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Japan Atomic Energy Agency (JAEA) has completed an implementation with Korea Atomic
Energy Research Institute (KAERI) on HTGR and nuclear hydrogen technology, “The
Implementation of Cooperative Program in the Field of Peaceful Uses of Nuclear Energy between
KAERI and JAEA.” To facilitate efficient technology development on HTGR and nuclear hydrogen
by the IS process, an information exchange meeting was held at the Oarai Research and Development
Center of JAEA on August 28-30, 2006 under Program 13th of the JAEA/KAERI Implementation,
;‘Development of HTGR and Nuclear Hydrogen Technology”. JAEA and KAERI mutually showed
the status and future plan of the HTTR (High-Temperature Engineering Test Reactor) project in Japan
and of the NHDD (Nuclear Hydrogen Development and Demonstration) project in Korea,
respectively, and disused collaboration items. This proceedings summarizes all materials of presented
technical discussions on HTGR and hydrogen production technology as well as the meeting briefing

including collaboration items.
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Introduction

At the present time, we are alarmed by depletion of fossil energy and adverse effect of rapid
increase in fossil fuel burning on environment such as climate changes and acid rain, because our
lives depend still heavily on fossil energy. It is thus widely recognized that hydrogen is one of the
important future energy carriers in that it is used without emission of carbon dioxide (CO,)
greenhouse gas and atmospheric pollutants and that the demand to it is expected to increase greatly
as the fuel cells are developed and applied widely in the near future.

Hydrogen hardly exists naturally, however. Hydrogen production by direct thermal
decomposition of water molecule would require heat at extreme temperature of several thousands
Kelvin. For practical purpose, technology shall be developed for hydrogen production from water
but at temperatures below 1000°C, for which industrial materials can be applicable for production
process construction. And to be a practical answer to protecting global environment, hydrogen
shall be produced economically and from energy sources without CO, emission and air pollution.
In these regards HTGR hydrogen production with water splitting methods such as the
thermochemical iodine-sulfur (IS) process offers one of the most attractive solutions.

The interests in HTGR as an advanced nuclear power source for the next generation reactor,
therefore, continue to rise. To enhance nuclear energy application to heat process industries, the
Japan Atomic Energy Agency (JAEA) has continued extensive efforts for development of
hydrogen production system using nuclear heat from HTGR in the framework of the HTTR (High
Temperature Engineering Test Reactor) Project. The HTTR Project has the objectives of
establishing both HTGR technology and heat utilization technology. The HTTR is the only
Japanese high-temperature gas-cooled reactor, built and operated on the site of the Oarai Research
& Development Center of JAEA, and technologically comes nearest to the next generation
high-temperature gas-cooled reactor (VHTR). The HTTR reactor outlet temperature of 950°C was
successfully achieved in April 2004, which opened the door to the VHTR. Using the HTTR reactor
performance and safety demonstration tests have been conducted as planned.

For hydrogen production as heat utilization technology, JAEA has been conducting R&D on
thermochemical water-splitting by the "lodine-Sulfur process" (IS process) in incremental steps.
Proof of the basic IS process was made in 1997 on a lab-scale of hydrogen production of 1 L/h. In
2004, one-week continuous operation of the IS process was successfully demonstrated using a
glass-made bench-scale apparatus with hydrogen production rate of 31 L/h. A pilot test program
with hydrogen production rate of up to 30 Nm’/h has been initiated following the successful
bench-scale test of the IS process. Through the pilot test program, essential engineering data will
be acquired to prepare for constructing and operating a nuclear demonstration plant connected with
the HTTR (HTTR-IS test program).

A similar project to the HTTR has been started in Korea as the Nuclear Hydrogen
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Development and Demonstration (NHDD) Project, in which hydrogen is to be produced by the
thermochemical water-splitting by the Iodine-Sulfur process coupling with the VHTR. The Korea
Atomic Energy Research Institute (KAERI) as the central organization of the NHDD project is
carrying out VHTR system design and R&D on the IS process aiming to construct the VHTR
hydrogen system around after 2015.

JAEA has completed an implementation with KAERI on HTGR and nuclear hydrogen
technology, “The Implementation of Cooperative Program in the Field of Peaceful Uses of Nuclear
Energy between KAERI and JAEA.” An information exchange meeting was held at the Oarai
Research & Development Center of JAEA on 28-30 August 2006 under the Program 13th of the

- JAEA/KAERI Implementation, “Development of HTGR and Nuclear Hydrogen Technology.”
Attended in the meeting are more than 30 rescarchers including Dr. Jonghwa Chang, the Vice
President of KAERI, and 10 other Korean participants, Dr. Osamu Oyamada, the Director General
of Nuclear Science and Engineering Directorate of JAEA, Dr. Shusaku Shiozawa, the scientific
consultant of JAEA, and other Japanese participants. JAEA and KAERI mutually showed the
status and future plan of the HTTR Project in Japan and the NHDD Project in Korea as well as
latest design and R&D results, respectively, through about 30 presentations.

The meeting was successfully completed with the recognition and reaffirmation of the
necessity of the in-depth cooperation between the two organizations, and with the agreement that
the cooperation between two projects shall be strengthened by launching cooperative R&D in the
framework of the existing JAEA/KAERI Implementation in addition to the general information
exchange, etc. Also, the general philosophy and technical feasibility of the Japanese approach were
well understood by the Korean delegation.

This report summarizes all presentations on the status and future plan of the HTTR Project in
Japan and the NHDD Project in Korea, on the latest design and R&D results obtained in JAEA and

KAERY], including discussions on technologies and cooperation, etc.

Chairman of the 1st JAEA-KAERI information Exchanging Meeting
7 Dr. Eng. Masuro Ogawa
Director of Nuclear Applied Heat Technology Division
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1.1.1 Overview of the HTTR Project

Shusaku SHIOZAWA

Japan Atomic Energy Agency (JAEA)
4002 Oarai-machi, Higashiibaraki-gun, Ibaraki-ken, 311-1394, Japan
shiozawa.shusaku@jaea.go.jp

Summary

A High Temperature Gas-cooled Reactor (HTGR), which is a graphite moderated,
helium cooled reactor, is particularly attractive due to capability of producing high
temperature helium gas and its inherent safety characteristics. Especially hydrogen
production using HTGR heat is expected to be one of the most promising applications
to solve the current environmental issues of CO, emission.

An interest in HTGR as an advanced nuclear power source for the next generation
reactor, therefore, has been increasing more and more. This is represented by the
Japanese HTTR Project and the Chinese HTR-10 Project, followed by the international
Generation IV development program, US nuclear hydrogen initiative program, EU
innovative HTR technology development program, etc...

To enhance the nuclear energy application to heat process industries, JAEA has
continued extensive efforts for development of hydrogen production system using the
nuclear heat from HTGR in the framework of the HTTR Project.

For nuclear reactor technology to supply heat, the HTTR was constructed and
reactor performance test is underway as well as safety demonstration test. The reactor
outlet temperature of 950 C was successfully achieved in April 2004. For hydrogen
production technology, R&D on the "lodine-Sulfur-process" (IS process) by thermo-
chemical water splitting is underway at JAEA. The continuous loop operation for the
IS process was successfully conducted using bench-scale apparatus with hydrogen
production rate of ca. 30 L/h.  Further larger scale test using pilot scale equipment with
hydrogen production rate of up to 30 m’/h is planned in the next step, then hopefully
connection to the HTTR is taken into consideration. In the future JAEA has a plan to
couple the IS Process to the HTTR and demonstrate the feasibility of the hydrogen
production using heat from HTGR, aiming at deployment of a commercial HTGR plant
for hydrogen production expected in around 2020.

In the presentation, the necessity of the new energy source of hydrogen and its
production using HTGR is briefly explained and the overview of the HTTR project is
given with emphasis on the hydrogen production system development as well as design
work of HTGR cogeneration system.
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1.1.2 Nuclear Hydrogen Development in Korea

Jonghwa CHANG

Korea Atomic Energy Research Institute (KAERI)
P.O.Box 105, Yuseong, Dacjeon, 305-600 Korea
jhchang@kaeri.re.kr

Summary

Global warming and resulting climate change is a driving force for hydrogen
economy. Use of hydrogen as a fuel will greatly reduce the carbon emission to
atmosphere. Current fuel such has crud oil and natural gas has resource limitation of -
less than 40 years of cheap supply. The rise of price is obvious from the fact that the
discovery rate becomes less than the production rate since early 1990’s. Development of
fuel cell vehicle is another drive for efficient use of fuel. ,

In korea, domestic energy supply is practically absent. Nuclear power is regarded
as semi-indulgent energy source due to its low cost fraction of nuclear fuel and
localization of the technology. Nuclear power has contributed about 40% of electricity
during 30 years of safe operation. In terms of import price of energy fuel, nuclear is
about 10 dollar per T.O.E. while crud oil is reaching 400 dollars per T.O.E. recently.

Demand of hydrogen in future was predicted from government study as much as 8
million tons of hydrogen at 2040. Hydrogen production using nuclear heat is promising
in view of its cheapest production cost and limitation of land for natural energy
deployment.

KAERI has setup a plan to develop and to demonstrate the production of hydrogen
using nuclear energy in 2003. From 2004 the government funded study was carried.
KAERI is in the phase of key technology development for nuclear hydrogen during next
12 years. Areas of study in the project is the development and validation of core
analysis tools, the development of fuel manufacturing and qualification methods, the
development of iodine-sulfur thermo-chemical cycle at high pressure environment, and
the development and experimental verification of the reactor and the chemical plant
coupling technology.
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1.2 Session2 VHTR system design and related
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1.2.1 VHTR Cogeneration System:
Reactor Concept, Turbomachine, High-temperature Valve and GTHTR300C

Kazuhiko KUNITOMI, Takakazu TAKIZUKA, Shoji TAKADA, Nariaki SAKABA,
Hiroyuki SATO, Xinglong YAN and Tetsuo NISHIHARA

Nuclear Science and Engineering Directorate
Japan Atomic Energy Agency (JAEA)
4002 Oarai-machi, Higashiibaraki-gun, Ibaraki-ken, 311-1394, Japan
kunitomi.kazuhiko@jaea.go.jp '

Summary

The technical approaches undertaken by JAEA for design and development of
VHTR cogeneration system are given by three sections of a presentation entitled 1)
VHTR cogeneration system for production of electricity and hydrogen, 2) VHTR
helium turbomachine and 3) Development of high temperature valve.

The first section of the presentation begins with a description of the VHTR design
philosophy of system simplicity, economical competitiveness, and originality, namely
SECO. The key elements of such philosophy are sharing of common system
technologies, incorporating original design simplification, and focused research and
development in quest for a strong and practical plant economy. The SECO philosophy
has enabled the evolution of a family of plant design variants with production ranging
from electricity to hydrogen or co-production of both via a particular design variant
GTHTR300C. Common to all design variants is a prismatic core reactor of top rated
power 600MWt with passive safety and highest coolant outlet temperature 950°C by
existing fuel and material. Major technical and ecanomical advantages of selecting
prismatic other than pebble-bed core are shown. The reactor is combined, when
appropriate, with an iodine-sulfur thermo-chemical process for hydrogen production
and with a mechanically and aerodynamically similar line of direct cycle helium
turbomachine for electricity generation. The generated electricity supplies reactor and
hydrogen plant operations in addition to grid output.

The second section presents JAEA’s comprehensive R&D for helium
turbomachine, a key VHTR technology. Placed in primary system, helium
turbomachine enables most effective circulation of reactor coolant in addition to
generating electricity. Efficient aerodynamics, reliability and maintainability are key
requirements of qualification for nuclear service. Because of liftle prior practical
experience, R&D to meet these performance goals is challenging, the extent of which
has been minimized by our basic design approach of taking full advantage of
successful experience in gas turbine industry, while incorporating new design
elements only when must. As a result, the baseline design employs single shaft with
minimum number of turbine and compressor stages, horizontal installation and
synchronous speed operation, the features used typically in industrial gas turbines.
The new elements of narrow helium compressor flowpath and magnetic bearing
require further development. The status and results of development and related tests
by JAEA are presented.

The last section of the presentation is about development and testing of the high
temperature valve, an important component to ensure functional performance of
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reactor confinement and structural integrity of the IHX heat transfer tubes. Major
results are shown of JAEA’s design study and mock-up tests, which have verified the

technical basis with promising performance potential of the high temperature valve
for helium gas service.
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1.2.2 Present Status of VHTR PSA in Korea

Seok-Jung HAN and Joon-Eon YANG

Korea Atomic Energy Research Institute (KAERI)
P. O. Box 105, Yusung, Daejon, Korea 305-600
hanseok@kaeri.re.kr

jeyang@kaerei.re.kr

Summary

In developing a very high temperature reactor (VHTR) for a hydrogen generation
in Korea, we expect the PSA will play an important role to improve the safety and
economy of a VHTR. We attempt to establish two kinds of PSA technologies, one is to
~ develop a risk-informed design framework for the VHTR and the other is to resolve the
unique technical issues in the VHTR PSA. For establishing a risk-informed design
framework, a paradigm shift is required among the researcher, designer and regulatory.
It means that a major role of responsibility for nuclear safety transfer from regulatory to
utility. We identified several problems in the risk-informed design such as a safety &
performance goals for a VHTR, event selection criteria, risk due to a hydrogen facility
and quality control in the PSA. Our effort to establish a risk-informed design framework
is ongoing. We identified two kinds of issues in VHTR PSA; one is about a PSA
framework and the other is about unique technical issues on VHTR. For a PSA
framework, we should resolve the methodology, the reliability & initiating event
frequency data, the definition of the end state of accident sequence in the event tree, the
consequence analysis and the external events (Fire, seismic, flood). For technical issues,
we are ongoing to resolve the reliability of the passive systems and the digital 1&C
systems and the human reliability. We are establishing our detailed research plan step by
step under our VHTR schedule. PSA technology and tools for VHTR PSA are under
development according to the master plan of VHTR development. We think one of the
most importance thing for successful VHTR PSA is an international incorporation for

© risk assessment area.
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1.2.3 Hydrogen Production Costs of Various Primary Energy Sources

Jae-Hyuk CHOI, Ki-Young LEE and Jonghwa CHANG

Nuclear Hydrogen Project, Korea Atomic Energy Research Institute (KAERI)
150 Deokjin-Dong, Daejeon , 305-353,
jhchoi@kaeri.re.kr

Summary

The limited resource and environmental impacts of fossil fuels are becoming more
and more serious problems in the world. Consequently, hydrogen is in the limelight as a
future alternative energy due to its clean combustion and inexhaustibility and a
transition from the traditional fossil fuel system to a hydrogen-based energy system is
under considerations. Several countries are already gearing the industries to the
hydrogen economy to cope with the limitations of the current fossil fuels.

Unfortunately, hydrogen has to be chemically separated from the hydrogen
compounds in nature such as water by using some energy sources. In this study, the
hydrogen production costs of major primary energy sources are compared in
consideration of the Korean situations. The evaluation methodology is based on the
report of the National Academy of Science (NAS) of U.S.

The results may be summarized as follows:

*The fossil fuels are susceptible to the price variation according to the oil price and
the material price, and the hydrogen production cost also depends on the carbon tax.
~ The hydrogen production cost from the renewal energy sources such as the wind,
solar, and biomass are much more expensive(greater than 4~6 times) when compared
with the hydrogen production from coal or natural gas. On the other hand, the
production cost by nuclear energy is lower than that of natural gas when the oil price is
over about $50/barrel. It means that nuclear energy has a high potential for the hydrogen
production in the future.
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124 Introduction of the HTTR

Yoshihiro KOMORI

Japan Atomic Energy Agency (JAEA)
4002 Qarai-machi, Higashiibaraki-gun, Ibaraki-ken, 311-1394, J apan
yoshihiro komori @jaea.go.jp

Summary

To enhance nuclear energy application to heat process industries, the Japan Atomic
Energy Agency (JAEA) constructed a high-temperature gas-cooled reactor named High-
‘Temperature Engineering Test Reactor (HTTR) at the Oarai Research and Development
Center of JAEA. Using the HTTR, reactor performance and safety demonstration tests
have been conducted as planned.

The HTTR is a graphite-moderated and helium gas-cooled reactor with 30 MW of
thermal power, which is the first HTGR in Japan. The reactor core is composed of
graphite prismatic blocks. Fuels are inserted in the blocks as a shape of cylindrical
graphite compacts in which tri-isotropic (TRISO)-coated fuel particles with UO, kernel
are dispersed. Helium gas of the HTTR coolant is circulated at a pressure of 4 MPa, and
via an intermediate heat exchanger, high temperature heat can be transferred to the

hydrogen production process.
‘ The first criticality of the HTTR was achieved in 1998, and the full power
operation of 30 MW was attained in 2001 with a reactor outlet temperature of 850°C.
Safety demonstration tests have been conducted since 2002. The high-temperature
operation of 950°C was successfully done in April 2004. '
, In the presentation, the structure, major spe<:1ﬁcat10n and the history of the HTTR
- are briefly introduced.
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1.3.1 Overview of VHTR Design Code System and Future Test Plan Using HTTR

Tetsuaki TAKEDA and Yukio TACHIBANA

Oarai Research and Development Center
Japan Atomic Energy Agency (JAEA)
4002 Oarai-machi, Higashiibaraki-gun, Ibaraki-ken, 311-1394, Japan
takeda.tetsuaki@jaea.go _]p

tachibana.yukio@jaea.go.jp

Summary

'High temperature gas-cooled reactor (HTGR) has currently strong interests of
development worldwide. Besides its broad economical appeals resulting from unique
high temperature capability, the reactor provides inherent and passive safety and aims at
~ enhanced safety goal. JAEA has successfully built and operated the 30 MWt High
Temperature Engineering Test Reactor (HTTR). JAEA is now performing
development and validation of the analytical codes for the design and safety assessment
aiming at the development of HTGR that has a high inherent safety and economy.
These analytical codes will be verified by using the experimental data of the HTTR and
of the out-of-pile test facilities. As for the experiment, we have been performing the
HTTR safety demonstration test that is a reactivity insertion (control rod withdrawal)
test, a coolant flow reduction test, and a loss of forced cooling (gas circulators trip) test.

~ Enhancement of evaluation method for characteristics of a Very High Temperature
Reactor (VHTR) has been studied to establish the VHTR technology in JAEA. In
particular, a safety demonstration tests have been carried out to demonstrate inherent
safety features of the VHTR using a High Temperature Engineering Test Reactor
(HTTR) with which simulated abnormal status. In addition to that, safety analysis
tools have been validated using the HTTR data. Appropriate safety margin can be
assumed in the VHTR design by the safety analysis tools whose validation was carried
out using the actual reactor data. These tools allow the design of the VHTR which is
the one of the Generation-IV reactor type with hlgh cost performance and high safety
feature.

Following issues have been carried out to contribute the future’s VHTR design;
(1) Development of a nuclear-thermal hydraulics coupling code, (2) Development of
the evaluation code for an amount of fission products and of impurities in order to
prevent installing excess equipments for removing 1mpur1t1es or protecting tritium
permeation, (3) Development of the safety analysis tools in order to eliminate
constructing the containment vessel or develop of the inherent cooling system of the
reactor vessel, and (4) Establishment of the evaluation method for high temperature
equipments and for strength and life time of the structures.

A characteristic of reactor caused by neutron behavior is called nuclear
characteristics which are a temperature coefficient, a power distribution, and so on.
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The nuclear characteristics .must be evaluated with - high accuracy by nuclear
calculations before a reactor design is carried out. JAEA has plan that different two
calculation codes are used for the nuclear calculations in accordance with purpose.
One is a diffusion code based on a diffusion theory and another is a Monte Carlo code
based on a transport theory. These codes have been modified and the validated using

the HTTR experimental data. '

~ The numerical analysis code was developed to analyze the reactor dynamics
including the flow behavior in the HTTR core. We used a conventional method, which
uses a one-dimensional flow channel model and a reactor kinetics model with a single
temperature coefficient taking into account the temperature variation of the core.
However, it was found that there is a slight difference between the analytical results and
the experimental ones; therefore, we have modified this code to use a model with four
parallel flow channels and twenty temperature coefficients in the core.

The safety demonstration test consists of the control rod withdrawal test, the test
of partial loss of primary coolant flow, the test of complete loss of primary coolant flow
and the test of function loss of the vessel cooling system. As for the control rod
withdrawal test by withdrawing the central control rod to insert the reactivity, the tests
of initial reactor power of 15SMW and 18MW have been performed. The test in the
initial reactor power of 24MW will be performed at the end of 2006. As for the test of
partial loss of primary coolant flow by tripping one or two gas circulators out of three
gas circulators circulating the primary coolant and reducing the revolution of gas
circulator, the tests of initial reactor power of IMW and 18MW have been performed.
The test in the initial reactor power of 24MW will be performed at the end of 2006 and
the test of 30MW will be performed in the beginning of 2007. The test of partial loss
of primary coolant flow by tripping one or two gas circulators out of three gas
circulators is performed as the ATWS simulation test. As for the test of complete loss
of primary coolant flow and the test of function loss of the vessel cooling system, the
licensing by the government is in progress and the details of the test are under planning.
The test of complete loss of primary coolant flow is also performed as the ATWS
simulation test. The data obtained in the safety demonstration test are used to the code
validation and the study to improve the simulation accuracy is in progress. As for
another test using the HTTR in the future, the continuous high temperature operation for
about 50 days and the performance test to study the operation of the heat utilization
system are under planning. In the continuous high temperature operation, the
capability of the steady and long-term reactor operation will be confirmed, and the data
necessary to develop the commercial HTGR concerning the core burn-up performance,
the purity control of primary coolant, performance of high temperature components, etc.
will be accumulated. , '



JAEA-Conf 2007-005

€ z
938 pue Jusucdwod Q&Qw&:.&é@: ‘Jeusspuy 015 PUE WATSAS BUOOD 10 03UCULIOHET Jo0Y . ‘wiopshs ioyoeas Af-uoneisussy JO sU0 St M iHA jBid 09 JO L
4010804 4O 6IMINAS 40 A14B33u) XHf 40 douBULIOLEY - Aeoop 10 podsites 'ssodbuy 4e JO BUDLIOUSYd - . A3opes pue ubjsop 10) Sj00) SISAlBUE JO UCREPIEA PUE JUSWIAO[SAS] & [2O5
404 Spoysui uopenjes jo A3J 40§ sj00} SisAfeue a4empos 4o ARd
AGETONOSED) DD . '9}0 JUSWISSESSE “o30 pue
._/mm: X3 JeaY KIBIxXnV/ XMV 19[000 Jojem pazunssaidfeding toMdd Aprobuoj pue jewsopus 1030804 JO J4ONRS 0 AyiBoyuy - “ P WopsAs uogezinn jo Biarus ‘Burjood
121003 -191EM PBZI. 21d A1epuU0oag 1D MAS A1eBueyoxs Jesy erelyella) ik ! SpusuoduI0d simersdual-ybiy 19130 pue ‘X J0 ublssq - sasssed ‘ssoibu 46 0 oA 10§ ABOJOUYISY -
RSN St : SRR SPOYISYY UORENILAT JO ARE || Sansuepoeiey) A1oges 10f sjooy sishjeuy jo ARG
- wejshs BooD Ulepy wsjsAs BlIgon \cm*__x:i
v < T g duing.
_.||!J,O>>¢n_ wes{s Buljood .\cmE_\_n_
48009 Iy CTEY <
€% //.8033 MIOES o
: 098 o ooomm wouommm ;
: T 0,5687 & 3
MINOET 0T ediAy. 71N : winpLy 4o -
..nmﬂ% e MINOL e 491000 ,.,__< " woysAs uopeoying -
i ] ; i L $10NPOId UOISSI
B9 : 4O J01neYag 40f S[0GS SisAfeuy 40 ARG
( y 4 1 "0pe pue ‘wopshs :otﬁ:::
OO 8 B, 1804 SO SOURQIMSIP JO
. D : * ] sopsusoeleyo ‘soynespAy
Sonsig0eseYyd f i 8 e e NG oY) Sanauty Jo0jesy -
sno-operd pue ‘Lodsuesy & BT WIS BUIO0D FoSSBA | 104 5100} SisAjeue SOLIOSQ0EHLHLYD "
‘aSL0104 SB YONs $10nposd R 04EMYOS JO ARA
worssy jo someyog - | LOMNAS v - MIJOS > oy - wosAs ¥ HA 104 JuowSSoSSE Aloges pue :@m\wQ B
10§ Sj00} o ,_amm@\icmec_ﬂc 0D ._Qommm R [ 3 worsAS M LHA 404 Sotweuiq
WeIsAS Uonezinn 1e9 ' 8
m\m\cmtw m\w\stowuo >.wQ .9 ww.uwccwwaha o”_. L 5 RN : SUEECE: i D R T Jueld B 103088y 10§ $j00] SIsheuy Jo ABA

jepijea pue jusuwidojersp spoyjaw ubisaqg

900Z ‘0€ - 8Z 1snbny ‘Usjus) juswidopasq g yoleasay leieQ
ABojouyde | usBolpAH Jespnn B WO LH uo Bugasyy ofueyoxsy uorewo) 1NIV/VIVE 151

Aoueby AbBioug ojwoyy uedep

syewal Buipnjouoy e 8j2I0300.41q Butieauibug pue esUsiS JESjoNN
wisjsAs HiHA 8yj Joj sisAjeue g4 ey} Jo Auanoy — dnouig uopessuows( Aojes ' SoUBULIOLS] HOLH
$j00} sisAfeue asau) Aq-synsel jo ofduiex3 YNVEIHOV.L ObnA pue VaT5TI BENSEL Aq pejueseid

uonepijen

pue juswidojersp sjoo} maémtm 10 shjejs jueling — , m .h nh I mg% LYy ﬁm\m .w Lore .h

uonepijea .
pue E@EQQQ% spoyjeLu ubiSep JO MBIMBAQ -« ainjnd pue

ST o%)




JAEA-Conf 2007-005

(Aep) dn-umng
009 00v 00T 0

“Xew 9% S| moc&@tﬁ?@%@

L-LHOITHQ weifper 360
{AnousbowioH) IVUS e
(Ayjousboisiop]) IVUS wagme

[ %50 wuum st sousieg

NANG-JAIN 03 oner fury

_ “Xel %Gz St eoualaflq _ PPONP SR—

Ayouaboisjay ojgnop 4o juouness) peaciduij .
VNS "8p00 AIOByJ-UCISTIHIP JO JUSIBACIAU]

) f3ijesnLio jo suoenjead Joj sishjeue apels

[epow uoibsiBuUo
~ pue jsuueys s|buls.

_mnoE :o.mm%EzE -
pUe jouuByo-nIn

[opOW 5705 UGIBS Ul JO LO[dopY

(1) sonweulp juejd pue 10)oe0y

ejep Areono
H11H ypm jusweeibe poob uf st £'g-TANZr Ag 4oy JO enfep -
ejep 1 iH Aq 443 pue 'HaNT “TaNAr siepilep —
Bjep JesponnN e
dAW Aq 1Y) yum Juswiaaibe poob ul e DS palipow Aq sjnsey .
Bjep M | H ypm aiedwiod synsad feofjeur asey; ey} 0} Uogippe uj —

"NENG-dAN PUe dAW S8pod
oD SJUOK Yl 842dwi0d pue *DYHS ‘@pod Auosyj-UuoISnp MIpow —

Sj00] SisAjeuy -

2Jep J56] J11H Aq I jo UOJJepjjeA pug Sepod
OJie7) S]UOy pUe Aloayj-UoISnIp jo Justidojersq

) A317e213149 JO suonenjeas Joj sishjeue snels

WepIooE Uopezunssaidap BuLInp UoepixXo
EE%S pue ‘euswousyd ssaibuf ie ‘jerowsl jeay Aeoap Jo sj00] sisAleue Jo ARG —

sofjsiepoeeyD floes o
waisAs uonelousaB-00 ul uogeauLed usBoipAy pue wniy jo $jo0} SIsAleue Jo ARG —
SHIBUOCLIOD
Auewpd jo doepns ayj uo 1no-siejd Jonpoid Loissy O S|00] SISAreue Jo g —
podsues) jonposd uoissty -

jony dn-uing ybiy wodj sesesfal 3nposd UOISSY pue Jueplooe
uonezunssaidop Buunp uonepixo jeny Bunenuwis jpow jeonieue jo juswdopreg —

osesjal jonpoud UoISSY pue J0iABYSq [aN -
SOPOD LR SO pue AI0ay}-UoISNYP JO ARa —
uongnqguysip somod pue APRonLD JO SUORRNIEAS J0f SISAleue dgels -
8p02 ((4D) solueuAp piny feuonendwiod yim paldnod apoo sonueuAp ued Jo ARag -

suBISURY feuliou pue
1euLou-fo Buunp wejsAs uonelsusb-0o Bunenuls jspout jeanAieue o Juswdorersg -

sojueuAp yueyd pue iopesy -

jepijea pue padojessp aq 0} sjoo} sishjeuy




JAEA-Conf 2007-005

43

19009314

YMAISIUSD SN8°E Aporposi3

BMMI$SNO08 L jepded

Awouoog

%8Gy Aouaroye juerd joN

wgL JajaLeIp JoUUl Ady
WM 8°S Aysuap somod obeirony

%M ) JuBLILOLIUD

1ony obeiany onewstid adA} jen.4

s/B% 6€% BJRIMOY SSEW BUIQUN

m,w“ - ediy 0°2~ aunssaud jndus suiqun |
A ioresadnooy 00489 “dws} Jo|ul 10j0ESY
I m | D0068 “dwey jogno Jopesy
HiH B IMIN 009 Jamod Jojoeey

101089y

00€YLHLO JO SUONEdI56ds UBISOP JOJEf

(c) sansueyoreieyd Ayojes

[o13

“Sfeusaqu;
Jopoeas e8yy Jo Aybeuu ey}
9s00] 0] Spusuoduwiod opydesd
oy} obewep Ajpiores  iou
JUBLLUOHAUS BY] O] 8400 J0JORSs
oy} wWoJy Sfeujewl SAOBOIpE]
oy} oSesjol 0} SUBWISMR
jory  epydesb eyp  8zipIxo
Ajsnoues  jouued  Juspiooe
: i SRR SSaubul 4t 8y} Jey}y 8ins oxeul
ot peomch Tt e e— o} juepioduw LioA st Jf ‘alojesoyl -

‘paysijgejso st Aouehong
JuBIIYNS 9oUo Se Ajusppns dOjeAsp Je JO UORBINDAD [einjey ‘pue aimXil
seb Jo uonenoso jeinjeu yeem AioA pue UOISIYIp Jejnosjoul yum Bues
‘seseyd jejjuenbes OM} MOJjOf OF UMOUY ST MO 1 H Ui uslousyd ssalbur iy -«
‘SOINUIL MBJ B JBYE [8SS8A J0J0LSI By}
4O BPISINO pue Bpisul By} USSMISq PIJUBIEG aW028q pinoys ainsseid seg -
"yoralq oy
yBnouy} JouIRIIoD J0J0BSS 8} OJUf JNO POVI0) Sf 40} BY] Ul JUEBj00D sBb
winyjay ainssald-ybiy sy ‘sinds0 juspisoe aunydnt edid-Aewild ayy ueym -

(L) sansusjoeieys Aajes

s
3544] By FO BWH UORRIND O
sishjeue 343 Ul POPIBIONS I

@
spgissod 8q ueo sy
Bucy e soi seb wausduwna

4088 4O UORELILAIUOD
a1 jo sishpeug oy g

Rl woid: Sddl RAREPLE R SRR BUN VORI
3

388 g o Avsvan

TUBUIIE0XE
BYTAG POLIIOA SEM
JirisarjEInAEGE Uy

ampae

R

dpaee ot

‘55838 35Al BY) O U
uORIAP PUUBHYUE 3USA0D , LIS
uogEpIXO YRS oy Ag 156)
588 ay3 yo uonanpeid sy

o

RS P . {(hepe gioSye il Rt

UOROBALDD JRamen
pozyess; siy Ag PBUSHIOYS St
o838 154 243 JO BUIH HOREING

(z) sonsusjoeieys Ayojes

"AiesS800U SI JOINRYSG UOREPIXO SIY] JO UOHEPIEA ¢
‘sapiped fonj pajeood ayj JO 80BLNS Bl UO Wil YOIS JO UOSOdWOD &

sejoiped jany pejeoa JO JOIABYDq UOEPIXO S

.&:,Nmmg jeonffeue pue snjesedde
uoenuas ssalbui are ue Buisn pourejqo synsed [ejuswiLisdxs
UBeMIeq UOSLIRAWIOD AQ N0 PaLILD SBM [8pOW 8Y] JO LONBPHEA ¢
‘PBIBPISUOD SEM UOHRINONO [e/njeu pue uoisnyip Aq ssaubul iy &

JuspIoOE UonBZUNSSaIdep eyl Bulnp ssabul iy

P07 JOIABYSq o1 JO UCIEPijeA pUe UOHEoIpoW 10 JUslidojers .

sansusloeieys Aysjes pue Joireysq [on




JAEA~Conf 2007-005

2b
| JusWILIBJUOID JOjoRSed pue >m,E 8y 10J [epou
uoieipe. [euiiay) e dojeasp 0} A1iessaoeu oq [jiim

‘wisjgoud siyy 104 8poo sishjeur

d-0 eyjse psesn eq [jIm [NINTH pue JdO-HVIS
‘SisAjeue siyj Ui pejopolu Usaq S8y j8SSaA 8)8.4oUod
8y} pue ‘SOA ‘AdY 8yl JO ainjoniis Jsuu ‘es0o M | H

‘8100 ¥ | H 8y} jo uoibal 9/L SI japoul [eoLownN

1S8) UonessuoLLsp Ajejes ¥ | H 8y} Joj 81elouod pue

Ad¥ oy} jo aimjesedwe) sy joipaid o) Aiesseosu sy

St

‘ssaubut sie Jusrald 03 sjqissod si i Yojoeal-ayy 03 wnjsy ko junowe jlews

& pasesfas Aisnonunuod pue uojeradnood ayp j0 eoeds doy ayj ye paddinbe oq

uBd WneY Yim pajily 183s1ues oy ji ‘burdofersp ABojouyoey oges aaissed oy uj

‘V0SHLHLD oy} uj 10je48dN08] 8] JO OUBISIXS BY) 0}

onp osealoul PINOM UOISNYIP Jejnosjowl Aq ssabuf Jie oy JO euly) uogenp eyl

'ssesbuy Jfe oLy Sywif 403088l 8y} Jnoybnoiy}

Jle Jo uopenosid feimeu Aleuipio oy ‘Juepiooe oy Jo abejs puodss ayj uf

‘Ssa.bUl A ayj jiuy) Aio0jon mops Lioa ayy Buirey ainixiu Seb ayj Jo uopeinoio

feinjeu oy} pue UOISNIP Jenosjow oy} ‘Jueplode ay) Jo obejs sy oYy uj

“J0JoRaS By} Ojul e J8jus 0} pue

uoneInoId jeinjeu ojesoushb o) 8oy Ybnous JoU 8q M WnjjeY JO eousioylp

Ausuap Aq Aosuefong ayy ‘paysiqese eq jim Jehe| paynelss ejgejs e ssneossg

u10d Yesuq ayj Woj 8pIS JMO] 8Y} Uf JSIXa A pue “ojeiadnosi

pue Jojoeas ay;y uf ujod yeelq oy wioy apis jeddn oyy up jsixe seb wnjjer

uod yeauq

dY} Mojeq pajeaof winusid Jomoj ayy ojur Moy fim e ‘eimdns adid ayj seye jsnp
00SYIH1D Ul SISAjeue sSeibuj iy

AS M IHA 8y} 10j sishjeue g4 oy} jo AyAOY

143

. [u] eanydna adid pajenuis ayy Jaye swi) pased|3
9z 61 894 ol 1742 96 TL 14 ¥z 0

8
2
%
L

[(3]

=

20 J5 uonoey sjoy

0
=3

jutod xesag

20

(0 1o Gl U Ol Wi Gl Yo Elonaen
o gHeem  GUemow  Gwmn Tl TYemmm

(g UoHIPUGCS [EIAETY)
UBBAXQ JO UCIJIEI] ojoll oUj JO UOCIEIIBA Sti]

(9) sansuejoeieys Aojes

BOLOYHCLVUIINITA

a0 TASTHAXH

(¢) sanpsuayoseieys Ayojes

el
‘uonenjens Aeuwgeid siyy up eoeds doj
Y} JO sawily 9 N0ge Si JSISILED By} JO BLLUNJOA Y} Jelj) POLUNSSE S -«

‘AISNONURUOD pue AjROlBWIOINE JUBPIDoE 8y} Joye
posesjal eq jm seb wnijay ‘Usjsiued oy ydope om ji jey) suesil 8y .

. “iojesadnoal ayy jo eoeds doj ey}
Eg&&:moEE\m:mmEtmwkomwmomSm.\m:o.;%:oo\mo.i\w:wmﬁe

"W UOIIpUOD [eonfjeur oY) Se peulep SI siyf .
: ‘UORIPUO JUBpiode
pozunssaidep oyy uj ainjesodiuis) 8100 J0joral By} JO SYNSal [eopfeue
Jaijjour Ag uanlB sem uopeIof puk suly ypm abueyo eimeledws) ey
‘A Y} Woy Ui/ 0} pawnsse st juod Yeaiq sy Jo Lojedo| 8yl o

‘fossan auiqin} o}
pue Jojoeal 8y} usempaq aimdni adid aignop aulolING oq 0} paINSSY o

UoRIpuoS [esAeuy

- () sopsueorseys Ajojes




JAEA=Conf 2007-005

[44

T\_m.s 40 jusod Jeojuioucss syp woy ubisep wasAs syp sAosdul ues @\_\L

. Jusprooe Buif0os paaio)
JO SSOf Yim UOOOAUOD [einjeu AQ saLieA ainjesedius] ayj Joipald Spf «—

UORpUOD JUBISUR BY) Ul UORNQUISID 8Jnjelodius) 8y Ulejqo o -

sy
fustiyy

g 0y

{TDEMIND PR

N

puunmasng |
i

Stheded WS 3 RRBLY

: OMd pue
>&mms:wmémnm&&m.\xmoomB:%m:tommmhﬁm&;mﬁmﬁmubm:m8..

P

Lol AgSH

'SJ89) 31 | }H pue 8jid-jo-Ino 8y o Blep jejusilLsdxe
oY} Yjim SYNsal [eoLewinu eseyj pesedwioo osfe ese o

SN 40 Synsai pue 8pood -0 8y} JO S}nsse.
{eouswinu ay) ussmjag uosuedwod sy} Bujuioped aie 8 -

d jeixe09 ejgnop ayj jo Abayul jeanyonss ayp Jo sjduexsy

8109 Y1 [H 8y} jo jouueys jan-

8l

_ wa)sAg Buljooy) |assep _

[ Add oy J0 2pisino

[feAn ©1810U0D)

FA

Hd11H 84 jo wopog

< [dLLH ey Jo lepop |

e : dilH eyyso doy

(Z) jepotu ] j H jo snjers yssj

(L) 1spows [ [ H jo snjers yssiy




JAEA-Conf 2007-005

[
YIOMBWIEL [BIOJEJIQ BY] OS[E ING YIOMBWEL 9 8}
Japun Ajuo Jou $3s8}1 M | | H mau Jo fesodotd 1ok ydeooe 0y Buliim ase yaye —
quswidorarsp wepsAs ¥LHA
10§ Sj00] SIsAjeue apepifen pue JojeAsp 0} ejep & | H oy} spiroid [im vayr —

0p0 pue ‘(YIVrieavy) ueder/esioy

%m_\zqwé uedereouel- ‘(y3vri30Qa ‘143N-I) ueder/sn se yons Apns
uogeioqelj00 [essleliq oY) Bujuuousd Jo Aypqissod ayj BUISSNOSID Mou 818 8f4 —
“V3IV] oy sepun jefosd yosessar pajelipto0o sy} wol 0} Bulm osie sie yIvr -~

IOMBLIBLY
19 8y} 1opun Apnys sajjeI0qelj00 [RIdtelnW oy} wiopad of Bulim sie YIavr —

} UOeIoqQe[j00 JeuojeulIBjuf -

“.1HA JO ssibojouyoo] uoneniess Ajpfes ayj sAosdui 0f pue selnjesy

Areges Jusisayuy ayy Ajuen oy Bupuse o1 | H ayp Buisn 0, 066 Jo uoetado semod
pojes osje 1nq s3s9] uofesuowep £ajes Ao jou uuoped of Buiuueld ele ep —
‘e1ep 1S9 M1 | H o1 Aq sj00} sishjeue ayy saosdw pue 93Epilep —

‘detpeos H 1 HA YIM UOHEIOPISUOD. Uf WoiSAS M1 HA
oy} JO JuaWISSOSSE AJajes pue ubisep 104 sj00} Sishfeue Ajpow pue dofereg —

ved aimn4 -

sysewss Buipnjauos




JAEA-Conf 2007-005

0,066 Mmofeg 189 Buung
0,068 mojeg el
. ainelioduss) JUBjO0D JB|IN0 JojoBeY
pajgesig wielsAs |043u0D Jamod Jojoesy
wwgy - wwigi
sS/WW G pue |

20UuElSIp [BMEIPUNA
paads [emelpyl

((reyoy) suted 91)
sted fenua) UMEIPUJIM 84 O} SPOJ [0}UOD)
(pe10NnpU0S UBSQ SBY $)88} %09 PUB %05 _nx.owv,
%08 - %0E " Jomod Jojoesy

SUORIPUOS 1881

- 1S81 |EMBIPYIIM POJ [OIOY) -
188} uoIuasul AJlAloBSY

(-200Z yosejy ui Spus pue 9poz IHdy Ul SHES 900ZAL eseueder :aj0N)

(2 j0 10 Z) 1891 dois wvyshs Bujjoos [assep
Jemod [jng 3e 3801 Buljoo2 peaio} jo $S07 :600ZAd

(z 30 0 L) 1593 dojs wsisAs Buljoos [9ssep
- joA9] Jamod ybiy je 159} Buijood PodIo) JO SSOT
(shep 05)
uopieiado 188} (9.066) saneredua) sz Lane-Buo] 1200 A4

[oAs] Jemod moj e }s8) Buljooo pasio) Jo SSOT
‘(shep gg) uonessdo (9,068) paiel wusl-BuoT :L00ZA

jens] somod yBiy Je S3S0} UOHONPaI MO} JURjOOD pue
(s3s9) [emEeIPUIM POJ [04JUOD) S}S8) UoiHasul AJIAIOESY :900Z AL

*'2}0 UOIEZUNGIE0] "SIRINGL) [ENVIYD JO
ANSINBUD WIRH mesadwn | Bk -

10u46, Bullany-0 JO WIWLSIGeISS -
SUBWIGONS 199 BOUBIONING JO Jid-

‘GoUBUBNIIBL
8106u0duI0D LIP

[oluo) aimersdwa ]
=00 19png Jojoeay

DOROULCD S WOISKS onbiuyoo)
UORINDOIG UABOIRAL LOUM SaINjEad | ] UORRNAT PUE SISAIRUY [CWIOYYOUOANEN HDLH 10 Wawarcsduw|

= saunjED4 AjojeS 1Ualolu] HOLH J0 voensuowoq |

St B

PROT [BUUOU-HO 159 |, Uopensuoiaql Asjes

]
[
i
i

s)s9) pue uonelado Y] | H jo ued wisl-ieaN

AousBy ABioug onuoyy uedep
BURGIYDE | ODINA PUB BPOYR] Densje}

900z ‘6¢ 1snbny

HL1H Buisn uejd 159 ainjn-
pue wajsAg apoD ubisag Hi1HA 10 MSIABAQ

9002 ‘0¢ - 82 1snBny ‘ABojoun;os | usBoIpAH Jesjonp pue NI.W%
WO LH uo Bunseyy eBueyox3g uonewo] RIVM/VIVE S|




JAEA-Conf 2007-005

'80€-10€ ($002) €67 ubisag pue Supssuibuz Jespn “|e 1o emebexeN ‘s

(090s) owm pasdeyg
009 OPS 08F OTF 09¢ 00€ O¥C 08T 0TI

T T T T 1 T I 1 =
! | | t | i | o
(stsATeny)-din sporejnoifo ses-oay Satmy .SSQQE - W
N " . L I . o
v o o
(uowiadxer) din siopefhoxo se8 om Sublinp sombd uc«omumx 2
- {sifpuy) dip ‘_ouﬂ_ro.:o ses suo Fulmp 1ombd SSMWE - g
1] ,QEET&&QV ﬁ___b.usa__:o:o S% 9uo Fupnp uus»vn .Saoﬁrm M
SN O A OO S U O L =~
oe | [ ' i | i [
= r ) T ' 1 : "
g or |- “dih Stojeriorr se3 oM Bunng 21 foff Hue[oos Aigping
3 VO U S
g » PR e
R du 200210 863 QUO SULNp 918X MOT JUE[PO0 Areuliid
~ f 1 1 | 1 | t
001 1 Lo o L ) 1 e b
| 1 | | i | [
ozt L ' L L : ! 1

sioje|nosio seb 8.y} 1o 10 OM] pue suo Jo duj

*80e~10€ ($00Z) €67 ubisa@ pue Buuesulbu3 sespnN “ie jo emebeseN ‘g

(99s) sum posdeyg

0vZT 0TT 00T 081 091 0PI 0TI 001 08 09 0¥ 0T O 0T 2
T 1 o T o.TqW
el Ll L MINTST omod Jojoeas [enyuy | S0 m
1 I I I 1 I 1 | | i 1 | =
ot 1 - (ynsex Juouniedx ) 1omod 01089y 00 =
. ! b ) : . : e B
i [ ] T [mp——— S0 8
B t | | | I =)
- i A e -1 01 m
i t 1 | | | | g
Ml Bt el dhadie Bl (e e - ¢1 &
| | i 1 | 1 [ [ | -
m OLYT |~ == == = 1 = - (3nso1 sishjeuy) Jomod I3y ~ ~ 0T M
m 0842 “.“x>"‘” S A U
@, \ | ' ' .-
= 06¥2 a7 [ TR T i
2. 00z | — ! — — 1 SPOI 01JU00 3O Jred [ENUID JO UONISOY | . 1
\.w./ : L ! I L | Aot Ao o A tdnly J,
g o152 . ey 1 i il et o ol i A

1S8] [EMBIPUIIM POJ |OJIUCH

]
JOJoRY.
%L < %E6 SIOBIROID Ses 1]
ojes Moy Jo 1uiod 198 Weing QH@
2,066 Mojeg 1891 BULNG |pamesary
o068 mojeg - fepuy [T
. ainjesadule)] JUB|00D 18[1N0 J010EsY
pajgesiqg - welshs [0u00 Jemod 10j0eeY
(gjono)zio | - paddols aq 0} si0}ejnaio seo)
(pejonpuoo useq sey sise} %09 pue %0¢) -
%001 - %0E Jemod Jojoesy
SUORIPUOD 1887
- s10jenoi0 seb 881y} JO 1IN0 OM) puE 8uo Jo di] -
18] UofonNpsal MO|] JURBJ00D
14

SPOI [04jU0D JO JuBWabueLy

SPOJ JOIU0D JO

poJ josuoD 9]0y uopasul
Jled jeguel !

sjajfed umopinys
; pontosey

:Em_oo
SO) Lo ipel)
158 uoneipe 10109184 8|qesde|dey

Y100[q] J0}03]j0 JUBUBWLIS

1S8] [EMBIPUNIM POJ [O1JU0)




JAEA-Conf 2007-005

133

: S OJRINON0 SO L 0D
di 100 19bURBLOXS Yy Alellixny X HY. - 18]000 Jajem Ppaziinssaid:AteUild (D Mdld
..:,mO@{oaﬁ;nﬁs&mﬁzmuzc@w6>>a_m;smcmﬁxo.ﬁm;&m_nméﬂs“xx_,

|

0\.,>n_a, woyshs BuiooD Aeuiing i
o | (oo i)

* (D,086)  MWOE
J0p0eY

SOA 8}

Pty ey

(up sduwind gao | |

weshg BUlo0D (0SSN _ ,/ “Qmaw pug
- - T -

19SS JUBWUIBIUOD J0ERY |

43

1s9] Buuinp pessedAg
‘o).l MO} JuBjood Atewd JO 9SBaI08P 0} onp WBIOS JOJoBSY

0,0¢¢ hoqge feniu
. ‘ainjeradwe) JUejooD J8JIN0 J010EaY
pajgesig Eﬁw\»w J013U00 Jamod Jojoeay
(sdwnd om} sey aines) Alsjes patesuibus ue se SOA)
YA ‘ , paddolg eq 03 sdwnd SOA

(sooeuiliv) ¢ ‘paddojs aq 0} s10}8|N2ID SeS)
%0¢ , - Jamod 1o1oesy

SUONIpUOD 1801

18] dojs welsAs Buljood [essap

SI01BINOND SBE)

18[00D
191 \\ PoZIINSSSId

- Kewud

189} Buunp passedAg
814 MOJ} JUB|00o Alewilid JO 8SBI3P O} ONp WRIDS JoJoBey

1881 Buung

0,066 mojeg
0,068 Mmojeg fegiup
aineledwa} 1UBI00Y IBINQ J0}oBDY
pejgesig Wis)sSAS 043U09 Jamod Jojoesy
(sooeuiv) € peddolg aq 0} siojenos) seo

%001 - %0¢ jemod Joroesy

SUGHIPUOD 180

sjoje|na4io seb ssiyl syl jje jo duy

- s101ejnoio seb eauy) sy e jo duj -
188} Buljoos ps2io] JO sS07




JAEA-Conf 2007-005

1.3.2 Development of Nuclear Design Code:System for the Analysis of VHTR Cores
Hyun Chul LEE, Kang-Seog KIM, Yong Hee KIM, and Jae Man NOH

HTGR Development Division, Korea Atomic Energy Research Institute (KAERI)
150 Deokjin-dong, Yuseong-gu, Daejeon 305-353, Korea
' Ihc@kaeri.re.kr

Summary

There are many challenges in VHTR core analysis such as double heterogeneity of fuel,
- astrong core/reflector spectral interaction, a spectral interference between the fuel blocks or
the spectral zones. Double heterogeneity of fuel can cause 3~4% error in kyyif it is ignored.
The spectrum in a fuel block or in a spectral zone is strongly influenced by the reflector as
well as the neighboring fuel block or spectral zone.

We developed a two-step procedure to resolve these problems. In the first step, two-
dimensional (2-D) transport lattice calculation is performed and few-group equivalent
cross-sections are generated. The double heterogencity of fuel was removed by
transforming doubly heterogeneous fuel elements into equivalent singly heterogeneous fuel
clements with Reactivity-equivalent Physical Transformation (RPT) method. Spherical
pebbles are transformed into equivalent cylindrical fuels by using Equivalent Cylindrical
fuel Model (ECM) for pebble type VHTR core analysis. A simple spectral geometry was
introduced to capture the- core/reflector spectral interaction and the equivalent cross-
sections are generated with the help of Equivalence Theory (ET). The number of neutron
energy groups and the group boundary was optimized for environment-independent few-
group cross-sections. In the second step, three-dimensional (3-D) diffusion calculation is
performed with the equivalent corss-sections generated in the first step for core physics
analysis and simulation. ’

Based on the two-step procedure, we are developing KAERI own VHTR core analysis
code system for both prism type and pebble bed type VHTR. Currently, we are using
HELIOS code for the 2-D lattice calculation in the first step but we are developing a new 2-
D lattice physics code LIBERTE. We adopted MASTER code as the 3-D diffusion core
simulation for prism type VHTR. We are also developing a new 3-D diffusion core
simulation code for pebble bed type VHTR. We verified our code system against many
benchmark problems with full heterogeneities of fuel elements such as prism type NGNP
problem, prism type GT-MHR problem, pebble box problem, and PBMR-400 problem. The
two-step solutions of our code system were compared with Monte Carlo solutions.
Comparison showed an excellent agreement between the two solutions.
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1.3.3 Thermo-Fluid and Safety Analysis Code System for VHTR

Jisu JUN

Korea Atomic Energy Research Institute (KAERI)
Yuseong, Daejeon 305-353, Korea
junjisu@kaeri.re.kr

Summary

This presentation intends to introduce the KAERI’s thermo-fluid and safety analysis
code system for the VHTR development. KAERI has planned to design the NHDD
(Nuclear Hydrogen Demonstration Development) system, which is the scaled-down
demonstration plant of about 200MWy, capacity for the nuclear hydrogen production.
The reactor outlet temperature of 950 °C is a target value and the inlet temperature of
about 400~590 °C and the system pressure of 40~70 bar are considered. The iodine-
sulfur thermo-chemical process will be used for the hydrogen production.

In order to apply this NHDD system design, KAERI has developed several kinds of
design analysis tools such as LILAC code for the CFD analysis, GAMMA for the
air/water ingress analysis, MARS-GCR for the system thermo-fluid and safety analysis,
MIDAS-GCR for the fission product/graphite dust/tritium transport analysis, and
HyPEP for the layout and plant efficiency analysis. These codes must have the
capabilities to handle the key phenomena of the VHTR design such as the radiation heat
transfer, the multi-dimensional heat conduction, the contact heat transfer, the graphite
chemical reaction and the multi-component gas fluid dynamics, etc., which are high-
ranked phenomena by PIRT analysis. The specific code characteristics, some code
V&V calculations and the application results are presenting the existing capabilities and
the future development plans of each code.

In addition, some experimental programs for the application of thermo-fluid code
models and code V&V are introduced. The SNU pebble bed core experiment has the air
“open test loop for the observations of a turbulent flow during the normal operation and a
natural convection flow during the accident condition. The contact conduction test is
installed in the vacuum chamber in order to exclude the effects of natural convection
and gas conduction. KAIST PCHX experiment has the purpose to obtain the
effectiveness, friction factor and heat transfer coefficient of PCHX. KAIST also has the
graphite oxidation test loop for the air-ingress analysis. This loop is available at any
time. KAERI is preparing the high temperature gas loop for the purpose of the thermal
fluid dynamics and plant dynamic tests. KAERI is participating in the international
experimental database such as TAEA and GIF programs for the code-to-experimental
benchmark. Finally, KAERI addresses the in-depth collaboration with JAEA for the
common benchmark of the codes through the information exchange of the software
technology and the existing HTTR experimental database.
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1.4 Session4 VHTR fuel and materials
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1.4.1 Overview of R&D on VHTR Fuel

Jun ATHARA, Syouhei UETA, Atsushi YASUDA, Hideharu ISHIBASHI,
Tomonao TAKAYAMA, and Kazuhiro SAWA

Nuclear Science and Engineering Directorate
Japan Atomic Energy Agency (JAEA)
4002 Oara1—mach1 Higashiibaraki-gun, Ibaraki-ken, 311- 1394 Japan
aihara.jun@jaea.go.jp

Summary

The high quality of HTTR fuel is shown. For the lst loading fuel, Average through-
coatlngs and SiC falled fractions were 2x10° and 8x107, corresponding the criteria,
1.5%x107 and 1.5x10*, respectively. Fuel performance of the first loading fuel of the
HTTR has been investigated. The fractional release of Kr-88 as a function of the volume
averaged fuel temperature was as low as 1x107® at about 1100°C (full power operation),
and in good agreement with the calculation under the assumption that no additional
failure of the particle occurred. Therefore, it was supposed that almost no addltlonal
failure was occurred during the irradiation.

The SiC fuel might be used in VHTR, however, the ZrC fuel would improve the
performance of VHTR due to its higher resisitivity to high temperature and the
corrodion by Pd than SiC. And now the ZrC coated fuel is been developed. First, We are
optimizing deposition condition for larger scale coater. In the previous research in
JAEA, ZrC coated fuel were developed with laboratory scale.Enlarging the coater scale
affects the quality of ZrC-coating layer, because the temperature un-uniformity of the
coating region become large. Therefore, the parametric tests, such as temperature and
gas flow rate, etc. are being carried out. Second, we are developing the inspection
technologies. ZrC is oxidized and do not form the passive state. So we can not burn the
particles to remove PyC layer for the inspection of ZrC layer. For example, plasma
etching technology of PyC is been developed now. Third, further irradiation data should
be obtained because present data is up to about 4.5% FIMA. Irradiation test of ZrC
material will be carried out in the framework of I-NERI collaboration between US and
Japan.
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1.4.2 Ovér View of VHTR Ceramie Materials Development in JAEA

Junya SUMITA, Taiju SHIBATA, Yukio TACHIBANA,
Tatsuo IYOKU, and Kazuhiro SAWA

Nuclear Science and Engineering Directorate
Japan Atomic Energy Agency (JAEA)
4002 Oarai-machi, Higashiibaraki-gun, Ibaraki-ken, 311-1394, Japan
sumita.junya@jaea.go.jp

Summary

JAEA has established the technological basis for HTGR. For metallic material,
since the maximum metal temperature of HTTR reaches 900°C, JAEA has developed
heat and corrosion resistant super alloy, Hastelloy XR. For in-core graphite components,
JAEA has developed the nuclear grade IG-110 graphite. It is fine-grained and
isostatic-pressed isotropic graphite which has excellent mechanical properties and
stability against neutron irradiation. The 1G-110 (IG-11) is a candidate grade for in-core
graphite components of VHTR. The 1G-430 graphite, advanced grade, is also a
candidate. Since neutron fluence and temperature of VHTR core are higher than HTTR,
it is necessary to evaluate the integrity of graphite components at such a severe
condition. For this purpose, development of damage evaluation method and
- accumulation of irradiation data are necessary.

From the viewpoint of lifetime extension of graphite component, it is important to
evaluate the degradation of them. The residual stress due to the irradiation creep,
temperature gradient and so on, limits the lifetime of graphite components and the
~oxidation damage due to quite small amount of impurities in a coolant degrades the
strength of them. We are now developing the non-destructive evaluation method, NDE
method, to evaluate the residual stress and oxidation damage of graphite. These methods
must contribute to extent the lifetime of the graphite components. -

As advanced materials for the VHTR, ceramic composite materials are candidates
due to thier excellent thermal stability as well as high strength. A two-dimensional
carbon fiber reinforced carbon-carbon composite (2D-C/C composite, CX-270G) has
been studying for the application to control rod element. Since the 2D-C/C composite
has great anisotropy in thermo-mechanical properties in with- and across- fiber
directions, it is necessary to consider the anisotropy for developing design methodology
and to develop the evaluation method for the anisotropic irradiation effects. It is, hence,
important to accumulate irradiation data of C/C composite at high fluence and
temperature as well as graphite materials. :

In the presentation, typical R&D results on graphite and C/C composite are
explained and irradiation test plans for graphite and C/C composite including possible
international cooperation in GIF are also explained.



JAEA-Conf 2007-005

14
(9022-%2 osuey oho))
JUBWIB|S PO [OJJUCD 10§
sadid eysodwios /0 G- *(2002)920-2002 Uo4LASOA-RITVE 1€ 30 ‘00eBOgL(g
: : 1519| steand y(z

{(1661)ES1-16 WHHAVE “1& 30 ‘ereysy (L

eURLE) O} Jenoipusdiag | (T) ‘ewiwe) o] j8|Rsed | (1)

(1) (L) ole29) . OleLe)

Tyee ezt vsl GL 08 (OF-w)AAnagonpuo ewisy )

(HeLzL~1y) (lg.01)  (M€L9~£62)
(oL F.w,_ osue} oAoy) TFIoL e 46'¢ ez 90'F  JUSIOYAOO LoISUEBIXS |eLuIBY) UBBIA|
HL1H 408 %20iq [en4 (g Lov $'9 (edo)sninpou s funcy
) . T768 69 &8 90t (edN)uBuURLS BnssaIdUIoD UBB)
Lo TE T8 .Amas_v.._,mcmhm a1su8) Uzo|
€9} 2:4% YA 8Ll (;w/Bp)Aysuep Aing|

| eusodwod 570 eqydess  eyydess aydeld

GO0LZXD O8Ol (XOd (0Ll

sjeliajew JIuUeLIad
jo sonsadoid jeoidA L

‘W 7 9O8 : 9ZIS LRI«
‘powiesB-3Ul-O}UNIPIR| -

ayydeil ¥xod
SeINIonas Moddns si0n <

(yavr) ux Aolieisey

‘Ybuags yBiy. ‘WHEZ: w,N_m uiel9.
‘oidonos). ‘pautesB-auig-

To% AGT)

syydetd gl -0

ﬂzws@a Eaa, SIOT

{seb wintjey ui ‘s1Up0001 ‘0,0001) 3504
UCISOLIOT. JO)E SMBIA JeUOII8S-SSO.LD)]

syusuodwod ayydeid

| 104 auljepIng ubisaq o
suydeid

opesb ybiy jo juswdojeasg e

feuelew ajydels

ofje J8dns JULISISAL UBISOLI0D
pue jesy jo wawdopasq @

WY ACTEISER)

[eusIep SHiEIom |

ZWlgz0L X G'L

WUzl X 8

souan|

COS-MAHLD

Yamoze HAMOROZ ~ 681

dn-uing 0100105 PoXId_

(A1eq 2109 ...

SW/AIN 6T CUHMA 8'G | AUSUBD IBMO | oo inssosd o
103089y
HIIH MIHA plows saddn”
elep uonetpen| eysodwod DIS/OIS fo uowsie
ABojopoyiews ubiseq apsoduwod D10 HOO8 Aally pod jouod
(pooueApE) OEP-OI (oL
uolIsuaixe suwnall A0109[49;
. M o m..ﬁmw._ (Arewud) | -©1) euydesd opesb oou w:m
1ep uonetpe.l| (L1-9D0LL-9 Jeajonu 01donos| 01q 194
asy 1 o He JueUOdWwod




JAEA-Conf 2007-005

a)sodwod /0 Uo Yoiessay 'z

sjydeis) uo yolesssy '}

sjuajuoy

*(2002) #8£68-¥LANODI 30 SBuIpaadold

(%) uiens
€0 0 ro 0
. 50
SEBALY
o
z
=]
3 888435
s | 480 18I0y
s0 &
& a0.44 $880)8
&
2
=2
Ao eopARUY P = 4[]
(wowiadxd) anjeA uedl : O

‘_om>m:®o_m.~~=aw?vmo=
UcREIUSPUl SU} SID0KE UORIPUOY $S048

UOGIPUOS BHELST JSPUN SUSRBIDULA

DUCS SAISSEIMUOD ISPUN SOSBRINGE A

yidep uoneuepUl BYL

poyleil UcI}eIUSPUI-0IDIA

paoy

syusuoduwos ayydesd
2Uj JO UOISUBIXa
Sulgey] syl sINGIUCH

yoayo Aubajuy

Spoyjew IQN UoHESIAdY
U000 U saundwe

yBusns syl sepeibap sbewep uonepixO

.n.....m ‘quaipesd ssmessdwaj. ‘daaid uoneipeL] »

syusuodwos oyydeid 10 swiay] o) SHWY SSBHS [BNPISSY

S]USUOdWI0D B3Iydelb 40} «
spoyjews AN o Juswdojersg  ({

m,zonEoo DJD uo yoiessasy g
suydesb uo yosieessy |

sjualuey




JAEA-Conf 2007-005

42
039 ‘31D
‘ANARSNPUCS feuliay) ‘yibussys Buipusq ‘sfueys [BUOISUBUMP | UojRUILIEXT
~ LL0Z : MBS 1S3} SouBjfioaIng

$)%201q ‘suswioedg

SNUdeIB g LLH JO 1593 SOUB[IOAING <

'039 ‘OUVNVH ‘SISO ‘NILLId “d4iH

419 Ul 158] UoheIpeil] <«

‘938 ‘1D ‘ABAnonpuos jeuusyy ‘Yyibusns Buipuaq ‘@Bueyd jpuoisusulp : Jid
~ GLOT : MEls Jid

(9042-x0) eysodwiod 312 (0cy-O1 ‘011-91) onydesB : jeusjely
(r362<3 ‘ZWIU) o201 X T~ : @OUSN}H ‘D,0001 : SInjesedway

~ 800 : M€} uoyelpeLl}

OO BUISH 358] UOHEIPELI] <

}Se) uoijelpelll 10} uejd

(d) wbuens Bupueg
osLom o 00b aa o8 o
[ T o

9202°%

i
el aAREIRUING

EJNT6 © UIOUsIiS padipaid

&) AungeGodd 2o

s:als
¢ s e

prlresleig
g

EJNH 001 UibUsIis Buipusq juicd-eoiy;y UBSH

(e

200

£ 09\2
(@ %&gﬁ,ﬂwm =y @ggﬁ@»wm % =% ?E%@.E Wq =Y

spow m:Eomt 1eays pue aaissaidwod ‘efisus) Joy ainydn Jo st : Ty Py Ty
(1) W=y
9y - yybuays Buipuaq iod 881y} 1o} 8anydni JO Ysiy

uonsipesd yibusys Buipusq uiod iy} o) uopesyjddy
Aiosul jsu cc_umm,Eou 9y} U PosSE] : [SPOUl 8injoeid

Ll

jlun uogeIpeL)

(sonueiss opseidliadng)
OISIONS 010 sleuR)BN

/ a4 Bupoeuuoe
/ pos Bup ?

YIESYS pod [ORU0Y

_ JuRLIRe PO JORU0D JO 00

e AV~ = |
e @I PURYS UOHEIPEL]

e A0SO adidpuris

ALLH .
Aq 3593} UolRIISUCLDE

188} UoIRIISUOWa .

2pos ubisap [RANISNIG.

(308ye uoneIpELA Ylim) [epowt uoioipaid Ybuang.
BlEp uonepRl.

ABG[opoUIsi UBTSSP Jo WISUIUOBASH Y

UBLIBIS POJ [0NU00 0} apsodwitn 90 uojeaddy
(90£2-X3 osue} ofol)
JUSUISIS PO [OLUOD 103
sadid aysodwod /3 a-Z

AOCIOEUE TE6I0 S0y STEoUies 5503 g

ss9001d pue 156 UoREdUIGE]

{osuey OAOL) DOLZ-KD susodos D/5-AL
930 ‘spsodwos DIg/HISe ‘@usodwod 1) -

[elelew slsoduiod SoILRIDY

iusuwIeje pol [0l3U0D 0}
eisoduwes 99 jo uocesnddy

poyjeouw uoipsipasd yibusiig



JAEA-Conf 2007-005

€l

"H1HA 10} sjeusiew

eysodwiod pue ayiydeld jo sueld ucpelpel: sey Yl A
-uonesijdde juswsie poJ joU0D 40§ SjeLislew

sysodwiod Jo ABojopouyisw ubisep Buidojeasp s| yIyr »

‘sjusuodwiod eyydeld JO uoisusxe 8yl ey}
e wie 01 1o BuiALED SI POYIBLI SARONIISSP-LUOU UG ADN)S 4

0Li-9l
sjeusiew suydeiB pue yx AojjeiseH sjeuSiew oljjelew uo
SY9O 1 H .o} siseq [edibojouyoe} sy} payslioeise sey yayr

Arewnuung




JAEA-Conf 2007-005

1.4.3 Development of HTGR Fuel Technology in Korea: Current Status

Choong Hwan JUNG, Ji Yeon PARK and Young Woo LEE

Korea Atomic Energy Research Institute (KAERI)
P.O. Box 105, Yusung, Daejeon 305-600, Korea
chjungl @kaeri.re.kr

Summary

In the HTGR fuel technology development, R&D of technologies relevant
to the TRISO fuel and component materials is one of the important tasks in
the respect of reactor safety.

KAERI has been devoted to develop the fundamental technologies for
TRISO coated particle fuel, which include the fabrication of uranium
kernels, coating technology for buffer, IPyC, SiC and OPyC, and for their
respective material characterization. This presentation deals with the R&D
works currently being carried out for -the development of fabrication
technology for coated particle fuels, including the previous feasibility study
and experience on the coating technology. It also deals with the fuel
performance model and analysis code development and the preliminary
studies on the design of irradiation test device and PIE of coated particle
fuel.
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1.5.1 Development History of Hydrogen Production Technology in JAEA

Ryutaro HINO and Yoshiyuki INAGAKI

Japan Atomic Energy Agency (JAEA)
4002 Oarai-machi, Higashiibaraki-gun, Ibaraki-ken, 311-1394, Japan

hino.ryutaro@jaea.go.jp

Summary

As part of the development of the hydrogen production processes, laboratory-scale
experiments of a high-temperature electrolysis of steam (HTES) had been carried out
with a practical electrolysis tube with 12 solid-oxide cells connected in series. Using
this electrolysis tube, hydrogen was produced at the maximum density of 44 Nem’/cm’h
at a electrolysis temperature of 950 °C. Thereafter, to improve hydrogen production
performance, a self-supporting planar electrolysis cell with a practical size (80 x 80
mm’® of electrolysis area) was fabricated. In the preliminary electrolysis experiment
carried out at 850 °C, the planar cell produced hydrogen at the maximum density of 38
Nem®/em’h, and the energy efficiency was almost as high as that obtained with the
electrolysis tube at 950 °C. However, both electrolysis tubes and planar cells did not
keep their integrity in one thermal cycle. Durability of the solid-oxide cell against the
thermal cycle is one of the key issues of HTES.

In the presentation, the history of HTES development including its experimental
results is explained and the reason why should be discontinued the HTES development
overview of the HTTR project is briefly given with emphasis on the return on the
-investment.
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1.5.2 Status of IS Process Development

Gab-Jin HWANG and Ki-Kwang BAE

Hydrogen Energy Research Group, Korea Institute of Energy Research (KIER)
71-2 Jang-dong, Yuseong-gu, Daejeon, Korea 305-343
gihwang@kier.re.kr

Summary

In Korea, the Nuclear Hydrogen Development and Demonstration Project have
- started since 2004. Among thermochemical cycles to produce hydrogen from water, IS
(Iodine-sulfur) process was selected to connect to VHTR (Very High Temperature Gas
Cooled Reactor). In the KIER (Korea Institute of Energy Research), IS process is under
investigation with KAERI (Korea Atomic Energy Research Institute) and KIST (Korea
Institute of Science and Technology). IS process composes of three main reactions,
sulfuric acid decomposition, Bunsen reaction, HI concentration/decomposition. Electro-
electrodialysis(EED) method is used for concentration of HI and membrane reactor is
used for decomposition of HI and separation hydrogen from HI simultaneously. These
two methods are focused to improve thermal efficiency.

The small-scale apparatus built up in Nov. 2005. The apparatus was designed to
produce hydrogen at the maximum rate of 20N£ /h, and is made of glass and Teflon.
The operation is carrying out at atrnosphere condition. In the small-scale apparatus, the
area of EED cell is about 600cm?’, and 13 numbers of membranes (membrane length,
15¢m) pack in membrane reactor. Two membrane reactors were connected to a series.
The closed-loop operation was started in May, 2006.

It is carry out the basic research in pressurrized condition for three reactions to
design a laboratory scale apparatus (1INm*/h) which made up metal material in .
2006~2008. The lab.-scale apparatus will be built up in 2009, and the closed-loop
operation will be carried out in 2010, 2011 to acquire knowledge on process control and
to establish the detailed process scheme required for the scale-up experiment. The
laboratory scale closed-loop apparatus (reactors, separators, heat exchanger line, pump
etc.) will be fabricated using the materials selected
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1.5.3 Overview of IS Process Development in JAEA

Kaoru ONUKI, Shinji KUBO, Atsuhiko TERADA, Jin IWATSUKI, Hiroyuki OKUDA,
Seiji KASAHARA, Nobuyuki TANAKA, Yoshiyuki IMAI, Hiroki NOGUCHI,
Nariaki SAKABA, and Ryutaro HINO

Nuclear Science and Engineering Directorate
Japan Atomic Energy Agency (JAEA)
Qarai-machi, Ibaraki-ken, 311-1393 Japan
onukikaoru@jaea.go.jp

Summary

JAEA has been conducting research and development on thermochemical IS
process for hydrogen production from water. Laboratory-scale hydrogen production of 1
NL/hr was completed in 1997, where closed-cycle operation conditions such as to
suppress the occurrence of side reactions was demonstrated. In 2004, bench-scale
hydrogen production was demonstrated for one week with the hydrogen production rate
of 30 NL/hr owing to the developed methodology for controlling the closed-process and
to the developed process monitoring methods. As the next stage of process development,
a pilot test is under planning, where hydrogen production will be demonstrated by a test
apparatus made of industrial materials using an electrically-heated helium ‘gas as the
heat source. At present, various studies are under way for the pilot test, which covers
development of components, development of codes, etc.

— 125 —



JAEA-Conf “2007-005

FIv ON 1006d G002 S8 PO UEGeT BUmTIS L S00e a0 16 901 T8 10 00T S 1og

“Uoloeas Uasung eu} j0 10100 8t Jo) padojsasp.

S15M 7010 SI010319P DIUOS-ENIN UIIM LBISAS [0UO0 OHBLICINY

S Tu) ewir ) uoessdo

(£664) 10041 o uogEOyLioN
(ur11).389:1 ofeos-ge]

00¢ sl 004 0S 0

{(+002-6661) R
Js0 ), sjeas-yousg )

aunssaid ybiH
‘sjeLoew [euysnpuy ‘bunesy oH

[wN] uononpoid “o “H

: : , 9
OdM| 104 Y/ INLE €0 4O 8jes uononpoad
uaBoIpAy ayy ypm pasiyoe A)|nysseoons
sem uolonpoid uaboipAy snonuiuol

{pagz ‘sunf) UOPSNPOIY
usBoiphp jo vopepduios

€ PLYON 390B4 "G00 "€} 6 100 "UBder "eqmins | "G00 TVAOTO 0ld TIe 1 0any g (=Y

n uononpoid usBoipAH

o

+[ay] ewit uopesado

(] 634 0g 0T ot 0
0L T T T 3 0

Jojoeal ussung
ihey bl s &
(1tosodwiodsp proe ouUNYNs)

3un uononpoid uabAxQ

z
- 1 o]
G ‘ ia__iias

3 3 102

H 10 uopniong

©
[
P
zO’S’Z

Fluctuation of Process Solution [%]
o
o~
=3
~
Nl

H vo.SmE {01300 $560010

(7002-6661) 1501 4o

*** pue }sa] youeg Jo Sjnsay

VIvr je sise} uononpo.id usboipAl

(ousyio%8) O%H 2050
UoROLAL UBsUNg b w —_0
(POSHHHZ < OTHZ+CI+C0S )
3 —_
He| T 9
2050 o
208 5
uonisodiioosp Z ®
2pipot LeBoIpAR OH -+ 009 arm.
(4% =
YosZH -
7 205 0+20S+0%H = YOSCH
i (oussLopus) -- 0001
, Bk . uoiisoduoosp POE JUNNg

s

$$800U4 S [BOIUBYOOULISY |

Jojem wouj uononpoid usboipA

{(vavr) Aousby ABisuz sjwoly uedep
ojei0}oaii(] Buuissuibug pue 8ousIog JBsjonN
uoisiaig ABojouysay jesy peljddy tesjonn
ouly o pue
‘egees "N ‘iyonbop “H ‘1ew] " A ‘eMeus ) ‘N ‘BiBUESEY 'Q
‘BpMO "H ‘Mnsiem] " ‘epeIsL Y ‘aqny] "§ ‘DINuUQ "M

"900Z ‘0£-82 1snbny ‘leieg
“Bupesyy sBuRYOXT UORELLIC/] RIFVM/VIVT ISL

vavrie
juswdojaas(g $S920.1d S| 4O MBIAIBAQD

— 126 —



JAEA-Conf 2007-005

saff 6H

5,000~
1
__}iomndsg 4as0d %no%m
{+iH) AH
0.08%-~ rost

‘Suonpuod Lonelado Yo I H
pajeinuis fopun uononposd ueBoupAy snonupuOd WU 03 pue sjusuodwios ayy dojpasp o

(edwz o3 dn) i (edINg 03 dn) alnssaid sseo0ud [EDIWOLO
ainssaud ubiH ; aunssald ybiyy oLaydsouny 40 8Inssald
; (pa1e0d .O_wv. SI0)1088. [BOIWBYD
[eusiBUl [Basnpul ijeueew jelusnpuy mmm_o. 30 jelorei
(MO Ye9Y JedoNN) | (MINF0 J9Jesy [ED1109]T)
seb wnijay ypm seb Wnifey ypm' | Jeyeay jeoLyos(g Aiddns jeapy
JoBueyoxs jesH JaBUBYOX® JeoH . .
! : it . a)eJ uononpod
Y/eW 0001 ~ : :\WE oml o UleW €0°0 ~ LaBoIPAL
UONEASUOWSP JBsoNu o
<) 1} 1 189 8|e0sS-yous
1554 SIMLLH ,._w L uo\.,m i 180 8jeos-yousg

SQRY JoUi0 pue smeledde )$8) oeos-4ouaq By LM PILIR)GO
MOY-MOUY pue sy nsai 359} Lolonpold usBolpAy au) Jo siseq sy UQ

1s8] Jojid : dejs }xeN

Io uojelodens
8 uoneausouos

‘uoyesodensad Jo SISAJRIPO1OSIS

‘(4eqpz ‘Be) sunssaid pajeas|o je

‘101081 BuBIqUOW AQ
UOISIBAUOD ssed-auo sy} aoueyug

AQ "UJ0S X|H S} 8}BJJUSOU0DBIY
uonesedas auelquisiy (g)

“UWN|OO UORE(ISIP BU)
U1 uopisodwoosp ey Jno Aued

ujos X H
uoisodwiod oido.joeze sy} YIS : :

uone|isip eAoeey (z) ,

(6l1 0PI H) poe
DIPOUPAL Jidoyoeze.
10 uoiERSIp B 10}

uaping Ieuiagy abie] /

<SWwiejaold>

YOd®H yim adonosze ay) Aonseq
uonejsip sagoenx3 (1)

<yoeoiddy>

‘988 UBsLNg |
UOREINSIA - o1y

‘UOIJONIISUOS JO SjeLidjel 8y} Jof Sy

‘uonponpo.d L pusioiye Jo-f

127



JAEA-Conf 2007-005

. YOI POSTH—TY

\\ 7
190N0 aH

WGz 9
e

(nyhesses -
a

%9019 OIS

olu oY
\
\

jepno
. "OSTH

"(9002) -89 (1)5 'weder 00 ABiouz 1y "suei "1 10 epesaL v (o

wg')

1ol FOs®H

. |9SSaA aInssald

. uoje[nsul [euLsy L

& PIUl oH

sesodwosea 'osH: spuaUoduwIos jo yuswdoforsg

128 —



JAEA-Conf 2007-005

1.5.4 Corrosion of Selected Materials in Sulfuric Acid for IS Process Application

Dong-Jin KIM, Hong Pyo KIM, Hyuk Chul KWON, Han Hee LEE, Woo Seog RYU and
Yong Wan KIM

Nuclear Material Technology Developments Division
Korea Atomic Energy Research Institute (KAERI)
P.O. Box 105, Yuseong, Daejeon, Korea, 305-600
djink@kaeri.re.kr

Summary

Some results of corrosion test for various materials in liquid sulfuric acid were
presented. According to JAEA and GA reports, they recommended Fe-Si, SiC and SizNy
as candidate materials in concentrated sulfuric acid of high temperature. However, there
are some limitations for these materials. Ceramics such as SiC and silicon nitride is very
brittle. Therefore, optimum material should be still found(or developed), considering
corrosion resistance, machinability and so on. For this goal, various materials were
tested by using immersion method and polarization method at KAERI.

In boiling 50wt% H,SOu, Pt, Ta, Zr and SiC showed excellent corrosion resistance.
In boiling 98wt% H,SOa, Fe-Si and SiC showed excellent corrosion resistance while Pt
and Ta showed intermediate corrosion resistance. From the corrosion rate for Fe-Cr
alloys obtained in boiling 98wt% sulfuric acid, we found that the corrosion rate was
decreased with the Cr content. The high corrosion resistance of the Fe-Cr alloys in most
environments is attributed to an enrichment of the Cr in the passive film on the Fe-Cr
alloys. In spite of Cr enriched passive film, corrosion rate is still too high for application.
From the corrosion rate for Fe-Si alloys obtained in boiling 98wt% sulfuric acid, it was
found that the corrosion rate was decreased with the Si content leading to the conclusion
that Si is essential to corrosion resistance in concentrated sulfuric acid of high
temperature. :

Corrosion rate of Fe-Si and SiC decreased with time and finally the weight gain
was observed. From the surface composition analysis, it was observed that the
composition of the specimen after corrosion test includes oxygen meaning that passive
film is formed in corrosion environment.

From the polarization curves for various alloys in 30wt% sulfuric acid and 50wt%
sulfuric acid at room temperature, the measured current density decreased as the Si
content increased. From the analysis of the polarization curve, through the stable
passivation, the smaller passive current was passed with the Si content leading to low
corrosion rate. Using polarization test, corrosion behavior of various materials can be
evaluated and hence the materials can be screened easily as a function of the
temperature, concentration and impurity.

For commercial plant which is operated for a long time, energy efficiently and safely,
the material having corrosion resistance and ductility or toughness should be found with
much effort. So, a collaborative research will be needed for this goal. Collaborative
research can be a kind of periodical information exchange, round robin test for the same
task or complementary research having the separate tasks.
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1.5.5 Ion Beam Enhanced Adhesion of Ceramic Film Coated on Metallic
Substrate and Its Applicability to Nuclear Hydrogen Production

J. W. PARK, Y. W. KIM, and J. H. CHANG

Korea Atomic Energy Research Institute (KAERI)
150 Dukjin-Dong, Yuseong-Gu, Daejon, Republic of Korea
pjw@kaeri.re.kr

Summary

The effects of ion beam mixing of the SiC film coated on metallic substrates were
studied, aiming at developing highly sustainable materials at above 1173 “K in SO3/SO,
ambience. Firstly, ~50 nm thick SiC films were deposited by e-beam evaporative
method on stainless 316 L, Inconel 800H, Inconel 690, and Hastelloy X substrates,
followed by the 100keV N ions bombardment to mix the interfacial region. After ion
- beam mixing, additional 500 nm thick SiC film was deposited onto the ion bombarded
SiC film. Samples with and without N ion beam mixing were immersed in 50% H,SO4
solution for 1 hour with heating the solution up at 573 “K. The film in the as-deposited
sample was completely removed during the immersion, while the N ion beam mixed
sample exhibited no detachment of the deposited film. The corrosion of non-ion-beam-
mixed sample initiated from non-deposited metallic surface and then propagated to the
film deposited region, flaking-off the film from the edge. The interface formed by ion
beam mixing seems to be protective against the corrosion. The SiC film/metallic
substrates were heated up to 1223 “K. The film deposited on the stainless steel substrate
was completely peeled off, while the films deposited on Ni-based alloys all sustained.
This is due to less difference of thermal stresses between the SiC film and Ni based
alloys than between the SiC film and stainless steels. The best materials combination in
our experimental scheme seems to be the SiC fim and the Hastelloy X, because their -
thermal properties are more similar than for the other materials combinations.
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1.5.6 Corrosion Test Results Obiained under H,;S0,

Nobuyuki TANAKA and Hirokazu SUWA

Nuclear Science and Engineering Directoratem
Japan Atomic Energy Agency (JAEA)
Oarai-machi, Ibaraki-ken, 311-1393 Japan
tanaka.nobuyuki61@jaea.go.jp

Summary

The IS process uses corrosive chemicals such as sulfuric acid and iodine under
high temperature up to 900°C. To construct a pilot test plant, it is necessary to fabricate
chemical reactors, pipelines etc. by using corrosion resistant materials. In JAEA and
other organizations, corrosion tests in IS process environments have been carried out
using test-pieces of commercially-available materials. These tests clarified the
followings. In the gas phase, and in the sulfuric acid and iodine environment, as well,
refractory alloys such as Alloy800 and MAT21 show relatively good corrosion
resistance. In the liquid phase, no alloy has been found which shows enough corrosion
resistance in the liquid phase conditions. Materials that showed good corrosion
resistance are exotic materials such as glass, Ta, Zr, and Si-SiC.

From the corrosion point of view, biggest issue in the construction of pilot plant
lies in the fabrication of sulfuric acid decomposer. The component handles concentrated
sulfuric acid solution of around 90wt%, at the temperature of 200 to 400°C, under the
pressure of 2MPa. Concerning this problem, we devised a concept of the decomposer
featuring ceramic heat exchanger made of silicon carbide. Thermal stress analysis and
test fabrication of the ceramic block has shown its feasibility. However, there still
remain hurdles concerning the materials to be used in the pipes and headers which
contact with hot sulfuric acid. _

For evaluating the corrosion resistance of candidates, we are using a special
autoclave which can examine the immersion tests in high temperature acidic solution.
We plan to examine the immersion test in high temperature sulfuric acid (90wt%,
200~400°C, 2MPa) by using the autoclave, and to complete the tests within this fiscal
year
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1.5.77 Design of a NHDD Simulated Gas—L(mp for Test of Various SO;
Decomposers

Yong Wan KIM, Sung Duck HONG, Won Jae LEE, and Jonghwa CHANG

Korea Atomic Energy Research Institute (KAERI)
P.O. Box 105, Yusung, Daejeon 305-600, Korea
ywkim@kaeri.re.kr

Summary

Very high temperature gas cooled reactor technology and IS cycle
technology are being developed in KAERI for a nuclear hydrogen

production system. The decomposer is a key interfacial component which
~ transfers the heat generated from the nuclear reactor to the hydrogen
production loop. This heat exchanger operates at an elevated temperature
condition with the corrosive environment. The pressure difference between
loops is one of the technical items to be solved in the design of the high
temperature process heat exchanger. The heat exchanger is a plate-fin type
exchanger in which the plate of Ni-based material is coated with SiC and ion
beam mixed to enhance the corrosion resistance. A small gas loop with the
capacity of 10kw power test was designed and under construction to
investigate the characteristics of the innovative process heat exchanger. The
gas loop consists of major components such as graphite heater, gas bearing
circulator, hot gas duct, and cooler. Nitrogen gas is used for the primary loop
coolant. A complete loop including secondary loop will be constructed till
the end of 2007. The structural integrity of the coated layer and some of the
preliminary thermo-fluidic characteristic will be investigated in the test. On
the basis of the small gas loop technology, a middle sized helium loop of
150kW power is planned be constructed till 2011 in order to perform
fundamental thermo-fluidic test and the functional test of the key
components.
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1.5.8 Sulfuric Acid Decomposition Process Development in Korea
K.D. JUNG and H. KIM

Division of Environmental Process Research
Korea Institute of Science and Technology (KIST)
P.O. Box 131 Cheongryang, Republic of Korea
jkdcat@kist.re.kr

Summary

Key technology Development of Sulfric Acid Decomposition was carried out.
Catalyst development was investigated for SO; decomposition and H,SO4
decomposition. Target of 2006-2009 is to develop sulfuric acid decomposer for
production of 1000 L/h hydrogen. SO; decomposition catalysts were selected in the
mechanistic point of view: 1) metal sulfate formation and 2) metal sulfate
decomposition. Firstly, metal oxides were selected in thermodynamic calculation.
Secondly, metal oxides were selected by TPD experiments of metal sulfates. However,
the formation and decomposition of metal sulfates was just prerequisite condition for
active catalyst screening. Turnover frequency of metal oxide should be considered
further. After selecting metal component, it was supported by various refractory metal
oxides such as Al,O3; and TiO,. In activity TiO, was active less than Al,Os, but expected
to be stable more than Al,Os;. Multicomponent catalysts were almost developed and
structural modification will be done to enhance the stability of catalytic systems. For
high pressure experiments, pt-lining reactor was installed. The sulfuric acid
decomposition experiments will be conducted in high pressure reactor. SO,-O,
separation was studied to control release of HI and I, in Bunsen reactor. HI and I, is
harmful as well as expensive. Therefore, the release of HI and I, should be prevented
perfectly. Various absorbents are prepared and tested. Because temperature ranges of
120~ 500 °C can be available for SO, and O, separation, if the separation process would
be well designed. On the other hand, in-situ analysis tools and algorithm are studied to
monitor and control streams of sulfuric acid decomposition.
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1.5.9 R&D on Sulfuric Acid Decompeosition in JAEA
Hiroki NOGUCHI, Hiroyuki OTA and Ryutaro HINO

Nuclear Science and Engineering Directorate
Japan Atomic Energy Agency (JAEA)
* Qarai-machi, Ibaraki-ken, 311-1393 Japan
noguchi.hiroki@jaea.go.jp

Summary

JAEA has been conducting R&D on thermo-chemical Iodine-Sulfur (IS) process to
produce hydrogen using nuclear thermal energy of high-temperature gas-cooled reactor
as the heat source. The hydrogen production method can produce large amount of
hydrogen effectively without emitting greenhouse effect gases such as carbon dioxide.
JAEA plans to proceed to the pilot test with the hydrogen production rate of 30Nm’/h as
the next step of process development. The IS pilot-plant will be constructed using
practical industrial materials and driven by high temperature helium gas of 4MPaG.

In the plant, sulfuric acid (HSO4) decomposer is one of the key components, with
which H,SOy is evaporated and decomposed into H,O and SOz under high temperature
condition of up to 500°C. The decomposer is exposed to severe corrosive condition of
H,SOy4 boiling flow. We proposed a new concept of the H,SO4 decomposer which was
equipped with a counter-flow type heat exchanger consisting of SiC ceramic blocks.
Pure gold gaskets are used as the sealant between SiC blocks. SiC ceramic and gold
exhibit excellent corrosion resistance under high temperature H,SO4 condition.

'3-D thermo-mechanical analyses indicated an enough mechanical strength of the
ceramic blocks under the high pressure and high temperature conditions. Also, the
satisfactory seal performance was suggested by a test of simulated model under 500°C.
Based on these results, a mock-up model of the decomposer, especially the ceramic
blocks section, was test-fabricated and its mechanical strength and seal performances
were examined against horizontal loading simulating earthquake motion. Structural
integrity and fabricability of the H,SO4 decomposer were confirmed through the
~ successful completion of these tests.

A H,S0, Thermal-Hydraulic Test Loop was fabricated for measurement of heat
transfer characteristics and examination of the H,SO4 components. We measured boiling
heat transfer coefficient for H,SO4 and selected Stephan-Kérmer correlation for the
prediction of heat transfer coefficient. We operated the test loop for one year without
significance troubles and accumulated knowledge relating to the operation and the
maintenance of HySO4 components.

— 161 —



JAEA-Conf -2007-005

Jesodiucoep
1 %)) mc_iww uopeIswnAsul pue sdund ‘seajes
‘sadid se gomm wE@EQBUm 0 &_Emo__o_am 10 WIRUoS 0] @

ol 1BISLI00 IBJSUE) 1BSY JO LOHB[OSG
pue “ajsuen jeay Buliog 10 uBIBINSEOA «

z

ol Buiiod YOSPH o g0 UBISBp JEso SNEW O @

~Aujgeatige «
“pue ‘edsueuliopad |B8g ©
Aubaiul [BINonag
T aanjonis sebueyoxe
1esy epewW-0IS 10} Alfiqises) Bumojo) Wiuos 0] @

i T T OR S I0% PR N o8 PO SRy T T8 1T Gpeior Y e

‘soueuLIopad YIBUSLS [eIIIBYDBLL PUB JOURISISOI LIOISOLI0D
JUB|BIXS SBY YOIYM ‘DOYSIQEISS SBM JUEIS DIS O apeuwt |
1abueyoxa yeay 8dA} %00jq e 0 1deoU00 Jasoduiodsp mall

{00 LOISONND IBAIG w
anssed ubit .
sinjeladuse 4
SONSIRIRIRYD

i

uemaqﬁoa@c YO8%H 0 ?&.S Awme N0

[ g7 17fnd gre1Qu

ﬁm H -

Joddng

Gopnopaig) | gt

Sarpeiadiua |
Tupdibis ¢y AR MO

{oednlz, BINGSDI
sesoduignep

YO 10 uom
sdiiie) yBi

YOS 0 U

Flesizay

uesung V\Wncmncao uooap
(s
w mn»%.m : 0%
\.. J LS )

!

‘

(uedjofd)
szeooud ©1 30 WebaIp Mol

U "Y ‘810 °H ‘IpnBoN ‘H
dnois) ABojouyds] sse20id ST

'v3v( Ul uonisodwiodaq
PV 2uNYINS Uo By

ABojouyde | uaBoipAl JeSiNN PUL YO LH U
¥ BUBYONE UOBEWLION BV RV ISL

162 —



JAEA-Conf 2007-005

TOLESNS * feleIBy

Do 0€ UBY) 580}
©9Je BINEISdWs) Mo

XS ! leude

D00€ PuB De0E UBDMBY
eale ainjelodway ybiH

dwnd rea9

sjue) dwng

el

R B—

sue) uoisuedxsy

®
UoNoas 58}
Buyog

©O0)
abneb ainsseld @d)
8wl MOl &)
s|dnoooussoy L @)
DO) obnep [ere @)

opinbry
%M 0658
(U g xeu) uw/ Lo
(98dING6'0 XBW) DBJNGE'D

D0 026708

donyisay juenotuc)d

UOHIPUOD
*OSH
: 2121 MO|4

eInssaly

ametedwa |

$$9RINSERIL {0 U

ettty

“358] U] Papse:

S e . ; ;mwoa&ouww
@é owmc_?@w co_um«cmegwc_‘v:m sdwnd ‘seajga
‘sadid se yons sjuswidinbe jo Alligeodde jo Wiuoo'ol e

UOHE[BLI00 JBlSURI JBBY JO UORIDIS =
pue ‘Jejsuel; jeay mc___on_ 10 JusuiBINSEa o

= mojl Buijiog *OSH uo m:ﬁ:o ubisep Jeso 8Yew ol @

o 3;5&93@& .
pue mo:mEl_otma, [86G «
.Ecmﬁc_ [eImonng «

St elnponas Jebueyoxe ,
reay mvmewo_m (_o% b__ﬁ_mm& mc_\so_.o_ ,Ek_ccou 0 he ,

T TR

(RlOD) xS

163



JAEA-Conf 2007-005

i ,m._ma,o tuie ,m_\_.a. pue ﬁ:EmEQEﬂ:.m,wonEoo ..,dm«_..“ 1o 8saURHNES AtoA 01 BARRlag

1BOCUINORP 1

Te DOV-00} | @amRIRdWB | 'GBINT | BINSSBIY "LINGE-0G

Jasod!

T 2,000~ |
R sopeDs
Y

tesung

SESUBPUOY

o

o

LR
o8

SOHWOEN

K

iesodwosep
- a1 0} Buies uogeuswnagsu pue sduwnd ‘seaea
‘'sadid se yons siuswidinbs o Aupqeoydde jo LWIUCO 0] @

- (quegd jopd

)

8560010 Q1 J0 WeIBRIp MO

TR o i g s i e

¥ R A W S RV

mauE UORNIOS O] SOBHNS J8jedy JO SOUBIOYIP dunjesadwo ]

|

%0 JO ADBINCOR UB LM " 6e oz oL
SYNSSL [RUSULedXS Dpeld pInoD . 4 . 0L
S4B ARUY JO) UOIIBIBU00 BYL w%_m Mwsu
(%IML'68: "DU00 PIOB DUNjINg
uoPRIBLIcS Jsupy-usydss | L JOWON ~ cmmwmym .
LT A £

3
el - EMEXUSIN
, A _
01

g Jo uosiedwon

(/i) isioyeoD tejsuel]. 1esp Bugiog

UONBIBL00 I8]SURL) JE6L JO UORODIeT

pue “ssues) eey Bulliog JO JUBWISINSBA »
: moy Bugiog YOS H uo eueld ubisep Jesio SEW O] ®

. 3, IGEDUGE »
pue ‘eougulioped [eeg .
SA3aBeIUL [RINIONAS -«

; aumponys sebueyoxs.

Je3Y PEW-OIS 10} Ayjjiqrses) BUIMOlio) WIYU0d Of @

— 164 —



JAEA-Conf 2007-005

. ‘ubisep E@Q@Qﬁ ssoooud gf
BU] O] PRJOBYSI B [fIM JSO] BSOUL JO SJUSLLIBASIYDE 8}

vepd einpng

glin

‘ dooT 388 oynelpAH-euneyy "OSTH
au Jo uopessdo sy yBnoiy pelenuwinooe uesy sy sjuauoduos
ploe ounyns o soueusiuEW pu. vojeiado 0] Buelel ebpemoue

SUNDULL JRIBM-TOSTH 1O JUBIDIR0D JejsuRs
1eay Buliog jo vopoipesd Jo} igelieA ST UOHRIDL0D IR -IBLdeIS @

“weidond g eyt Jof Jesoduionsp YOS
BUF {0 {epoUl dNn-4o0W SUJ4C UOREOLIAE) 188} SU} UBNOM PalLIyUc
ssem sesodwoosp YO8 10 Alngeouge) pue AuBe NS e

B S 7 e o e e e L S S e R A R e ) B S R e R N e R

D6 0 Uy} 550
e0ie aineigdwD) MO

04008 PUE D0 WOOMOA
ase uiciadin) Wil

dund 0 -

pinbr
%M 06~ 58

(WA Sz xew) uwrL o
{92dIs6'0 Xew) Sednse 0
- 00028-08

 Jo—

£00]
obned onssod &)
o1 MOl (33)
sidnosoway ) @

o) eBnes o1 @)

UORIPUOD
Yos™H
)l Mo[4
aunssald

aimesadws |

— 165 —



JAEA-Conf 2007-005
1.5.10 Catalyst Test of SO; Decomposition

- Yoshiyuki IMAT and Akihiro KANAGAWA

Nuclear Science and Engineering Directorate
Japan Atomic Energy Agency (JAEA)
Oarai-machi, Ibaraki-ken, 311-1393 Japan
imai.yoshiyuki@jaea.go.jp

Summary

SO; decomposition reaction proceeds endothermically at the highest temperature
condition in the IS process, in which catalyst is required to attain practical reaction rate.

This study shows the experimental results of catalytic decomposition rate
obtained by Pt catalyst supported by ALO; (1wt%Pt/y-Al,O; ). Experiments were
carried out under the rated operational temperature of 850°C and rather high space
velocity of 32000 h™, which showed that initial decomposition rate could keep several
tens of hours. Also, the catalyst used in one-week continuous hydrogen production
- experiments with a bench-scale test apparatus was investigated with SEM, EPMA, BET
and XRD. The investigation showed the following phenomena; loss of Pt surface area
caused by Pt sintering, loss of Al,O; surface area caused by the phase transformation
from v to o, and formation of sulfate on the surface of the catalyst.
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1.5.11 Design Code System for IS Process
Atsuhiko TERADA, Jin IWATSUKI, Shuichi'ISHIKURA; and Ryutaro HINO

Nuclear Science and Engineering Directorate
Japan Atomic Energy Agency (JAEA)
Oarai-machi, Tbaraki-ken, 311-1393 Japan
terada.atsuhiko@jaea.go.jp

Summary

A pilot test program with hydrogen production rate of 30 Nm®/h was initiated
following the successful bench scale test of the IS process. In the program, sensible heat
of high-temperature (up to 880°C) and high-pressure (4 MPa) helium gas, which is the
same as the HTTR secondary helium gas temperature and pressure, will drive
continuous hydrogen production, through which essential engineering data will be
acquired to prepare for constructing and operating a nuclear demonstration plant
connected with the HTTR (HTTR-IS test).

To design the pilot test plant, it is necessary to carry out following various analyses and
estimations:

e Process simulation to make clear state functions in the process and effective functions
necessary for improving process efficiency, ;

@ Material selection based on corrosion and SCC estimations,

e Mechanical strength analyses to confirm structural integrity,

o Thermal-hydraulic analyses to improve chemical reaction,

e Safety analyses to make clear countermeasures against fire and explosion accidents.

A design and analysis system based on CAD/CAE system has been almost completéd by
using commercial codes such as PRO/II, DPS, ABAQUS, Star-CD. Also, to design a Bunsen
reactor, a new thermal-hydraulic analysis code coupled with chemical reaction is being
developed based on a-flow/MISTRAL, with which it will be possible to estimate time resolved
and 3D spatial distribution of desigh parameters ( flow velocity, temperature, concentration, etc).
To verify models incorporated in the new analytical code, flow visualization with gas jet
bubbles, which simulates internal flow in the Bunsen reactor, is being carried out by using PIV
(" Particle Image Velocimetry ) and PLIF (Planerl Laser Induced Fluorescence) systems
(DANTECQ).
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1.5.12 Development of Dynamic Process Simulator for IS process
Shinji KUBO

Nuclear Science and Engineering Directorate
Japan Atomic Energy Agency (JAEA)
QOarai-machi, Ibaraki-ken, 311-1393 Japan
kubo.shinji@jaea.go.jp

Summary

Development of a dynamic process simulator for the IS process plant was
implemented to examine the startup/shutdown procedure and to investigate thermal
transition behavior. Main specifications of the simulator are as follows;

Solver (Object DPS)
Equation solver type for ordinary differential system
Properties , ,
Chemical equilibrium, Vapor-liquid equilibrium, Liquid-liquid equilibrium,
; Enthalpy, Kinetics
*  Flow sheet
Closed-cycle system, Helium heat exchanger reactors.

Required properties were embedded in the simulator based on the literature or on our
experiment results. As for the flow sheet, a simplest model was constructed which
features a complete closed-cycle system, conventional distillations for HI and H,SO4
concentrations and one-dimensional helium heat exchange reactors. In Trial simulations,
main equipments operated without failures, moreover, the complete closed-cycle
process heated by helium gas was successfully computed. Modifications are planed to
detail the design data and the flow sheet.
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1.5.13 HTTR-IS program

Nariaki SAKABA, Hiroyuki SATO, Hirofumi OHASHI, Kazuhiko KUNITOMI

Nuclear Science and Engineering Directorate
Japan Atomic Energy Agency (JAEA) _
4002 Oarai-machi, Higashiibaraki-gun, Ibaraki-ken, Japan, 311-1394
sakaba.nariaki@jaea.go.jp

Summary

High-temperature reactors (HTRs) are particularly attractive due to their wide
industrial application from electricity generation to hydrogen production. The Japan
Atomic Energy Agency’s (JAEA’s) HTTR, which is the first HTR in Japan, attained its
maximum reactor-outlet coolant temperature and successfully delivered 950°C coolant
helium outside its reactor vessel. A hydrogen production system based on the
thermochemical water-splitting iodine sulphur (IS) process is planned to be connected
to the HTTR in the near future. This will establish the hydrogen production technology
with an HTR, including the system integration technology for connection of hydrogen
production system to HTRs. It will probably be the world’s first demonstration of
hydrogen production directly using heat supplied from an HTR.

The HTTR-IS system design was launched from a conceptual design in 2005. At present,
various studies are under way, which covers safety evaluation, thermal efficiency evaluation for
the HTTR-IS system, development of components, development of codes, etc. The verification
of the hydrogen production by the HTTR-IS system by using heat from a nuclear reactor is
greatly expected to contribute to the commercialization of nuclear hydrogen in coming
hydrogen society.
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The Bfiefing of the 1st JAEA-KAERI Information Exchange Meeting on
HTGR and Nuclear Hydrogen Technology

The meeting was held at the Oarai Research and Development Center of the Japan Atomic Energy

Agency on August 28-30, 2006, per Implementation in July 2006 by the Ministers of Korea (MOST)

~ and Japan (MEXT) to promote collaboration in the field of Nuclear Hydrogen.

JAEA and KAERT mutually showed the status and future plan of the HTTR Project in Japan and

the NHDD Project in Korea, respectively.

The meeting was successfully completed with the following major results and conclusions:

All of the participants recognized and reaffirmed the necessity of the in-depth cooperation

between two organizations including staff involved in the IS process development from KIER and

KIST, who are subcontracted institutes of KAERI.

It was mutually agreed upon that the cooperation between two projects shall be strengthened by

launching cooperative R&D in the framework of the existing JAEA/KAERI Implementation in

addition to the general information exchange

JAEA stressed the advantage of HTGR with the prismatic core and IS process for hydrogen

production in comparison with other candidates for the cogeneration of electricity and hydrogen

by nuclear heat. The general philosophy and technical feasibilify of the Japanese approach were

well understood by the Korean delegation. This will be taken into consideration in the review to
“be done by the NHDD project team to develop their action plan. Here JAEA supports their

technical review so that the Japanese approach or its modification be well incorporated in the

Korean NHDD project. '

The Korean delegation showed an interest in participation in the HTTR Project including the

HTTR testing, IS process development and codes validation. @ JAEA welcomes their

participation in the framework of the existing JAEA/KAERI Implementation.

It is accepted by JAEA upon request by KAERI that experts from Korea come to the HTTR site

as necessary for implementing cooperative R&D.

The detailed and specific cooperation subjects will be discussed as soon as possible. The contact

persons for this discussion are Mr. T. Takeda for JAEA and Mr. Y. W. Kim for KAERIL

The next meeting will be held in Korea next year. The dates and provisional topics will be

discussed later.
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Appendix 1. Agenda

‘August 28 (1st day) - HTTR building 4F Conference Room -

8:50 Pick up Korean members at the hotel JAEA bus Ryutaro Hino (JAEA)

9:40 - 9:50 Welcome Addres.s Osamu Oyamada (JAEA)
9:50 - 10:15 Self-introduction of Participants

Session 1 ( Overview of projects ) Chair: Shusaku Shiozawa (JAEA)
10:15 - 11:05 Overview of HTTR Projects Shusaku Shiozawa (JAEA)
11:05-11:55 Nuclear Hydrogen4 Projects in Korea Jonghwé Chang (KAERI)
11:55 - 12:05 Group photograph ’

12:15-12:55 Lunch at the JAEA’s cafeteria

Session 2 ( VHTR system design and related evaluations ) Chair: Kazuhiko Kunitomi (JAEA)
13:10 - 14:35 VHTR Cogeneration System: Reactor concept, Turbo machine, High-temp. valve,
o and GTHTR300C Kazuhiko Kunitomi (JAEA)

' Xinglong Yan (JAEA)

, ~ Tetsuo Nishihara (JAEA)
14:35 - 15:15 Present Status of VHTR PSA in Korea Seok-Jung Han (KAERI)
15:15-15:55 Hydrogen Production Costs of Various Primary Energy Sources

Jae-Hyuk Choi (KAERI)
15:55-16:10 . Coffee Break

Site tour (Ryutaro Hino)

16:10 - 16:25 Introduction of HTTR Yoshihiro Komori (JAEA)
16:25 - 17:40 HTTR Nozomu Fujimoto (JAEA)
Daisuke Tochio (JAEA)
Test facilities for IS process development | Kaoru Onuki (JAEA)
Adjourn
18:00 - 20:20 Welcome party (Aéahi Bunshitsu) JAEA bus
Welcome address Osamu Oyamada (JAEA)
V Takashi Nagata (JAEA)
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August 29 (2nd day) - HTTR building 4F Conference Room -

8:50 Pick up Korean members at the hotel JAEA bus.  Yoshiyuki Imai
Session 3 ( VHTR design codes and analytical works ) Chair: Tetsuaki Takeda (JAEA)
| 9:40 - 10:30 Overview of VHTR Design Code System and Future Test Plan Using HTTR
Tetsuaki Takeda (JAEA)
Yukio Tachibana (JAEA)
10:30 - 11:10 Development of a Nuclear Design Code System for the Analysis of VHTR Cores
Hyun-Chul Lee (KAERI)
11:10-11:50 Thermal-Hydraulic and Safety Analysis Code System for VHTR
| Jisu Jun (KAERI)
12:05 - 12:40 Lunch at the JAEA’s cafeteria
Session 4 ( VHTR fuel and materials ) Chair: Kazuhiro Sawa (JAEA)
13:00 - 13:15 Overview of R&D on VHTR Fuel  Jun Aihara(JAEA)
13:15-13:30 Overview of VHTR ceramic materials Development in JAEA
Junya Sumita (JAEA)
13:30 - 14:10 Development of HTGR Fuel Technology in Korea: Current Status
Choong-Hwan Jung (KAERI)
Session 5 (IS process development ) Chair: Kaoru Onuki (JAEA)
14:10 - 14:30 Development History of Hydrogen Production Technology in JAEA
Ryutaro Hino (JAEA)
14:30 - 15:10 Status of IS Process Development Hwang Gab Jin (KIER)
15:10- 15:25 Coffee Break
15:25 - 15:50 Overview of IS Process Development in JAEA Kaoru Onuki (JAEA)
15:50 - 16:30 Corrosion of Selected Materials in Sulfuric Acid for IS Process Application
} Dong-Jin Kim (KAERI)
16:30 - 17:10 Ion Beam Enhanced Adhesion of Ceramic Film Coated on Metallic-Substrate and Its
Applicability to Nuclear Hydrogen Production Jae-Won Park (KAERI)
17:10 - 17:40 A Corrosion Test Results Obtained under H2S04 Nobuyuki Tanaka (JAEA)
Adjourn
18:00 Leave for Mito JAEA bus
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August 30 (3rd day) - HTTR building 4F Conference Room -

8:50 - 9:30 Pick up Korean members at the hotel JAEA bus  Hiroki Noguchi
Session 5 ( Continued ) » Chair: Kaoru Onuki (JAEA)
9:40 - 10:20 Design of a NHDD Simulated Gas-Loop for the Test of Various SO3 Decomposers
v Yong-Wan Kim (KAERI)
10:20 - 11:00 Performance of Sulfuric Acid Decomposition in Korea
Kwang-Deog Jung (KIST)
11:00 - 12:00 R&D on Sulfuric Acid Decomposition in JAEA  Hiroki Noguchi (JAEA)
12:15 - 12:50 Lunch at the JAEA’s cafeteria
13:10- 13:40 Catalyst Test of SO3 Decomposition Yoshiyuki Imai (JAEA)
13:40 - 14:10 Design Code System for IS process Atsuhiko Terada (JAEA)
14:10 - 14:40 Development of Dynamic Simulation Code Shinji Kubo (JAEA)
14:40 - 15:00 HTTR-IS program Nariaki Sakaba (JAEA)
15:00 - 16:00 Discussion Chair: Masuro Ogawa (JAEA)
Meeting summary Shusaku Shiozawa
16:00 - 16:20 Closing Remarks Shusaku Shiozawa
' Jonghwa Chang
16:40 ‘ Leave for Mito JAEA bus
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Appendix 2. Participants list

Participants Organization Areé Affiliation
Vice President,
Jonghwa Chang -KAERI Project management .
Nuclear Hydrogen Project
Jae-Hyuk Choi - KAERI Cost analysis Post Doctor
Seok-Jung Han KAERI PSA Senior Researcher
Thermal-hydraulic an
Jisu Jun KAERI e y. cand Principal Researcher
safety design
Choong-Hwan Jung KAERI HTGR fuel Principal Researcher
Dong-Jin Kim KAERI Material (Corrosion) Senior Researcher
Principal Researcher,
Yong-Wan"Kim KAERI Gas loop . P
Project Manager
Hyun-Chul Lee KAERI Nuclear design Senior Researcher
Senior Researcher,
Jae-Won Park KAERI Material (Corrosion) . '
Project Manager
Principle Researcher, Hydrogen
Gab Jin Hwang KER | IS process new yerog
Energy Research Group
Kwang-Deog Jung KIST H2S04 decomposition Principal Research Scientist
Nuclear Scienc d Director Gen I,N-l r Sci
Osamu Oyamada JAEA uc'e : e an irectol . e.:ra .uc ear Science
Engineering and Engineering Directorate
Shusaku Shiozawa JAEA HTTR project Scientific Consultant
Director, Nuclear Applied Heat
Masuro Ogawa JAEA HTTR project . ce rApplec.
Transfer Division
S e Researcher, Nucl
Takakazu Takizuka JAEA HTTR project u?rgm . or . ue ?ar
Science and Engineering Directorate
’ Senior Principal Researcher, Nuclear
Ryutaro Hino JAEA HTTR project . P . . .
Science and Engineering Directorate
Yoshihiro Komori JAEA HTTR project Director, Department of HTTR
Tatsuo lyoku JAEA HTTR project Deputy Director, Department of HTTR
Kozo Kawasaki JAEA HTTR project Deputy Director, Department of HTTR
General Manager, HTTR Project
Yukio Tachibana JAEA | HTTR project ral Managef, )
Management Section
Daisuke Tochio JAEA HTTR project HTTR Project Management Section
Group Leader, HTGR Cogenerati
Kazuhiko Kunitomi JAEA Cogeneration system design ‘p acer 9 on
Design & Assessment Group
HTGR Co tion Design &
Tetsuo Nisihara JAEA Cogeneration system design generation Desio
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HTTR project and HTGR
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. HTTR project and HTGR HTGR Performance & Safet
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Appendix 3. Session summary by chairmen

Session 1:  Overview of proiects

It is widely recognized that hydrogen is one of the best energy media and its demand will
increase greatly in the near future. However, it is necessary to develop suitable technology to
produce hydrogen without CO, emission from a view point of global environmental protection.
Hydrogen production' from water using nuclear energy, especially the high-temperature
gas-cooled reactor (HTGRY), is one of the most attractive solutions for the environmental issue.
JAEA and KAERI are pursuing their nuclear hydrogen research and development programs,
HTTR (High-Temperature Engineering Test Reactor) project of JAEA and NHDD (Nuclear
Hydrogen Development and Demonstration) project of KAERI, respectively.

The HTTR project investigates technologies on reactor and hydrogen production as well as
design of commercial HTGR systems with a priématic block type core and an Iodine-Sulfur
thermochemical hydrogen production process (IS process) plant. The NHDD project aims to
construct a 600MWt-HTGR coupled with the IS process to complete the developmént and
demonstration of fhe nuclear based hydrogen production technologsf by early 2020. Presently,
the prismatic block type and the pebble-bed type cores are under sfudying. '

Session 2:  VHTR system design and related evaluations

Aiming to conceptualize practical nuclear hydrogen system, JAEA is carrying out design
study on (Very High-Temperature Gas-Cooled Reactor) as well as experimental and analyticél
works on horizontal-placed helium turbomachine with magnetic bearings and angle-type high
temperature stop valve with internal thermal insulation. Presently, JAEA’s VHTR
cogeneration system involves a helical-type metallic intermediate heat exchanger (IHX)
already demonstrated with the HTTR’s 9500 hjgh-température operation. From economical
and technical standpoint of view, JAEA stressed the advantages of the prismatic block type
core and the VHTR cogeneration system with the IS process plant (VHTR-IS system), which
co-generates high temperature heat with the helical-type IHX and electricity by the horizontal
gas-turbine (GT). Korean participants well understood these advantages evaluated based on
experiences obtained from the HTTR project.

" KAERI has started feasibility study on VHTR system including probabilistic safety
assessment (PSA) and estimation of hydrogen production cost. After an intense discussion on
the necessity of the PSA, it is agreed upon that the PSA is useful not only for the safety
assessment but also for the investment assessment such as elimination of redundant safety
systems. In the cost estimation, JAEA suggested to KAERI that it is necessary to take into
account of non CO, emission, which is a specific feature of nuclear hydrogen production such

as by using the IS process.
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The VHTR-IS system is competitive with' any other system. Especially after 2020,
economical competitiveness of the VHTR-IS system will become enhanced with the
ever-rising oil price. It was agreed upon that the hydrogen production by the VHTR-IS system

is the most promising way after 2020.

Session 3: _VHTR design codes and analytical works

JAEA has presented the current status of development and validation of analysis tools
including an example of analytical results and an activity of the CFD analysis. Especially,
analysis tools are being developed for application to safety assessments on severe accident
such as pipe rupture as well as for improvement of a core-physics analysis code based on a
diffusion-theory and a Monte Carlo method. |

KAERI is developing their core-physics analysis codes applicable to studying both
prismatic and pebble-bed cores. KAERI reqﬁested the operational data of the HTTR in order to
verify their analysis tools and nuclear database. Because the accuracy of analytical results
depends on the quality of the nuclear data, it is important to verify the nuclear data By available
experimental results. It was felt necessary by meeting participants to obtain and validate the
nuclear data by experiments conducted under high-temperature operational conditions. After

~ verification of the analysis tools, KAERI will inform the results as well as their analytical
models to JAEA. Also, KAERI is developing safety analysis codes based on CFD for
investigating thermal-hydraulic phenomena against air and water ingress accidents, fission
product release and dust transport in the primary circuit. _

KAERI intends to fully support the HTTR Work Package in the Computational Methods
Validation and Benchmarks project of the GIF VHTR system. KAERI proposed to exchange
the software technology with experimental data such as the criticality database of the HTTR in

the past and future experiment under the bilateral framework.

Session 4:  VHTR fuel and materials
JAEA presented current status of their fuels and materials development. As for fuel,

fabrication properties of high quality HTTR fuels and fission gas behavior in the HTTR were

introduced as well as R&D plan for VHTR fuels, i.e., burnup extension program of TRISO

fuel and ZrC-coated particle development. Also, R&D status on non-destructive method such

as the micro indentation method to evaluate residual stress in the graphite components was
- introduced as well as R&D plans for C/C composite material for VHTR control rod.

KAERI introduced R&D status of kernel preparation, SiC-TRISO coating technology, ZrC
coating technology, code development, and plan for irradiation and post-irradiation
experiments. '

Through discussions, JAEA and -KAERI agreed to activate information exchange for ZrC

coating technologies.
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Session 5: IS process development

Research and development on the IS process are in progress at JAEA and in Korea, where
three national research institutions, KAERI, KIER and KIST, engage in the R&D. A
glass-made apparatus with the capacity of 20 liters hydrogen per hour was set up at KIER and
is scheduled to reach the closed-loop operation within this year. KAERI is constructing a
10kW gas loop to examine the highest temperature process heat exchanger, SO3 decomposer.
Works are also underway in-areas of process chemistry and materials. The NHDD project
plans to complete the present R&D until 2008 and proceed to the next stage featuring a
closed-loop operational test under pressurized condition and a larger-scale test using 150kW
gas loop.

At JAEA, based on the fruits of bench-scale demonstration in 2004, studies are under way
aiming to proceed to the pilot test. Highlighted among the ongoing works on the IS process
such as materials and components, catalyst, design codes and process simulator is the
successful test-fabrication of ceranﬁc heat exchanger for the sulfuric acid decomposer.

Based on the information exchange in this session and also utilizing a satellite meeting of

experts, it was agreed to pursue a possible collaboration between the two research groups.

Discussion:

In the final session of Discussion, it was mutually agreed upon that the cooperation
between two projects shall be strengthened by launching cooperative R&D in the framework
of the existing JAEA/KAERI Implementation in addition to the general information exchange.

- The Korean delegation showed an interest in participation in the HTTR Project including the
HTTR testing, IS process development and codes validation. JAEA welcomes their
participation in the framework of the existing JAEA/KAERI Implementation.

The following subjects were developed as possible future cooperative R&D. In addition, it
is expected that some of subjects proposed to the GIF will be conducted, in case GIF does not

adopt or GIF agreements are delayed unacceptably.
® Graphite core seismic analysis: TBD
® IS process: Concrete subjects will be discussed in the fields of material, membrane,
etc. »

® HTTR-IS system common design

It was confirmed that the information exchange is to be continued.
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