ‘

Shielding |
Primary cooling system

_________________________

Target trolley |

Secondary
cooling system
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7’
enter, Japan Atomic Energy Agency /'f

P PARE
Target trolley (3/3) Conceptual view

JAEA

Target Mockup

e Base layout was finished considering the drain
route and maintainability through shield window.

e Further design harmonized with remote operation
by MSM and PM will be performed.

13

tation Design and Maintenance

JAEA enter, Japan Atomic Energy Agency ‘;{‘r P

Radiation shielding of target station

Thickness of shielding material

108 400-MeV proton on LBE (SIDE)
Tal’get LBE 102 Fo==mi Iron o -o Neutron (thermal)
. . n AR = -= Neutron (0.4 eV-1 MeV)
Dimension: 15 cm®x 60 cm [ [ “X Nestron (> 1wy
10 EEE LN v - Secondary photon
= | ‘-,; '\.\ — Total
S ig,  he, M1y ! Concrete
i’i, 108 ...\‘w LS J\‘
2 SO h o] |
o o § 10¢ Limit.for. are: l;‘\‘/ '\‘\\\‘
8 10 |FLimitior soif ackivati KN
102 Lo \. \‘
400 MeV proton beam 101 Limi for contrlled area IR g
o : Pom
= 100 400-MeV proton on LBE 11;,] Limit for publicarea Topy¥ :; ':\
N tron % 107 e - : e e Z‘S]istanieofromAtﬁe ceztgr(cni)o 70 800
X a4 g — - - -
source g i, o ttenuation of radiation
g N s ]
2 R S
R ey
£ I i":l\\i
g \ Determine Shield Thickness
¢ 10 ‘7:’_ s
B - e.g., Iron 3 m, Concrete 3 m on
TP e @ e e w0 w the side of LBE target

Neutron Spectrum from target 14

tation Design and Maintenance
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JAEA Center, Japan Atomic Energy Agency ‘,{‘r,mm__

Radiation shielding of target station

Thickness of shielding material

Rough Structure of Shielding

/////////

=

, e B
a0 ¢ 800 200

;
Concrete |

G s

Plain View Elevation View

15

JAEA Center, Japan Atomic Energy Agency ‘;(‘r e
Summary

> Design of TEF-T Target system has been
performed.

» Basic design of target trolley & rough structure of
shielding were performed.

- Design upgrade will be performed by latest R&D result.

> Remaining issues
» Detail design by considering remote handling procedure
« Safety evaluation with fixed experimental parameters.

16
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\J

JAEA enter, Japan Atomic Energy Agency 4
End

«*
q

Thank you for your
kind attention.

17

Irradiation Performances

LBE Tar Neutron Flux

Neutron flux (1/cm? /sec)

10°  10° 107 100 100 100 100 10°
Neutron energy (eV)

400 MeV Protc

Heat Bragg peak
/ 1 — *l(lsomm'CAS 1,5US316 I

1000 : :éi:ismr;“r:\) ! I

B -- #4(z=24mm) 1 L

Irradiation Samples (2 mm?) e

e TI £ Fik

- SUS316 NEm== s

(1
Length of irradiation samples < 14 cm

July 10, 2014 T-TAC, TEF-T Overview and Multipurpose Use 18
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5.2 LBE Primary Loop and Target Trolley Design
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LBE primary loop and
target trolley design

The First Topical Meeting on Asian Network for ADS & NTT
2015/10/26

Hidemitsu Yoshimoto

Target Technology Development Section,
Nuclear Transmutation Division, J-PARC Center, JAEA

‘ Contents

Design concept

Arrangement conditions
Appearance and equipment layout
Maintenance

Summary

a0~

2015/10/26 Asian Network for ADS and NTT
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1. Design concept

Since the heat is generated by the proton beaminto | BE primary loop configuration
the target, deposited heat are removed by LBE.

Cooler is placed in the LBE loop for heat removal. > oot [

. . . A 4
Heater is also locates to adjust the LBE target inlet Ulrasonio ,

i t Filter 1
temperature. °er er
To inhibit corrosion of the inner surface of pipes, v
oxygen sensor is placed to control oxygen Filter 2 Sensor 1
concentration in LBE. A
Electromagnetic pump is used to circulate LBE. e
. . Heater Dump tank

Ultrasonic flow meter is used to observe LBE flow rate. = " tank
These devices are mounted on a target trolley with v v
shields. Filter 3 |€=>| Valve Sensor 2
Spallation target can be exchanged by remote 0 |
handling' Elef:tromagr, Cooler
Location of sensor and the filter are designed to be etic pump

exchanged with remote handling.

2015/10/26 Asian Network for ADS and NTT 3

2. Arrangement conditions

In order to collect all LBE into drain tank at system shutdown,
loop is arranged with the gradient of 1/25 towards the drain
tank.

Installation height of the loop is designed as low as possible.

Loop is also arranged to pull out the drive unit (coil) of the
electromagnetic pump from the target trolley.

Freeze valve is selected for the drain valve of the primary
loop.

In the viewpoint of remote handling replacement, the sensors
and the filters are located besides the shield wall which install
the manipulators.

Target exchange by the remote handling is essential.

2015/10/26 Asian Network for ADS and NTT 4
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| 3. Appearance and equipment layout

Target Shield Filter Expansion tank |
Sensor
Cooler
Target trolley
Valve -
Ultrasonic flowmeter | Heater || Dump tank | Freeze type & Mechanical type | Electromagnetic pump
2015/10/26 Asian Network for ADS and NTT 5

4. Maintenance QO

+ Target exchange

Cutting pipes in remote

handling
l
Replaced with a new
2 target
2 |
Cutting and welding of pipes | Welded pipes in remote
handling
2015/10/26 Asian Network for ADS and NTT 6

- 123 -



JAEA-Review 2015-042

4. Maintenance 2

+ Sensor and filter exchange

Sensor and filter

It pulled out an electromagnetic
pump drive unit.

Sensor and filter replacement in
remote handling.

It is placed on the wall side in view

Electromagnetlc pump of the operatlon in the Master-
dr|Ve unit slave manipulator.

2015/10/26 Asian Network for ADS and NTT 7

5, Summary

= By basic arrangement it has been completed, to
advance the construction of the selection and
handling procedures of remote handling
equipment.

= For remote operation the exchange of the target,
a tool selection or development, go to establish
and verify the procedure.

= We are just leaving the detailed design of the
target trolley.

2015/10/26 Asian Network for ADS and NTT 8
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5.3 Target Analysis and Monitor System
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Target analysis and monitor system

Tao WAN, Hironari OBAYASHI, Toshinobu SASA
Target Technology Development Section, Nuclear Transmutation
Division,

J-PARC Center, Japan Atomic Energy Agency

JAEA has proposed an accelerator-driven system (ADS) for transmutation of
high-level radioactive waste. Principally to accumulate material irradiation
data for ADS, an ADS Target Test Facility (TEF-T), will be constructed
within the framework of J-PARC. In the TEF-T, liquid lead-bismuth eutectic
(LBE) will be adopted as the coolant and spallation material, which to be
bombarded by pulsed proton beams (250 kW, 400 MeV, 25 Hz, 0.5 ms in
pulse duration).

To guarantee the feasibility of target vessel, structural analyses should
be implemented to assess the structural integrity, and the CFD analyses
should be performed to optimize the LBE flow as well. On the other hand,
severe erosion/corrosion damage on target vessel due to contact with fast
flowing LBE could be foreseeable. So it is expected to install a monitor
system to evaluate damage, and further to estimate the lifetime and ensure
the stable operation of the target.

In the present work, firstly, the stress imposed on the target vessel,
including the static stress caused by design pressure and thermal stress, as
well as the dynamic stress due to the pressure waves, were calculated. The
structural integrity of target vessel was found can be guaranteed when beam
current density is below 30 pA/cm2. Secondly, un-parallel plate-type flow
guides were added to effectively reduce the stagnant regions of LBE, which
attributes to the axisymmetric configuration of target vessel. Furthermore, a
Laser Doppler Vibrometer (LDV) system has been proposed as the in-situ
target monitor system. A technique, Wavelet Differential Analysis (WDA),
has been developed to quantitatively evaluate damage on the target vessel.

In the future, experiments will be carried out to verify the effects of
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flow-guides on LBE flow behavior and to validate the effectiveness of

developed in-situ structural integrity diagnostic technique.
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@ 1
oY rarc

Target Analysis and monitor system

Target Technology Development Section,
Nuclear Transmutation Division,

J-PARC Center

Tao WAN, Hironari OBAYASHI, Toshinobu SASA

2015.10.26

Asian ADS Topical Meeting for LBE Applications

Contents

O Background & Purpose
O
O
O
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Background & Purpose

au TEF-T LBE spallation target

LBE: Lead-Bismuth Eutectic
® Flow behavior of LBE
m R&D of materials under irradiation, LBE flow

and high temperature for ADS

°G
N}
7 \(\\e"- ®

Annular channel
To flow liquid LBE

/

LBE vessel
316SS,t:2m

\

ﬁ Gap between the inner tube and rectification

r Target analysis ———

Guarantee the feasibility of target vessel

m Structural analysis
- Assess the structural integrity of target vessel
m CFD analysis
« Optimization of LBE flow
« Minimize the possibility of damage
occurrence )

—— Target monitor system —

Severe erosion/corrosion damage is
expected

m Structural inte%ity diagnostic

technique
» Damage evaluation

» Lifetime estimation

\ lattice to flow LBE to cool the samples. )

» Stable operation

Contents

O
O Target analysis
O
O
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Structural analysis for original target design

5 500
Guarantee the structural integrity of LBE vessel s
. g YOr 316 SS 1
(imposed stress < allowable stress) @
. g 0p 280 MPa S
m Static stress: @
. 2 o00f 1
> due to design pressure, S, o )
9wl Allowable region 1
> due to thermal stress, S, 3
. < 0 . . . n n
m Dynamic stress due to pressure waves: S 0 10 20 30 400 50 60 700
Temperature (°C)
v
800, -
Gaussian beam 700 [|—~$
d, max
- ::’r‘;“ ii)%l;\\/ll\:ev o 600 (S +St)max
| v: -
Pulse duration: 0.5 ms % 500 (S +s” *Sthnas
LBE flow rate: 1 L/s g 400
Inlet temp.: 350 °C © 300 35,=280
Design pressure: 0.3 MPa (‘/J-‘ 200 FMpg~ " AT~~~ ~====77
100
. Not consider fatigue
Measuring ! 0t : > ‘ 2
position irradiation .. 0 10 20 3 40 5 60, 70

Beam current density, uAIcm
* When the beam current density is below 30 pA/cm?, (Sy+ S, +S;) ax < 35,

* The structural integrity of the target vessel could be guaranteed when beam current
density is below 30 pA/cm? from the viewpoint of generated stress. However, ...

CFD analysis for original target design

Velocity vector Velocity contour

LBE flow rate: 1 L/s

Concerned issues
e Stagnant region can be observed at the center of beam window because of
asymmetrical LBE flow.
* There are large stagnant regions in the inner tube as well.
* To ensure sufficient margin in the target design, it is recommended to reduce the
stagnant regions as much as possible or move them away from the center.
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Effects of gap size and location

Size: 2mm to 8 mm
Location: 5 mm shift
Flow rate: increased from
1Ll/sto19L/s

* To reduce the stagnant region in the inner tube, the size and location of gap
between inner tube and rectification lattice were modified.
* Stagnant regions in the inner tube was significantly reduced.

* Circular flow could be observed around the stagnant region in the inner tube.

Effects of unparallel plate-type flow guides

Velocity vector Velocity conto

Plate-type flow guides

Plate thickness: 2mm
Length: 50 mm
Angel with Y-direction: 30°

* By adding the flow guides, the stagnant region at the center of beam window was
moved away from the center position.

» Stagnant region: approximately 6 mm off-center.

* Size of stagnant region was reduced.
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Contents

O
O

O Structural integrity diagnostic technique development
O

Target monitor system

The laser Doppler vibrometer (LDV) system
is proposed to be installed as one of the in-situ Optical fiber
target monitor systems, to evaluate the ‘/\A/W
structural integrity for the TEF-T LBE target. —] LoV
r\ T unit —3
m LDV system H ] % s—
! LaserheadL ‘
* Monitor on the structural vibration caused by Reflective ::Qrmpmvmmmeter
the pressure waves, might be affected by the Mirror 71 co.rner-cube
assembly, mirr
imposed damage; cavitation erosion, etc. [
* Cavitation signals with high frequency [:
reurytarget|
components
f* —

B Merits: Target station

* Can be applied in high irradiation environment
e Remote & noncontact LDV system installed @ JSNS Hg target

* Assemble flexibly
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Structural vibration detection !

m To study the dependency of target vessel vibration on erosion damage, the
numerical simulations were carried out;

) :
Vibration measurlng

signal position

Possible
damage
iscenarios

Original Window ’
i &
shape deformation ) Proten

LBE
vessel

hicknes
reduced beams

. Beam window of LBE target

—WIO damage
0l | Damage depth: 0.125mm|

Thickness of beam
window reduced,
assuming erosion
damage on the LBE vessel J

=

-40 \

0 1 2 3 4 5
Time, ms

Velocity, mm/s

Need to clearly and quantitatively evaluate the differences of the vibration signals.

———

.o o .o 12
Wavelet Differential Analysis (WDA)
Time response of
vibration ™ Wavelet
60 analyses
W/O damage
» 40
£ L Wavelet Differential Image
£ 2 < 4
2 » 3 WDIp=]|Imgp
o 0 c
£ g [T
S g Lo
i <
-40 E
0 1 2 3 4 5 ) g
Time, ms Time, ms g
60 : : : Damage depth: D=0.125 )
:
0¥ . T
E " 51 \ Time, ms y
> 3
3 0 2
g g
g -20 g
s
40 L . . . .
’ ! i < ! ® Time, ms
\ Time, ms )y L 3 )

* The technique, Wavelet Differential Analysis, was developed to clearly
indicate the differences between vibration signals.
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Dependency of target vibration on damage size & depth

Dependency on damage size

Frequency, kHz

Time, ms Time, ms Time, ms Time, ms

Dependency on damage depth
;0.125, 0.25, 0.5: Thickness reduced, mm

P AL YRR o

Diameter of damage: 70 mm
T ; : I T

' i g 1

100

Frequency, kHz

Time, ms Time, ms Time, ms

Average intensity of WDI

Average intensity: /,
to quantitatively investigate the differences

of wavelet differential image Af A
la=
JIAfE[IAEALf)d L
tdf Af 30 kiz-\
\ AL 2.5 ms-
\BSOJ L e e \B50wwww\wwww\wHw\wmw\wm“”u
s : i N Damage depth dependenc
:'? w0r Damage size dependengy 1 ; w0l ge dep (4 Vo]
2 : 2 /
g 30F 1 @ 30°f 1
20 1 o 20f 1
g g
g 10 12 w0 ]
. >
< o < Ol v
0 20 40 . 60 80 100 0 01 02 03 04 05 06
Damage diameter, mm Damage depth, mm

* With increasing the damage size and depth, the I, of WDI increases steadily.
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Summary & Future work 19

O Target analysis

* The structural integrity of LBE target was guaranteed through the structural analysis on
condition of beam current density bellows 30 pA/cm?.

* Modifying the size and location of gap between the inner tube and the rectification lattice can
effectively reduce the stagnant region in the inner tube.

* Adding flat-type flow guides can force the stagnant region move away from the center of beam

window. Particle Image Velocimetry (PIV)

O Structural integrity diagnostic technique
* WDA technique was developed to enhance the differences between vibration signals.
* The vibration of target vessel is very depend on the size and depth of erosion damage.

Water loop

:J o

16

Thank you very much for your kind attention!
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Possibility of cavitation damage

Pressure, MPa

o

2
20 pA/em Time response of

pressure in LBE
@ the center of
beam window

Negativeipressure: -1.4 MPa

0 02 04 06 08 1
Time, ms

Mechanism of cavitation damage
Expansion of

Cavitation
bubble core cavitation bubble
’:)0 - Rmax
[ [
Collapse of Impact load on

cavitation bubble  the vessel wall

- Micro-
= !: jet : @

Damage intensity: D=f((Rémax /RJO r){g )57

M. Futakawa, Exp. Therm.
(2014), 365-370.

Severe cavitation damage due to pressure
waves would likely not impose on the LBE

Keller equation  Single bubble S. Ishikura, J.
r 3 ? Nucl. Mater.,
0 I A O Y 318(2003),

(l CL)RR+(2 2CL)R2 113-221.

1 R R
5 (1 + C_L) (Py[t] = P[t + R/CL] - Po) + EPg[t]

3
Pl = (Po i E)(ﬁ) +P, R Bubble radius
p: Densi

i) \RM :
20 + 4RI bt
Py[t] = Pgt] - R : Viscosity
5 ‘ ‘
o 20 uA/cm?
€ 4 Ro=10 um

max

Expansion ratio, R
N

0 ‘ ‘ ‘ ‘
0 0.2 04 0.6 08 1

Time, ms

Hg target @ JSNS R,,,./R,: 100
LBE target : Hg target = 1/25

Damage intensity: 1/ 15,000

* Stress due to static pressure (0.3 MPa)

LS-DYNA keyword deck by LS-PrePost
Timez 1

Cantours of Effective Stress (v-m)
min=0.694892, at elem# 52591
max=65.0195, at elem# 93511
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3.286e401
2214401
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LS-DYNA keyword deck by LS-PrePost
Time= 31

Fringe Levels
Contours of Effctive Stress (v-m) 19416402
min=1.54657, at elem# 194774 Py |
ax=194.068, at elem 24661 Lo20e02 3
1200402 _
07816401 _
65720401
233630401
*Th Ist
ermal stress 1av7eno |
L(v
#I?H-EEYNA Efywwd deck by LS-PrePost Fringe Levels
Contours of Temperature 45400402
In=350,059,at node# 200283
Max=463.97, at node# 186713 wwswor 1
42606402 _
40700402 _
as0et02
*T
emperature sosmei2
35010402

Dependency of displacement on target vessel thickness

Fringe Levels
Pressure wave caused stref§s  sse
Z'me LS-DYNA keyword deck by LS-PrePost
.369e+01 %
P Time = 9.9996e-005
§ b Contours of Y-displacement
1.856e+01 min=-0.00607014, at node# 1909
1.600e+01 max=-0.000255585, at node# 747
1.344e+01
1,088e+01 :l
8.314e400 _
57526400 Fringe Levels
3.189e+00 -2.556e-04
6.270e-01 -8.37oe-o4]
+1.418e-03 _|
+2.000e-03 _
-2.581e-03 _
-3.163¢-03
o.me-ua]l
0.02 : 4.326003_
4.907¢-03
£ 0 2 mm -5.4sae-03]
E -6.070e-03 _|
«
=
g -0.02
1
= -0.04
—
=7
&
= -0.06

Y
-0.08 L L L L L
0 1 2 3 4 5 L-*

Time, ms
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5.4 Oxygen Sensor and Potential Control
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Oxygen sensor and potential control

Takanori SUGAWARA, Kazushi YAMAGUCHI, Hironari OBAYASHI,
Shigeru SAITO, Hidemitsu YOSHIMOTO and Toshinobu SASA
Target Technology Development Section, Nuclear Transmutation
Division,

J-PARC Center, Japan Atomic Energy Agency

J-PARC is planning to build a Transmutation Experimental Facility (TEF)
for R&D on volume reduction and mitigation of harmfulness of high-level
radioactive waste by using an Accelerator-Driven System (ADS). In the ADS
Target Test Facility (TEF-T) of the TEF, a liquid lead-bismuth eutectic
(LBE) target will be irradiated with a high-power (250kW) proton beam, and
irradiation effects on structural materials will be studied. It is supposed that
LBE is the promising candidate material as the ADS's proton beam
spallation target and core coolant because it has good neutron yield and is
inactive chemically in comparison with other coolant materials (e.g., water,
sodium). On the other hand, LBE is corrosive, so it is necessary to control
oxygen concentration in LBE adequately to protect structural materials from
the corrosion. In order to control the oxygen concentration in LBE, it is
required to develop an oxygen sensor to measure the oxygen concentration.
J-PARC tried to fabricate two-types of oxygen sensors (platinum type and
bismuth type). As the result, it was confirmed that output voltage of the
platinum type sensors was adequate in a wide temperature range. For the
platinum type sensor, it is known that there is a possibility of LBE leakage if
the sensor would fail. To prevent the LBE leakage, a special structure was
installed to the sensor itself. It was confirmed by experiments that this
special structure was useful to prevent the LBE leakage.

The control of oxygen potential in LBE was also performed in static and flow
conditions. In both condition, basic operation (oxidation and reduction) was
performed, however it is necessary to comprehend the relationship between

the change of oxygen concentration and the input of oxygen.
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@

Oxygen Sensor and
Potential Control

Takanori SUGAWARA, Kazushi YAMAGUCHI,
Hironari OBAYASHI, Shigeru SAITO,
Hidemitsu YOSHIMOTO and Toshinobu SASA
Japan Atomic Energy Agency

o ‘
v,
P S PARC

Introduction @)

Accelerator-Driven System (ADS) investigated in
JAEA employs LBE (Lead-Bismuth Eutectic) as
coolant and spallation target material.

TEF-T aims to perform R&D of LBE technology for
the ADS.

LBE is corrosive < The control of the oxygen
concentration (Cp) in LBE is one of the best
solutions to prevent the corrosion of the structures.

Asia ADS, 26-27, Oct, 2015 2
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Introduction @
102 T T
T - __ ________________ The target range of LBE
% 1E06 ] temperature is 300-500°C.
E ---------------- =y
g "E® - The target range of C,
1.E-10 | [P0 | is 1x10° - 1077 wt%.
: / —Fe304
1.E-12 !
300 400 500 600 700

Temp (C)

The final goal is to control Co in the flow and
irradiated condition.

To control Co, it is required to measure Co.

Asia ADS, 26-27, Oct, 2015 3

o ‘
A
P S PARC

Introduction @

Measurement
Fabrication of JAEA’s original sensor
Measurement in static condition

Control of Co
In static condition
In flow condition

Asia ADS, 26-27, Oct, 2015 4
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s rranc

Fabrication of Sensor @

4
/‘

Pt/Air and Bi/Bi,O5 sensors were fabricated.

@ Reference pole @ Ref I
Air —l Seal ~ eference pole
YSZ ~\ YSZ \\
- /
ypd LBE / LBE
Pt paste coating Bi/Bi,O; powder
Pt type Bi type

Asia ADS, 26-27, Oct, 2015 5

(e
oY rrac

Fabrication of Sensor @

Pt type: Air hole is prepared. To prevent LBE
leakage by YSZ failure, freeze seal design was
employed in housing.

Bi type: No air hole

Length of sensor 240mm
Diameter of YSZ 6/4 mm (O/I)
Length of housing 140mm

A EExm N
| i

ol |
. | |

Asia ADS, 26-27, Oct, 2015 6

For Pt type Pt paste /
SUS304 wire
For Bi type Bi/Bi,0;=95:5

/Mo wire
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g

Measurement in static 47

condition @

Under oxygen saturated condition (2kgLBE)

Pt/Air sensor

Mo/Bi-Bi, O, sensor

800 110
105}
100+
I~ n ] :
S 95 §
£ B
— 90} :
L ! !
w85t ] 1 Ca
— Oxygen saturated
650 — oxygen saturated 80r 4 4 JAEA sensor #5
A A JAEA sensor #A ® o JAEA sensor #6
e o JAEA sensor #B 75¢ = = JAEA sensor #7 |
= m JAEA sensor #C < < JAEA sensor #9
380 400 420 440 460

60 n n i H H 7. -
940 360 380 400 420 440 460 846 360
Temperature [°C1

Pt type: Good agreement with theoretical value ©
Bi type: Not good agreement ® > Need to improve

Temperature [°Cl1

Asia ADS, 26-27, Oct, 2015 7

b

Control of Co in static 4% e

condition @

Reference pole

+— Oxygen sensor

/Thermocouple

Gas-in Gas-out

—

—LBE 2kg

70mm

4

72.3mm

'

| Ar/Ar+02/Ar+H2 gas are available.

Asia ADS, 26-27, Oct, 2015 8
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Control of Co in static 4% e

condition @

1.20 Electromotive fO{ce (450°C) @ Ar*137.5¢cc (25sccmx1.5min)
' ' : : L1010 iy ‘ ‘
LISP® ] @ Ar 25cc (25sccmx1.5min)
1.10 1077 wt%
A Switching to Ar+4.5%H, gas
= 1050 | / 105 W% 9 29
2. 1.00] o) . / - *1: 99.995%Ar
< 0.95¢ = 10 wi% o .
= 000 / / o ® Basic oxidation operation was
0'85’ V et performed by a tiny amount of
0'80’ Z \// w'wt% |  oxygen inAr gas.
0'75' A ] [— JaeasensorPt]| @ |t is required to comprehend the
' g8 8 8 8 8 8 8 8 relations_hip between change of
4 03 5 g 9 &8 9 3 Co and input of oxygen.
X 38 3 3 3 g g 3 ® #Ais strange (Residual air?)
S 8 &8 &8 & & oS oS
— — — — — — — —
Asia ADS, 26-27, Oct, 2015 9

a

Control of Co in flow 4% e
condition @
OUtIIne Of JLBL_4 Specifications of JLBL-4

Main material 316SS
Inventory 20L

Max. pressure 6 bar

Max. electrical power 7 kW heaters
Max. temperature 300 °C

Max. design temperature 500 °C
Flow rate of LBE Max. 40 L/min

Flow rate of observation EMF

02 sensor Bi type sensor (made by SCK/CEN)
LBE temperature  350°C
LBE flowrate 26L/min
Asia ADS, 26-27, Oct, 2015 10
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e

Control of Co in flow 4% e

condition @

Resu It @ Ar continuous (2days)
*1 .
200 LBL-4 (B type sensor) @ Ar+0,"! 150cc (50sccmx3min)
@ @ ® Ar+H,"2 500cc (100sccmx5min)
50107 Wt A @ y ] @ Ar+0, 150cc (50sccmx3min)
S ® Ar+0, 75cc (50sccmx1.5min)
‘UE_‘ 200} 107 wt% /- /l *1: 20vol% O,
*2:4.5v0l% H
1501 S - - @ Basic oxidation operation was
107 wt%
performed.
100 ‘ ‘ ; ; i ; i .| @ |tis required to comprehend the
m o ~ m o ~ < — [<e] . .
2 4 94 9 4 o4 49 2 9 relationship between change of
n n n O (o] O (=) ~ ~ .
e 2 2 2 9 < 9 9 9 Co and input of oxygen.
2 2 2 g g 2 2 g ¢ e #Qisstrange. (Residual air?)
(o] (o] o o o (o] o o (o]
Asia ADS, 26-27, Oct, 2015 11
b
S (1/2) e
Measurement
Achievements © Issues ®
Fabrication of JAEA's ® Pt type sensor is ® Bi type sensor is hot
original sensor good. good. Need to
improve.
® Lifetime

Measurement in static

condition

® Procedure to
exchange in TEF-T

® Measurement under @ Treatment of
oxygen saturated residual air.
condition is good.

Asia ADS, 26-27, Oct, 2015 12
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Summary (2/2) @

Control of Co

Achievements © Issues ®
In static condition @ Basic operation ® Need to comprehend
(oxidation/reduction) the relationship
was performed. between change of Co
and input of oxygen.
In flow condition ® Basic operation ® Need to comprehend
(oxidation) was the relationship
performed. between change of Co

and input of oxygen.
® lLong-term test is
required.
® Auto control test

Asia ADS, 26-27, Oct, 2015 13
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6. Activities in Kyoto University

6.1 Effect of Wall Surface Condition on Flow Structure in a LBE Two-phase
Flow
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Effect of wall surface condition on flow structure in a LBE two-phase flow

Gen Ariyoshil), Daisuke Itoz), Yasushi Saitoz), Kaichiro Mishima®
1) Graduate School of Energy Science, Kyoto University
2) Kyoto University Research Reactor Institute

3) Institute of Nuclear Safety System, Incorporated

To reduce amount of long-lived nuclide contained in high level radioactive wastes, an
accelerator driven system (ADS) has been developed in many countries at present.
However many technical issues have still remained. In particular, safety measures and
estimations for severe accident in the ADS should be established to determine a safety
design criteria as well as in existing nuclear reactors.

In reactor pool of the ADS filled with lead-bismuth eutectic (LBE) used as its
coolant and spallation target, the flow channels in the fuel assembly and steam
generator might be closed by impurities, such as lead oxides (PbO) and corrosion oxides
of structural materials of the reactor. Then the cooling performance of the reactor would
go down and finally meltdown might occur. To prevent this kind of accident, various
thermal hydraulic studies on LBE have been conducted regarding the control of the
dissolved oxygen in the LBE and the characteristics of corrosion/erosion effect caused
by the LBE.

On the other hand, in case of piping rupture accident of steam generator,
steam would leak into the hot LBE flow and an LBE two-phase flow might be formed
in the ADS reactor. Having the density ratio between LBE and steam which is about 10
times larger than that of ordinary air-water two-phase flows, the characteristics of LBE
two-phase flow might be different from that of air-water two-phase flows. Furthermore,
if steam bubbles should come into the fuel region, the core reactivity might be strongly
affected. Then fundamental characteristics of the LBE two-phase flow should be well
understood to prevent and estimate this phenomenon. However, experimental data of
flow structure of such LBE two-phase flow has not been accumulated enough because
thermal hydraulic studies of LBE two-phase flows have not been conducted enough so
far. Thus, in this study, fundamental characteristics of the LBE two-phase flow, such as

liquid velocity fluctuation, turbulence intensity, void fraction, etc., were measured to
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make clear the flow structure of the LBE two-phase flow.

Figures 1 and 2 show measured liquid velocity and void fraction profiles
(which were shown at previous meeting : The 12" International Work shop on Asian
Network for ADS and NTT). Each profiles take maximum value near wall region. We
considered that these results were caused by the wettability between the LBE and the
wall. To verify this hypothesis, the liquid velocity and void fraction were measured

again by using a channel with good wettability condition.

T T T T T T

p=324 ]
%jg=0.01 m/s,jf=0.1m/s

o
~

o
w
|

'%}j;0.0I m/s,]}FOQm/S -

<
)

e
Pk

T T,
-1.0-0.8-0.6-0.4-0.2 0.0 0.2 0.4 0.6 0.8 1.0

Radial Position, /R [-]
Fig.1 Local liquid velocity profiles.

Liquid velocity, u [m/s]

o
S
)

z/D=32.4
- —0-7,=0.01 m/s, j=0.1m/s

g
=
N

%}jgzo.Ol m/s,jf=0.2m/s

e
o
g

5
=
2

0.00

Void fraction, a [-]

Radial Position, 7/R [-]
Fig.2 Void fraction profiles.
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Effect of wall surface condition on
flow structure in a LBE two-phase flow

The First Topical Meeting on
Asian Network for ADS and NTT
Oct. 26t — Dec.27t |, 2015,
J-PARC Center, Tokai, Ibaraki, Japan

O "Gen Ariyoshi, ?Daisuke Ito, 2Yasushi Saito and ®Kaichiro Mishima
DKyoto Univ., PKURRI, JINSS
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3. Measurement results and discussion
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1. Motivation Severe accidents in the ADS 1

Proton accelerator

<]
Steam generator v E-M-pump - oot generated in the target
N and fuel region
‘g should be removed by
Plugging accident v LBE single-phase flow
of flow channels ° ‘
in core and S.G. M
° LBE ]
Beam window and ¢ At normal operation mode
Spallation target | ° LBE single phase flow
will appear.
~ Neutron

7~
Subcritical fuel region Transmutation
(including long-lived nuclide) with fast neutron

~ Chemical reaction in the ADS reactor pool

PbO | BE © LBE and corrosion products (Fe, Cr, Ni) react with dissolved O,

Y | L The flow channels in the core and S.G.
> ‘3. o, might get blocked by impurities (PbO, Fe;0,)
°

(=]
Fe.O So, O, control and characteristics of the corrosion/erosion
3V4

effect should be well understood to prevent such accidents.

1. Motivation Severe accidents in the ADS 2

Proton accelerator

E.M. pump In case of piping rupture
é accident of S.G. due to the
corrosion/erosion effect of

Steam generator —__|

- LBE on structural materials of
Piping rupture
d the flow channel
accident of steam
generator ‘

LBE
Direct contact between
LBE and water from
the steam generator

¥

If the gas bubble comes into the fuel region, WI
the core reactivity might be affected. LBE two-phase flow
To develop an ADS, might appear, which would
The flow characteristics of LBE two-phase be one of the severe
and single-phase flow also should be well accidents of LBE-cooled
understood to estimate the influence of such - ADS. /

accidents.
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1. Motivation Analytical models

Regarding the two-phase flow analysis, so far, the following analytical
models for gas-liquid two-phase flow have been developed.

Homogeneous flow model  The model is the simplest model which
assumed that gas and liquid phase are
uniform mixture.

Drift flux model The model takes into account the relative
velocity between gas and liquid phase.
Two-fluid model The model proposes two sets of

conservation equations for the gas and liquid
phase, respectively.

However, interaction between
phases should be expressed
by the interfacial transport
term in the equations.

At present, the two-fluid model
would be the most precise model
for two-phase flow.

1. Motivation Analytical models
Example of dynamic behavior of bubbles

The interfacial area is affected by bubble coalescence and breakup.

7

bubble v Generally, the interfacial area
O O decreases by coalescence and

YTurbulent increases by breakup.

)\ Qvortex v’ The coalescence and breakup

Q O @ are caused b ble-bubble
9 interaction or bubble-liquid
Bubble-bubble Bubble-turbulent

) . : - rbulence interaction.
interaction interaction

So, the interfacial area transport is linked strongly to the local
flow structure of liquid phase. Therefore, not only the gas-phase
distribution but also the local liquid flow structure should be
measured to construct database and model for lead-bismuth two-

phase flow.
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1. Motivation Purpose of this study

To develop a mechanistic model for LBE
single-phase and two-phase flows

For this purpose, experimental database of LBE flows should be
constructed not only for a two-phase flow at high void fraction
condition but also for that at low void fraction and a single-phase
flow.

In this study, the flow structure and turbulence )

characteristics of lead-bismuth two-phase flows
at low void fraction conditions and the single-
phase flow were measured by using intrusive
probe methods; such as single-sensor probe and
L electro-magnetic probe.

J

2. Experimental details
Measurement techniques of LBE flow

Electro-magnetic probe: EM probe

The EM probe consists of Stainless steel jacket
®3.18mm

N

@ SmCo magnet (¢2 mmx4 mm)

@ two electrode wires (9p126um)

Electrode wire

|

LBE flow
direction

SmCo magnet
(92 mmx4 mm)

@ stainless steel jacket (¢3.06 mm)

Liquid velocity
u

Induced voltage |

Electric field Magnetic field 5

Magnetic field 5 F=uxptb

The EM probe is based on Faraday’s law.

To apply this kind of EM probe to a high temperature region,

SmCo magnet was selected in this study, which has high Curie
point of 800°C.
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2. Experimental details

Measurement techniques of LBE flow

Calibration of electro-magnetic probe

40t

Induced voltage, V [uV]
=

0 L L L L L
00 0.1 02 03 04 05 06

Velocity, u [m/s]

Rotating tank |

Electo-magnetic probe

Pb-Bi

H—s| H

Control
box

Fiber heater—|

Measurement
system

AD board

DC
amplifier
|

Low noise pre-
amplifier

Motor

Circumferential velocity was calculated by assuming the rigid body rotation
in the tank.

2. Experimental details

Measurement techniques of LBE flow

Calibration of electro-magnetic probe

N
(=]
T

w
=1
T

Induced voltage, V' [uV]
= 8

0 L L L L L
00 0.1 02 03 04 05 06

Velocity, u [m/s]

Rotating tank | o~

Electo-magnetic probe

Pb-Bi |
=

>
Fiber heater—|

Control
box

Measurement
system

AD board

DC
amplifier
|

Low noise pre-
amplifier

Motor

So, it is important to suppress the electrical noise to signal path between
signal source and the pre-amplifier.

[ Combine the probe with pre-amplifier ]

Electro-magnetic
probe

Pre-amplifier

Electrical wirings can be shorter
and the pre-amplifier can be
covered by a metal shielding
case resulting in better S/N ratio.
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2. Experimental details
Measurement techniques of LBE flow

Signal processing for electro-magnetic probe

=
N
~ 12F
(%]
g r
ERN!
o 3f
8 o /R=0
3 3t r/R=
2 6k \ Bubbles passing L J,20.01m/s
9 of across the probe N JF0.1m/s
= b ‘ ‘ ‘ ‘ ‘ ‘ ‘ . TR
a" 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
< Time, 7 [s] - N
Scheme of present signal processing @ The moving average values (dashgd line)
are calculated as the first threshold with a
A certain offset value for separating gas and
liquid phase.

Liquid Gas Liquid

@ The time derivative of the signal was
i : ; w estimated as second threshold value to adjust

the precise interval between gas and liquid
phase.

\

> And then, time-averaged liquid velocity and
Time, t[s] turbulence intensity can be obtained

Amplified induced voltage, V[V]

2. Experimental details Experimental apparatus

Lead-bismuth test loop
@ Test section

Magnet probe TC Exhaust Diameter : D=50 mm

.C. / i
measurement Level Length : 2m
system = Sensor

Magnet probe, b T.C. ll

‘\\ Downcomer

‘/Calibration tank|a

r

D%Df’:ﬁ:

>
Do

00 040
0,00 %

o

o
[

2000mm E.M. pump

e
¢ Electromagnetic
__________________________ d cuomagnesc (A
Gas injector —D<F —- <
Nitrogen 1 \Mixingchamber
gas X
x ‘—[><]— Vacuum pump
5
Level Sensor I oJ Art HI2 gas
Pb-Bi
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2. Experimental details Experimental apparatus

Lead-bismuth test loop

Magnet probe
measurement

system

Magnet probe
Test section

2000mm

Separator

DP cell

|| DP cell

z/D=32

Gas injector

Nitrogen

gas

Flow meter

evel sensor

We can get vertical upward flow in the test section.

-

Exhaust
/

\Mixing chamber

ﬂ,LN— Vacuum pump

Level

Sensor

@ Test section
Diameter : D=50 mm
Length : 2m

[+~
Downcomer

@ Experimental conditions
Working fluid -
LBE and Nitrogen gas

Calibration tank

X .

A

Liquid temperature : 200 °C
Exhaust:

Electro-magnetic | atmospheric pressure

Electromagnetic
flow mgter

Superficial gas velocity:
0.01, 0.02, 0.04 m/s

Superficial liquid velocity :
0.1,0.2m/s

Pb-Bi

| IOJ_L{XI- Ar+HI2 gas

3. Results and discussion

Measured liquid velocity and void fraction in LBE two-phase flow

@ Measurement conditions
Sampling frequency : 10 kHz
Measurement time: 60 sec

0.08

0.06

0.04r

0.02

Liquid velocity, u [m/s]

0-0.8-0.6-04-02 010 0.2 0.4 0.6 0.8 1
Radial Positlon, #/R [-]

z/D=32.4
4}jg=0.01 m/s,jf=0.1m/s

%jgz0.0l m/s,jf:0.2m/s

Same tendency can be found
also in the void fraction profile.

Void fraction, a [-]

Tube wall

Tube center

Tube wall

Due to the non slip condition on the wall
The liquid velocity profile # parabolic shape

Radial Position. /R [-]

However, in case of low liquid velocity, the measured velocity
profile takes the maximum near the wall region.
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3. Results and discussion

Why do liquid velocity and void fraction increase near the wall?

Effect of voltage induced by temperature

drift of electro-magnetic probe X
Effect of distribution of medium

surrounding the tip of electro-magnetic X
probe

Effect of wettability between the LBE and O
the wall

After various attempts, the measurement error was not severe
due to the temperature drift or distribution of the medium.

3. Results and discussion

Why do liquid velocity and void fraction increase near the wall?

0.08 ————
e P - 2/D=32.4
Poor wettability condition T 006, 5001 mis,j~0.1ms
=l —0-j,=0.01 m/s7j/:0.2m/s
Pipe wall Pipe wall 2 004
Q
<
@) O & 0.02
=]
> 000
‘ Radial Position, #/R [-]

D=32.4
H}jg==0,01 m s,j,.==0.1m/s

.  =0.01 m/s, j=0.2m/s ")
C NS
A

J Hoo o000

<
i

j=]
(98]

e
=

0.0 ‘ : :
-1.0-0.8-0.6-0.4-0.2 0.0 0.2 0.4 0.6 0.8 1.0

Radial Position, /R _[-]

In case of poor wettability condition, many bubbles tend to be trapped in the wall
region. Then, void fraction becomes high near the wall and the liquid phase
is accelerated by the gas phase flowing along the wall.

Liquid velocity, u [m/s]
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3. Results and discussion

Measured liquid velocity in LBE single-phase flow

To confirm the hypothesis, local liquid velocity fluctuation was
measured also in LBE single-phase flow.

S
~

z/D=32.4
0 g =0 m/s,, /-’: 2m/s Typical turbulent velocity pro{ile ) i
03 | -0-j =0 m/s, j=0.1m L0 () Measured velocity profiles seem
49 ) .
O-O-0-0=0-0 to show good agreement with
02 - e

"3

hﬁy typical turbulent velocity profile.

. 5 0-O0—0—0~0-0-0-0-0

o

|
1
AN
i

Liquid velocity, u [m/s]

0.0
210 -08 -0.6 -04 02 00 02 04 06 08 10
Radial Position, /R [-]

However, it is difficult to conclude from the above results whether wall
surface condition affects the liquid velocity profile or not because liquid
velocity was not measured enough at closer area to the wall surface.

3. Results and discussion

Measured turbulence intensity in LBE single-phase flow

Turbulence intensity in fully developed pipe flow measured by Laufer (1953),
which has good accuracy, was compared with the measured turbulence
intensities.

z/D=32.4,2015/09/25 . . g n
=0 /s, j=0.2m/s, Re=42895 Due to this comparison, it is found that

-A-j=0mss, j=0.1m/s, Re=21406 | the measured turbulence intensity
~@- Laufer 1953, Re=30000 decreases at further area from the
S\ wall surface.

Turbulence intensity, u /U _[-]
- = NN
f=] W (=) W

o
n

/ “—22" 37— The velocity fluctuations
8 1

0 m) LOW

I
=

0.2 0.4 0.6 0.
Radial Position, (R-r)/R [-]

Then, at present our experimental condition, it is expected that
less turbulence energy might be generated in the wall region due to the
wall condition comparatively.

Finally, we can consider that the wall-shear stress is weaker than that of Laufer’s
experimental condition. =)  Slip condition on the wall
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4. Conclusions

The following conclusions are obtained from measurement
results of liquid velocity and void fraction in the LBE flows.

~

-
1. At the present experimental conditions, the liquid velocity and
the void fraction in the LBE two-phase flow take the maximum

near the wall region.

2. In poor wettability condition, many bubbles tend to be trapped
in the wall region. Then, void fraction becomes high near the
wall and the liquid phase is accelerated by the gas phase.

3. Wall wettability affects the void fraction and the liquid velocity
profiles.

4. Effect of wall wettability on the liquid velocity profiles was
confirmed also in case of LBE single-phase flow.

\_

Thank you very much
for your kind attention.
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7. Activities for Japan Atomic Energy Agency

7.1 Oxygen Sensor Calibration Device
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@

Oxygen sensor calibration
device

Kazushi YAMAGUCHI
Target Technology Development Section,
Nuclear Transmutation Division, J-PARC Center, JAEA

(e
W rarc

Objectives of the device @

Performance tests of oxygen sensor in high
temperature LBE alloy
Calibration before installing sensor to LBE loop equipment

Because of the sensor made by ceramic, certain number of
sensor should be prepared to cope with quick replacement

Performance test for newly developed oxygen sensors

Perform the experiments to control oxygen potential
in LBE by various methods

Experiment/tests using small amount of LBE

All the results and technologies will be transferred to LBE
experimental loop and TEF-T Target loop.

T-TAC, 10-11, July, 2014 2
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"

Outline of the device® 5@‘&5
Electric furnace & LBE pot

LBE pot
-Material:316SS
-Capacity(Max):0.3[L]
‘Temp(Max):600[°C]
Design Press:0.5(MPa)
% Sensor connection
portx1
Gas supply, exhaust,
thermometer x1

Electric furnace EIeCtrIC fu rnace

-Size:285x260x340(mm]
- Electrical power: 1.0[KW]

T-TAC, 10-11, July, 2014 3

‘,

Outline of the device ® E@&S

Layout of gas line

Kinds of gas | Solenoid valve
"Ar Gas cylinder connection port | Pressure reducing valve |
*Ar+H2(4%) & Pfessure regulator \ [ MFC | [ Back pressure valve |
*Ar+02(5%) /
Operation press: ol
0.05~0.3(MPa)
Flow control werm -

-Ar:0~100(cc/min)
-Other :0~50(cc/min) ==
Vacuum Pump
...Use the gas

exchange in the pot [

LBE pot & furnace Fo

T-TAC, 10-11, July, 2014 4
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'p SPRRC

Outline of the device B3 @)

Layout of gas line

T-TAC, 10-11, July, 2014 5

') FPARC

Outline of the device @ @

Easy to arrange & Small LBE capacity — Have the flexibility

T-TAC, 10-11, July, 2014 6
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Resultd)

02 sensor development

Foreign-made O2 sensor
operation test(KIT. SCK/CEN)

Domestic made O2 sensor
development(Pt/Air&Bi/Bi.Os type

800, Pt/Air sensor

Pt/Air sensor

EMF [mV]
~
=]
=3

— Oxygen saturated
650H 4 4 JAEA sensor #5

< < JAEA sensor #9

600

750\:\\
|

340 360 380 400
Temperature [°C1

Mo/Bi-Bi, O, sensor

440 460

110
105,
100
z .
E .- S 95 1
= B £ " 4
s 1074w o 90 e 1
1 =
i es) L] H
— Oxygen saturated
80 4 4 JAEA sensor #5
50| yoen e 4 © o JAEA sensor #6
300 350 400 450 500 550 600 75 = = JAEA sensor #7
Temperature [C] < JAEA sensor #9
70
340 360 380 400 420 440 460

Temperature [°C1

T-TAC, 10-11, July, 2014

Result®

Oxygen concentration control technology

development

300 -
z 7
EZSG ;
Improvement of the gas control system & p00 i
(Change gas supply to bubbling manner) o
100
&
S
1 Discharge ]
£\
Gas supply Check valve
system D'
(MFC, etc.)

b
oY rrac

@

b
@Y rarc

@

[

2014/3/3 - 4/24, SCK sensor, 450°C

1

Buffer Pot

T-TAC, 10-11, July, 2014
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Summary @

Oxygen sensor calibration device was
manufactured for

Oxygen sensor calibration

Development of oxygen control technique.

This device is a flexible test bench for
oxygen control techniques.

L

Improvement of oxygen control
techniques will be performed using
this flexible test bench.

T-TAC, 10-11, July, 2014 9

[ &
oY ranc

Future works @

Calibration of new oxygen sensor

Establish techniques for effective
oxygen potential control and develop
new technologies (application of
solid-lead oxide, oxygen pump, etc.)

Stable supply of calibrated oxygen
sensor to TEF-T and test loops

Development of new measurement
devices etc.

T-TAC, 10-11, July, 2014 10
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7.2 TEF-T Target Mock-up Loop
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TEF-T Target Mock-up Loop

Hironari OBAYASHIV, Kazushi YAMAGUCHIY, Hidemitsu YOSHIMOTOV,
Shigeru SAITO V, Toshinobu SASAY and, Masaru HIRABAYASHI?
1) Target Technology Development Section, Nuclear
Transmutation Division, J-PARC Center, JAEA
2) Fast Reactor Technology Development Department, Advanced
Fast Reactor Cycle System R&D Center, JAEA

ADS target experimental facility (TEF-T) is aimed for the acquisition of the
irradiation data of candidate material of ADS. The target mock-up loop is a
demonstration test loop with most of same performance of the lead-bismuth
eutectic (LBE) spallation target in TEF-T. All component are actual scales,
except a temperature conditioner simulating heat generation by the
incidence of proton beam. The purposes of this loop are verification of
dynamic behavior, confirmation of operation procedure, and integral test of
individually developed components of LBE technologies. Its construction was
finished at the end of 2014.

The inventory of LBE is 285 1. The maximum design temperature is 500° C,
and maximum pressure is 0.5MPa. This loop is driven by an annular type of
electro-magnetic pump (EMP), and maximum flow rate is 120 I/min. The
flow rate is monitored by an ultrasonic flowmeter. To prevent the blockage
caused by material deposition, it was designed so that a duct became as wide
as possible.

Application test of ultrasonic flowmeter was performed by JLBL#4 loop. As
the result, good followability by changing the flow rate was observed. In a
constant flow rate condition, sufficiently stable flow rate was measured over
4,000hr. In a short run test of target mock-up loop, same type of ultrasonic

flowmeter was successfully applied.
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L7’
JAEA enter, Japan Atomic Energy Agency ‘pimnc

1t TM Asia ADS & NTT
27-29, Oct., 2015

TEF-T Target Mock-up Loop

OH.Obayashi, K.Yamaguchi, H.Yoshimoto, S.Saito, T.Sasa
J-PARC Center, JAEA

M.Hirabayashi
Fast Reactor Technology Development Department, JAEA

JAEA enter, Japan Atomic Energy Agency ‘;"r e

Contents

1. Outline

2.Status of developed components & Roadmap of
Mock-up loop

3.Application test of ultrasonic flowmeter

4.Summary
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JAEA enter, Japan Atomic Energy Agency ‘pimnc

Outline of TEF-T Target Mock-up Loop

Target Mock-Up loop is a demonstration test loop with most of same configuration/
components of the primary cooling system of TEF —T target.

Most of component are actual scales, except a temperature conditioner simulating
heat generation by the incidence of proton beam.
Construction of this loop was finished at the end of JFY2014.

Purpose of mock-up loop
1. Dynamic behavior of heat removal

2. Confirmation of operation procedure

3. Integral test of individually developed components of LBE technologies (including
EMP & HX)

4. Production of control sample for PIE of TEF-T irradiation sample

I ifonari OBAYASHI | TEF-T Target Mock-up Loop

JAEA enter, Japan Atomic Energy Agency ‘;"r e

Contents

1. Outline

2.Status of developed components & Roadmap of
Mock-up loop

3.Application test of ultrasonic flowmeter

4.Summary
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JAEA enter, Japan Atomic Energy Agency ‘pimnc

Diagram of TEF-T Target Mock-up Loop

BVaDor trap
A

Cover gas line
with 02 cortron [~ PEF==-Pk--= | Secondary cooling systen]
A 1 A
o TSRS TS S - Surge tank é é
; i @ v H
: > ]
m i H Heat exchanger
i
Bl e
TarEsEvESel w > | Temperature condltloner': )
8 :7 e,
Vapor trap @ X

O SO - T O O | o]

Without the joint part of target vessel, all remote
. ‘I ‘I ‘I. . flange directly contact with flowing LBE was deleted !

Remote operation ~ Packaged ple  Continuous type  Contacttybe oo sensor Ultrasonic ~ Pressure gauge
flange heater/lnsulator (LBE temp) level gauge level gauge flow meter (sub flow meter)

Specifications of Target Mock-up Loop

Target Mock-up Loop TEFT

Max. temperature 500 °C 500 °C
Temperature difference AT 100 °C 100 °C
Max. Flow rate 120 liter/min 120 liter/min
Heat deposition by proton beam - 200 kW
T T e 67 kW :to simulate heat g.;e.neration <10 kW .
(about 1/3 of heat deposition) :to control inlet temp. only
Amount of heat exchanger \?\fjii?né%(;kx/v 200 kW
Inventory of LBE = 290 liter =290 liter
Main piping i.d. 69.3 mm i.d. 69.3 mm = i.d. 42.6 mm
Main material 316 SS 316 SS/T91
Flow monitoring system Ultrasonic flowmeter Ultrasonic flowmeter
Oxygen Concentration (OC) Available Available
control system (Pt/Air type sensor) (Pt/Air type sensor)
Liquid pressure gauge To be installed Available
Freeze seal type of drain valve To be installed Available
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Piping & Flange (1/2)

Design Requirements from LBE handling

= Result of JLBL-1: The blockage of flow channel (schedule pipe 20A, o.d. 27.2¢, t=2.5) was
observed. (No control condition of oxygen concentration)

= To prevent the blockage and the extremely fast LBE flow(>2m/s) , sufficiently wide flow

channel should be secured.
= To exchange the target vessel, the remote-controllable joint device should be installed.

. Remote flange
Answers Mock-up Loop design I -

= Schedule pipe 65A(0.d. 76.3¢, t=3.5) was applied to main
piping.

*65A size was determined by minimum standardized remote

flange of MLF.

*LBE velocity at 120l/min = 0.53 m/sec = OK

= MLF type remote flange (65A) & packaged heater/

insulator system were applied to the joint part of target
vessel.

Piping & Flange (2/2)

Latest revised design for TEF-T
O To prevent the risk of LBE leakage, all remote flange directly contact
with flowing LBE will be replaced remote cutting/welding system.

O Schedule pipe 40A(o.d. 48.6¢, t=3.0) will be applied to TEF-T target. R&D by
=  Other LBE

-Size was determined by Max. pipe size for automatic welding machine
& pipe cutter.

* LBE velocity at 120l/min = 1.4 m/sec = OK

apparatus

Remaining issues at Mock-up loop

@ Evaluation of blockage generation
@ Evaluation of burning of remote bolt/nut & burning reducing method
(remote flange for exchanging filter)
@ Evaluation of inclination angle of main piping for LBE drain
@ Design & operation procedure to prevent the generation of gas accumulating region after
push-up operation
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JAEA PARC Center, Japan Atomic Energy Agency ‘;{‘r pu—

Full scale model of target vessel (1/2)

Purpose
A) Confirmation of manufacturing method

B) Confirmation of the residual LBE after drain operation
Confirmed by
long-run test

& flow visualization

C) Structural durability in non-irradiation condition (erosion/corrosion)
D) Confirmation of dynamic behavior

(LBE flow, heat transfer, flow vibration)
Result of A) & present design of B)
A) BW(2mm thick) part was made by shaving from ingot, and successfully manufactured.

B) To reduce residual LBE, drain hole (6(W)x5(H)mm) was provided at the end of inner pipe.

Manufactured target vessel

Sample holder
TEF-T Target Mock-up Loo|

JAEA PARC Center, Japan Atomic Energy Agency /"

o8Yrranc

Full scale model of target vessel (2/2)

D) Confirmation of dynamic behavior (LBE flow, heat transfer, flow vibration)

Estimation of the instability of central stagnant region is
important issue for TEF-T target.

ent acrylic model of target vessel

Purpose of flow visualization experiment

= To verify the simulated LBE flow (In particular instability of central stagnant region)
= Confirmation of the effect of planned guide fin (to remove the central stagnant region)
= Experimental data acquisition to verify the fluid analysis result for upgrade of target vessel

Status
Full-scale flow visualization model and Hi-speed PIV system were prepared.
Experiment will be started from Nov. 2015.

10
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JAEA ision, J-PARC Center, Japan Atomic Energy Agency ‘;"r_mﬂl__

Electro Magnetic Pump (EMP)

Electro magnet

I )

=1)

Annular flow channel

Inlet

=
Outlet =
=

(L

Flow piping

Design
= To reduce the radioactive waste

= Return flow type of coaxially annular Type type
channel was applied. Material 3165S
= Drive coil unit is installed opthe rail in Design temperature 450 °C
order to realize the extractifig operation .
Design pressure 0.5 MPa
To prevent the blogkage of flow channel
" P . & ) Flow rate Max. 120 liter/min
= Gap of annulapfegion was increased to .
Delivery pressure Max. 0.2 MPa
about 22 mm.
(Old annular type used in JLBL-2 =3 mm) Operation 200-450 °C
temperature

@ Performance test (Max. flow rate) = OK
@ Durability (including the evaluation of gap width) will be confirmed by long run test (Aug, 2016)

JAEA ision, J-PARC Center, Japan Atomic Energy Agency ‘;{r,mm__
Heat exchanger

Type Fin-tube type

Exchange duty 67 kW

Design Exchange duty 200 kW (depending on 3rd system)
Primary/Secondary medium LBE/Pressurized water

Flow rate of LBE/Pres. Wat. Max. 120/300 liter/min

Temperature of secondary
medium

Pressure LBE/Pres. Wat. 0.5/2.0 MPa

In 150 / out 200 °C

Experience from old LBE loop

To prevent the erosion caused by the disturbed flow, it is desirable for the primary flow channel

to be the single pipe structure with no channel reduction/expansion.

=Fin-tube type (air cooling) was applied to old LBE loop(JLBL-1), and it worked well.

Design

= Heat exchanger of fin-tube type was applied and its primary flow channel made with
schedule pipe same as main piping (65A).

= To prevent the enlargement of HX, pressurized water (<2.0MPa) was applied to the
secondary medium.

(Saturated pressure of pressurized water at 200°C is about 1.45 MPa)

@ Performance test will be started from December, 2015.
@ Durability test will be started from August, 2016.

BB B B B B B B s B B BB
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JAEA Atomic Energy Agency

Roadmap of Target Mock-up Loop

Ve

1. Dynamic behavior of heat
removal (by Mock-up &
visualization model)

2. Confirmation of operation
procedure

3. Integral test of individually
developed components of LBE
technologies

(HX: relate to 1.)

4. Production of control
sample for PIE of TEF-T
irradiation sample

R&D for ultrasonic flowmeter

R&D for Oxygen control
technique

JAEA

Contents

Design

| Heat frgffer experiment S
Confirmation of stagnant rg I | I upgrade
|O ptimization of flow conﬁg>

Lest operation,%

Ri{in procedure tyt’

Oxygen control s§jstem

|
Long run >

| iFeasibility study & Integral test

> R&D for
upgrade

Full-Contactless ultrasonic flowmeter

Fabrication >| Modification & Exchange of components >
N
Short rupiLong run R&D for advanced tech. J
B >
Atomic Energy Agency /’?

1. Outline

2.Status of developed components & Roadmap of

Mock-up loop

3.Application test of ultrasonic flowmeter

4.Summary
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JAEA ter, Japan Atomic Energy Agency {;"rmm__

Purpose of ultrasonic flowmeter

Purpose
= Flow rate (velocity) of LBE is directly related to the cooling performance of target
vessel

Stable & accurate monitoring of LBE flow rate is very important J

Ultrasonic flowmeter

= R&D of ultrasonic flowmeter with the plug-in type
transducer has been performed.

= And it worked well at short run(<1,000hr) test.
(Plug-in type: top of plug is contact to LBE)

Requirement for flowmeter

= Heat resistance over 300-500°C = OK
= Application to flowing LBE = OK

= Radiation-resistant = OK

= Remote operability = under consideration with the other sensor

m  Measurable method in re-wetted condition & Durability 15
arget Mock-up Loop

o
" ]
_ter, EERRIatomic Energy Agency o

Test conﬁguration at JLBL-4

B Test configuration for plug-in type of ultrasonic flowmeter |

v, o

Transducer (TDX) Plug-in type

Us-Transducer Frequency 4 MHz
&
Senior plug Wave number 1 cycle
(— Length of Flight path 115 mm
-~
* j Num. of TDX couple 1
LBE Time resolution 0.5 sec
LBE temperature 350 °C
0-30 liter/min

LBE flow rate (0-0.4 m/sec)

W Vs Control of oxygen
Flowrgirection concentration
Testing items
m LBE drain is necessary for scheduled maintenance

Until halfway of long run

= Application test for re-wetted condition

_ = Durability test in long run operation (< 5,000 hr)
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Result of Application test for Re-wetted condition

Measurement(®) Drain & shutdown Measurement@) Drain & shutdown Measurement®
(before drain) (Push-up LBE 2 week later) (2 week later) (Push-up LBE 1 month later) (1 month later) /

B Comparison between UsFM &EMF
B Dependence of signal amplitude in Re-wetted condition
—EMF [m/sec.]

UsFM before drain [m/sec.]
UsFM 2 week later [m/sec.] Slgnal amphtude was decreased a little.

& UsFM 1 month later [m/sec.]

y [m/sec.]

Fw signal (before)

=
)

® Rv signal (before)
B Fw signal (2 week later)

o
iN

HRv signal (2 week later)
0

esult had no difference in re-wetted condition.

A Fw signal (1 month later)

Signal amplitude P (-)

=
N

ARv signal (1 month later)

Me=flred velocit

5 10 15 20 25 30 35 10 20 30

Flow rate (EMF) [liter/min.] Flow rate (EMF) [liter/min.]

Plug-in type of Ultrasonic flowmeter can apply to re-wetted condition.

JAEA on, J-PARC Center, Japan Atomic Energy Agency ‘;?,-mn:

Durability experiment of ultrasonic flowmeter

o LBE flow rate: 26.8 liter/min.
= 0.37m/sec : same velocity of TEF-T piping (65A) at rating flow rate
B Result of durability test & time dependence of signal amplitude

® Measured velocity[m/sec.] ——Set velocity (EMF/EMP)[m/sec.] O Signal amplitude

DDDDDEIDDMDDDDDDDDDDDH ~Hmooooooo| !

Velocity [m/sec.]
Signal amplitude P (-)

it
= 0.8
A little signal changing was observed.
= Measurement was no problem.
Loop shutdown Loop shutdo n 1

1000 2000 3000 4000
Time [hr]

Measurement time will reach 5,000 hr at the end of Oct.
UP to the present, extremely stable measurement result is provided.
Durability of ultrasonic flowmeter is no Problem!
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JAEA Center, Japan Atomic Energy Agency ‘pimnc

Contents

1. Outline

2.Status of developed components & Roadmap of
Mock-up loop

3.Application test of ultrasonic flowmeter

4.Summary

19

JAEA Center, Japan Atomic Energy Agency ‘;"r e

Summary

» JAEA designed and built TEF-T Target Mock-up Loop to confirm following issues.

1.Dynamic behavior of heat removal

2.Confirmation of operation procedure
3.Integral test of individually developed components of LBE technologies (including EMP & HX)

4.Production of control sample for PIE of TEF-T irradiation sample
The experiment for each issue will be started in this year.

» The plug-in type of ultrasonic flowmeter showed sufficient performance.

20
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End
Thank you for your kind attention.
21

Monitoring system

Parameter

Temperature

Flow rate

LBE pressure

Liquid level

Leak-detector

Oxygen
concentration

Cover gas pressure

Radiation detector

Parameters for
secondary system

Thermocouples

Us. Flowmeter

Liquid pressure gauge
Continuous/point
Level gauge

Resistor type

Oxygen sensor (Pt-Air)
& control system

Gas pressure gauge
Radiation gas
monitoring system

TC, Gas Pres. gauge,
Flowmeter

Temp. monitoring/control of each
component
Management of LBE temp.

Monitoring of LBE flow rate (Main)
Detection of blockage (sub)

Monitoring of LBE flow rate (sub)
Detection of blockage (Main)

Management of liquid level
Detection of LBE leakage (continuous)

Detection of LBE leakage
Control of oxygen concentration of LBE

Management of cover gas pressure
Detection of gas leakage

Detection of radiation gas leakage

Management of secondary system

@ Each device are connected to the interlock system
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7.3 LBE High Temperature Material Corrosion Test (HTC) Loop
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LBE High Temperature material
Corrosion test (HTC) loop

Shigeru SAITO, Hironari OBAYASHI, Kazushi YAMAGUCHI
and Toshinobu SASA
Target Technology Development Section, Nuclear Transmutation Division,

J-PARC Center, JAEA

To realize TEF-T and ADS, corrosion data at 400-550°C under oxygen
concentration controlled and flowing condition are necessary. To obtain the
corrosion data at the higher temperature, JAEA designed and built
High-Temperature material Corrosion test (HTC) loop. The loop was
composed of two test sections, a surge tank, contact type liquid level gauges,
oxygen sensors and an oxygen control unit, heaters, a cooler, a filter, an
electromagnetic pump (EMP), an ultrasonic flow meter and a drain tank. A
typical flow rate i1s 20 liters/min. Operating temperature range 1is
200-550Cand maximum AT is 100°C. Piping materials of the high
temperature part is T91 (Mod.9Cr-1Mo) and low temperature part is SS316L.
There are two high temperature test sections at the lower part of the
expansion tank. A specimen holder will be set into the test section from a
sample exchange box set on the expansion tank. The specimen holder was
made of T91 tube with a pair of grooves at the upper and lower parts of the
iner surface. The specimens will be set in the grooves straightly.
Construction of the loop has been completed in March 2015. Conditioning
operation without LBE and some modifications are processing. Oxygen
control test will be started next April and corrosion test will be started in
2016.
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LBE High Temperature material

Corrosion test (HTC) loop

Shigeru SAITO
Target Technology Development section,
J-PARC Center, JAEA

October 27,2015 Asia ADS topical meeting/LBE HTC loop 1
o
“Z[’-PHRC ( )
Contents

1. Purpose of the HTC loop

2. Specification of the HTC loop

3. Testing plan

4. Summary

October 27, 2015 Asia ADS topical meeting/LBE HTC loop 2
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(& 1. Purpose of the HTC loop @

P

To realize TEF-T and ADS, corrosion data at 400-550°C under oxygen
concentration controlled and flowing condition are necessary.

Many Limited
corrosion data corrosion data
1B T
1E08 F—rmrerp=
% 1.E-06 |
A
é ---------------- 7— -
° 1.E-08
[&]

,/ ---PbO
1E-10 / —Fe304 []
1.E-12 !

300 400 500 600 700

Temp (C)

JAEA designed and built High-Temperature material Corrosion test
(HTC) loop to obtain the corrosion data at higher temperature.

October 27, 2015 Asia ADS topical meeting/LBE HTC loop 3
o 1. Purpose of the HTC loop @
Purpose

Fundamental study for future ADS development
Corrosion data collection for PIE on TEF-T irradiated materials.
Development of filtering system

Design concept
High temperature (>500°C) corrosion test
Multi test section
Non-contact type flow meter
Oxygen sensor, oxygen concentration control system
Purification system of LBE
Exchange test-piece without drain (to keep oxygen concentration)
Decrease flange

October 27, 2015 Asia ADS topical meeting/LBE HTC loop 4
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Extended pipes to

DP gauge
v ?

1. Purpose of the HTC loop @

Oxygen sensor mount

(High temp.) Expansion tank

1
Test
section
Oxygen sensor mount i
Heater
(Low temp.)
Ultra sonic Control
flow meter panel
Gas control
) panel
Filter
Drain tank
The loop was installed in this March.
October 27, 2015 Asia ADS topical meeting/LBE HTC loop 5

"‘ .gn . @
(8 e 2. Specification of the HTC loop ~ @
- Schematic flow -
Level . Specimen Sample exchange box
gauge | Specimen hoider | &
Gas hol'd - ™ M @
out +— «— Gasin
Oxygen Oxygen
Expansion sensor sensor
tank ~ " "
Vo g N— —
High temp. High temp. Cooler =+
test section test section
No.1 No.2
Filter
LBE =+
Heater —Dq— —_
Ultra sonic
flow meter
15~20L/min. # 4
A
—
LBE
EMP Level gauge
High temp. section : max.550°C, T91
Low temp. section : max.450°C, SS316L B
Flow rate : Tm/s at high temp. test section

October 27,2015

Asia ADS topical meeting/LBE HTC loop
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%
o»Yrrrc

Oxygen sensor mount Cooler
(High temp.)

Filter
" (LBE line) (9as line) Ultra sonic flow meter

Heater

October 27, 2015 Asia ADS topical meeting/LBE HTC loop 7

(‘2 ___Specification of the HTC loop | @

P S PARC ) )
- Design of the test section -
Test section :T91(3/4B, $27.2 Xt2.9 mm)
Specimen holder :T91(3/8B, $17.3 Xt2.3 mm) } «
Specimen :plate (10 X 14 X t1.0 mm) \§
Material :T91, 316SS, various steels
(3
Sample exchange box
Specimen
Sampling ‘ —> 2
Specimen  device Specimen N 9$
holder holder
Level ™ 'ﬁ o — -
gauge x
| e——Nozzle g 3\|/
Expansion J /|\
tank -
. . (Qpuos X 88/€)
No.1 No.2 \l/ﬁ\‘ 0
. (Unit in mm)
October 27, 2015 Asia ADS topical meeting/LBE HTC loop 3 - 8
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>
sV D, Specification of the HTC loop @

Specification

-Maximum temp. : 550°C, AT=100°C

-Material : T91(Mod.9Cr-1Mo), SS316L

-Test section :2

-Flow rate : 1 m/s at high temp. test section
-Ultra sonic flow meter

-Oxygen sensor (to be installed)

-Oxygen concentration control system (Ar-H,, Ar-O,) (to be installed)
-Filter : stainless steel mesh, bypass line
Differential pressure gauge to detect blockage
-Sample exchange box (to be installed)

Status
Conditioning operation without LBE, modification of heaters and sample
exchange box.

Oxygen sensor and oxygen concentration control system are to be installed
until next March.

October 27, 2015 Asia ADS topical meeting/LBE HTC loop 9
b . ,
e 3. Testing plan @
-Schedule-
MYRRHA Design Construction Operation
Corro$on data Co@sion data PIE|data
TEF-T Design Construction Opdration

7‘ PIE

Max. fomperafure 350°C | 400°C 450°C  450°C 450°C  500°C

of TEF-T Existing

data
gt mtor rabyaon | Auslnioseel
arget materia
/ Febrication  FMsteel

e o Fabrication Teston control system
concentration b
Modification -
Sample ‘e box

» TEF-T will be designed based on the existing corrosion data.

* Results of corrosion test (<450°C and <500°C) will be reflected to the design of
Austenitic steel target and F/M steel target, respectively.

* These corrosion data will be reference of MYRRHA design.

October 27, 2015 Asia ADS topical meeting/LBE HTC loop 10
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4% 3. Testing plan @

Proposal testing plan of HTC loop including experimental conditions
(temperature, oxygen concentration and LBE flow rate) was made.

2016 2017 2018 2019 2020 2021 2022
1 2 3 4 5 6 7

Phase (Proof | (Corrosion test, (Corrosion test) (Corrosion test, | (Corrosion test, (Corrosion test) (Corrosion test,
test) benchmark) reproducibility) | long run test)) reproducibility)

Oxygen concentration 107° - - - - - - - - - - - - -

(wt.%) 1077
LBE flow rate ms | = | « | « | « | « | « | « | « | «| « | « | <
AT(°C) 100 — — — — — — — — — — — —
Test Temp.(°C) 450 450 450 500 500 500 500 550 550 550
section No.
1 Time 3,000h | 1,000h | 3,000h 5,000h 1,000h | 3,000h | 5,000h(10,000h) | 1,000h | 3,000h 5,000h
Test Temp.(°C) 450 450 500 500 500 500 500 550 550 550
section No.
2 Time 3,000h 5,000h 1,000h | 3,000h 5,000h 1,000h | 3,000h 5,000h 1,000h | 3,000h
L. Rusiziie, AL F/M steel, welds)|
Speci Austenitic| steel, welds, - - - tine ODS -
pecimen F/M steel| coating, ODS, coa :i': '
etc. )
October 27, 2015 Asia ADS topical meeting/LBE HTC loop 11
® @
e#Yrrnc 4. Summary

JAEA designed and built High-Temperature material Corrosion test
(HTC) loop to obtain the corrosion data at higher temperature.
- Conditioning operation, modifications are processing.

- Oxygen sensor and oxygen concentration control system are to be
installed.

- Oxygen control test will be started next April.
- Corrosion test will be started within next year.

Issues

- Oxygen control

- Life time of oxygen sensor
- Purification of LBE

October 27, 2015 Asia ADS topical meeting/LBE HTC loop 12
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(e @

@»Yranc Future plan
As a future plan, installation Expansion
. . tank
of a mechanical testing
machine in the 3rd test
section of HTC loop is under High temp. D] High temp.
. . test section I test section
considering. No.1 i No.2
&:
Testing
machine
| |
[ ]
R I R
ol R
Heater [ ] R
S
October 27, 2015 Asia ADS topical meeting/LBE 13
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7.4 Elemental Technologies for LBE Loop
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Elemental Technologies for LBE loop

Toshinobu Sasa, Shigeru Saito, Hironari Obayashi, Hidemitsu Yoshimoto,
Kazushi Yamaguchi and Takanori Sugawara
Target Technology Development Section, J-PARC Center,
Japan Atomic Energy Agency

The elemental technologies for LBE loop were developed to realize ADS
Target Test Facility (TEF-T) in J-PARC. As previous experiences in JAEA,
Pb-oxides were produced and wedged to the seal of mechanical valve. Then,
slow-leakage of LBE occurs and it decreases primary coolant amount and
finally, the circuit will be aborted by loss of coolant. On the other hand,
automatic drain mechanism of irradiated LBE is desirable by the safety
point of view not only for public but also for workers. So, freeze-seal valve
was manufactured experimentally and tested. From the experimental
results, water-cooled type valve was selected by the time response for
freezing. Because of the high irradiation of proton, LBE loop in TEF-T should
be fully handled by remote operation. Several tests were performed to
manage the LBE loop with the intention of remote handling. Automatic
welding system, package type preheater and remote operation flange that
are used In mercury target loop in J-PARC were tested. Through the
experiments using master-slave manipulator, some issues were recognized

and detail design should be improved according to the experiences.
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Elemental Technologies

27, Oct. 2015
1st Topical Meeting on Asian Network for ADS and NTT

T. Sasa, S. Saito, H. Obayashi,

H. Yoshimoto, K. Yamaguchi, T. Sugawara
Target Technology Development Section, J-PARC Center

Contents

Results of Functional Tests for LBE-loop
elemental technologies

o Freeze-seal Valve

o Automatic Pipe Welding

o Remote operation tests
Package Heater
Joint by Flange

Summary

27/10/2015 Topical Mtg for Asian Network for ADS & NTT
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Freeze-seal Valve

Objective

= Due to the production of Pb-oxides and those
are wedged to the seal of mechanical valve,
slow-leakage of LBE occurs and it decreases
primary coolant amount and finally, the circuit
will be aborted by loss of coolant.

= In the case of Station Black Out, automatic
drain mechanism is desirable (it is not a legal
recommendation), by the safety point of view
not only for public but also for workers.

= Two types of coolant (Water, Air) was tested.

27/10/2015

Topical Mtg for Asian Network for ADS & NTT

Freeze-seal Valve

Experimental Apparatus

Surge tank

Test Equipment (Air-cooled type)

Drain tank

27/10/2015

Topical Mtg for Asian Network for ADS & NTT
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‘ Freeze-seal Valve

Experimental Results

Cooling Water Circuration '>
S Tank | v Vv
Tems M 200°C) ~250°C ~300°C ~350°C ~400°C |
p' < 1 SN2 SN2 S 2 SN2 1N
prryT— —>< >< >< >< >
i
400.00 :
i
350.00 — ‘:7
o
T
300.00 —:H —T1
! : —
250.00 T 4:7
1 T3
1
200.00 2 - L —TL4
1
|' —TLS
150.00 Y |
/, —T16
100.00 : e
o T8
1

50.00 ."

0.00 ! . - B - E
88338B38338883888338388888388338888233883883888888388:388§8
39080 R8N EeR8NYEeY8YYEeY8YgEey
AR EE R R R R R R

1
: :
27/10/2015 Topical Mtg for Asian Network for ADS & NTT 5

‘ Freeze-seal Valve

Experimental Results

Melting Time Melting Time
Coolant Type with Heater without Heater
30 min 10 min 20 min

Water 2 -3 min 10 min 20 min

Selection of coolant

|
o By the time response for freezing, we selected water-
cooled type.
= Issues
o Stress tests for thermal shock should be needed.
27/10/2015 Topical Mtg for Asian Network for ADS & NTT 6
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‘ Automatic Pipe Welding
Objective

= From our experiences, some difficulties are
exist to handle the flange connection.

= Automatic welding machine (Swagelok)
o Preset parameters for stainless steel
o No needs for pre-processing
o Low cost (Machine, Operation)

+ Allowable pipe size is limited.
~ Need parameter adjustment for T91 connection

27/10/2015 Topical Mtg for Asian Network for ADS & NTT 7

‘ Automatic Pipe Welding

Welding Machiqe and Results

= Issues
o Minimizing airborne dust
o Treatment of residual LBE in piping
o Method of inspection on welded parts by remote op. ...

27/10/2015 Topical Mtg for Asian Network for ADS & NTT 8
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‘ Automatic Pipe Welding
Detail View of Welding position

27/10/2015 Topical Mtg for Asian Network for ADS & NTT 9

‘ Remote Operation Tests

Package Heater

= Requirement of pre-heating of LBE is one of the
big difference from our existing liquid metal
spallation target in J-PARC.

= All pipes should be changed because the
corrosion issues are still unclear, components
including preheater should be handled by
remote operation.

= As applying Fast Reactor technologies of JAEA,

we built "Package Heater" which can be handled
by remote machine with small modifications.

27/10/2015 Topical Mtg for Asian Network for ADS & NTT 10
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‘ Remote Operation Tests

Package Heater
Package Heater (Original)
4“\\5-‘ y @ %.{‘\4 —

Revised
Crane %iamsan |

o

= Results
o Revised heater gives satisfying results for remote operation
by MSM.
= Issues
o Heater for long piping should be designed and tested.
27/10/2015 Topical Mtg for Asian Network for ADS & NTT

‘ Remote Operation Test

Remote Flange (MLF type)

= Even though, we change the connection not by
flange but welding, several periodic replacement
parts, such as oxide filter and oxygen sensor,
should be replaced easier.

= We remain the remote flange at the position, that
swerve the LBE mainstream.

= So, we tried the functional tests for remote
operation of remote flange using MSM.

27/10/2015 Topical Mtg for Asian Network for ADS & NTT 12
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Remote Operation Test

Remote Flange (MLF type)

= It's observed that the operation can be done
with specific combination of MSM and PM.

= Reduction of burning in high radiation field
should be solved (radiation resistant inhibitor).

27/10/2015 Topical Mtg for Asian Network for ADS & NTT 13

| Summary

= Elemental technologies for LBE loop have been
developed using experimental devices.

= Some issues were recognized even preliminary
experiments so far done.

= Detail design will be improved according to our
experiences.

= Various issues to be solved has been cleared up.

27/10/2015 Topical Mtg for Asian Network for ADS & NTT 14
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8. Summary and Future Collaboration
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SUMMARY DISCUSSION

THE FIRST TOPICAL MEETING ON ASIAN NETWORK FOR
ACCELERATOR-DRIVEN SYSTEMS AND NUCLEAR TRANSMUTATION TECHNOLOGY

J-PARC Center, Japan Atomic Energy Agency
Tokai, Ibaraki, JAPAN

Group Photo
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10/26 AM

LBE application in Europe (Invited talk by J. Konys [KIT])

* Long and deep research activities in KIT

* R&Ds toward the MYRRHA project

* Oxide potential control to form the film layer is a key to use LBE.
Development of LBE technology and related facilities in China (S. Gao [INEST])
»  Steady progress toward the establishment of CLEAR reactor series

* Various research using existing equipment and development of attractive
devices

10/26 PM-1

Current Status of the Development of Electromagnetic Pumps in Korea
(Prof. H. Kim [UNIST])

Studies for sodium cooled fast reactors
Large flow amount pump are preparing for commercial rectors.

Preliminary core design analysis of a subcritical dedicated burner loading
thorium-based oxide fuel (Ms. J. Lee [SNU])

Spent nuclear fuel management is serious issues for Korea.

MA Transmutation by ADS with Thorium is proposed for the solution.
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10/26 PM-2

TEF-T Target Station design and maintenance (H. Obayashi)
LBE primary loop and target trolley design (H. Yoshimoto)
Target Analysis and monitor system (T. Wan)

Oxygen sensor and potential control (T. Sugawara)

Research toward establishment of Transmutation Experimental Facility

10/26 PM-3

Effect of Wall Surface condition on flow structure in a LBE two-phase flow
(G. Ariyoshi [KURRI])

Study for thermal-hydraulics of LBE for accidental case
Treatment of boundary condition between liquid and solid
Electromagnetic Probe was developed for measurement.

Further experiments are planned.
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10/27 AM

Oxygen sensor calibration device (K. Yamaguchi)
TEF-T Target Mockup Loop (H. Obayashi)
High Temperature Corrosion Test Loop (S. Saito)

Elemental Technologies (T. Sasa)

Experimental devices and related technologies are developed for TEF
construction.

Things to do

@ Safe application of LBE for ADS and/or FRs

@ Common Knowledge
% Formation of oxide layer is a key

@ However, issues are still exists...
@ Stable formation of oxide layer
Oxygen potential management for real-scale ADS/FR

z
@ Film formation on fuel cladding
@

Thermal conductivity of oxide film
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Next meeting in 2016

@ - Next meeting (ADS+NTT; general meeting) will be
held in Japan

@ -> Around (before or after) TCADS-3 meeting,

which is held on 6" to 9t" Sep. 2016 at Mito

We will provide you detailed information soon.
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Appendix Conference Agenda

The First Topical Meeting on Asian Network for
Accelerator-driven Systems and Nuclear Transmutation Technology

Date: Oct. 26-27, 20156
Venue: Main Conference Room, J-PARC Center Research Building 2F, Tokai, JAEA

Oct.26 (Mon)
8:30 Bus transport from the Hotel Terrace inn Katsuta to J-PARC/JAEA

9:30 Welcome (N. Saito [J-PARC], Chair: F. Maekawa [J-PARC])

9:45 LBE application in Europe (Invited talk by J. Konys [KIT])

10:30  Break and group photo

11:00  LBE application activities in China (Chair: H. Kim [UNIST])
Development of LBE technology and related facilities in China (S. Gao [INEST)

12:00  Lunch

13:00 LBE application activities in Korea (Chair: S. Gao [INEST])
Current Status of the Development of Electromagnetic Pumps in Korea
(Prof. H. Kim [UNISTI)
Preliminary core design analysis of a subcritical dedicated burner loading
thorium-based oxide fuel (Ms. J. Lee [SNU])

14:00  LBE Application activities for J-PARC TEF (Chair: Y. Saito [KURRI])
TEF-T Target Station design and maintenance (14:00-14:30, H. Obayashi)
LBE primary loop and target trolley design (14:30-14:50, H. Yoshimoto)
Target Analysis and monitor system (14:50-15:10, T. Wan)
Oxygen sensor and potential control (15:10-15:30, T. Sugawara)

15:30  Break

16:00  LBE application activities in Kyoto Univ. (Chair: T. Sasa [J-PARC])
Effect of Wall Surface condition on flow structure in a LBE two-phase flow

(G. Ariyoshi [KURRI])

16:30  Adjourn

16:45  Bus transport to the Hotel Terrace Inn Katsuta

18:30  Dinner (near the Katsuta Station)
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Oct. 27 (Tue)

8:30
9:30

11:00
12:00
13:30
15:00
1515

Bus transport from the Hotel Terrace Inn Katsuta

LBE Experimental Equipment in JAEA (Chair: C. Pyeon[KURRII)
Oxygen sensor calibration device (9:30-9:50, K. Yamaguchi)

TEF-T Target Mockup Loop (9:50-10:15, Obayashi)

High Temperature Corrosion Test Loop (10:15-10:40, S. Saito)
Elemental Technologies (10:40-11:00, T. Sasa)

Discussions and future collaborations (Moderator: T. Sasa [J-PARC])
Lunch

Site tour (LBE equipment, Guide: H. Obayashi [J-PARC])

Adjourn

Bus transport to the Hotel Terrace Inn Katsuta
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