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Nam Zin Cho

Korea Advanced Institute of Science and Technology
Department of Nuclear Engineering
373-1 Kusong-dong, Yusong-gu
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Abstract
This reports the current state of the reactor physics research activities in Korea with a
brief description of the important topics under development.
Key words: AFEN, CRX, core-reflector boundary condition, DUPIC, OREOX process,
CANFLEX, KALIMER, SMART, MASTER, full-MOX foading, load-follow operation

L Introduction
The two backbones of the reactor physics activities in Korea are the educational institutes
(universities) and the research institutes, that are complementary with each other. The
universities, in particular the ones with nuclear engineering departments, provide basic
and innovative/untested ideas as well as young manpowers with high-level training and
motivations for nontraditional research mindset. The national research institutes carry out

more established longer-term research projects, with industry institutes participating in

more practical and short-term projects.

11. Research at Universities
There are six universities that have departments of nuclear engineering and ﬁve of them

have strong reactor physics programs. From 1991 o 1999 most of - these umversxttes

BRI He1E (20004:12H)

IE-A. Analytic Function Expansion Nodal (AFEN) Method (KAIST)

KAIST focused on the methods development for reactor design and neutron transport
simulation. The AFEN method was developed for the static and transient core analysis
based on diffusion theory. The AFEN method does not require transverse integration
procedure used in traditional nodal expansion methods. Within a node, the flux is

expanded using analytic basis funetions as follows :

5”(F)=Z’Siﬁh@m 17, - PYCE, + cosh (AT IE, - F)CY.. (1
where
7 Drooo
A’] = Dn =1 Ii? _maﬁm Fn T Dn _ .
i}[}Ef}keﬂ{]]{] 0 D
SLSE 0
[4"]= S LR =02 aE,).
"Ezwz zm] é :

F(Fy=oi+f ]+ yﬁ, a2 + [)’2 o+ ;/2 = 1,11 = nqde index.

A suite of code systems were' developed fOl multl—wioup muinvd:mens;onal core

r'dmtrxbutl,on and

geometry based on ATEN methoci They aecuraleiy predlct nodai po'
core multiplication factor, that are GS})LCIHHY effect:ve for problems Wlth stmngly varying
flux distributions such as in MOleoaded cores Coarse g,roup rebalance and two-node
acceleration scheme were developed for acceleration Reeently, the method was extended
to three-dimensional kinetics calculation wath Gaierkm we1ghtmg formuiatlon in which
the space-dependent cross sections (e.g., dué to temperature feedbaek bumup) can be
easily treated and gives accurate results.

I1-B. CRX code for lattlce caleulation based on transport theory (KAIST)

CRX isa latt:ee calcuiahon code based on the method of characteristics (MOC) which
can tréat. scatteunn amsotropy up to P3. The method uses whole-core ray tracing with
product quadrature aud modular ray tracing. For the 'lCCClCFa’El(}ﬂ Coarse Mesh/Group
Rebalance (CMR/CGR) method was used and parallelizafion with antrulal decomposition
was 1mp[emented ona PC cluster system (KAIST*GALAXY). Recent] vy, the capability of
the CRX code has beea extended to the whole-core heterogeneous transport calculation
without homogenization.

II-C. Design studies on advanced reactors (KAIST)

KAIST also performed design studies on advanced reactors (e.g., accelerator-driven
subcritical reactor, MO X-loaded core, and thorium-loaded core} and BNCT reactors for

Gl
4
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1 % 3

medical application. Fig. 3 shows the conceptual view of designed BNCT reactor. The

small-size BNCT reactor provides high thermal or epithermal flux, using low enriched

fuel.
Concrete
Graphite
o)
Angular Quadrature Set in CRX (a) Moduler ray tracing
(Product Quadrature) (b) Whole-core ray sweeping in CRX
Fig. 1: Angular quadrature set and geometry tracking module in CRX
Vacuum boundary Fig. 3: Conceptual View of the BNCT reactor
189 cm ?‘%' II-D. Optimization of burnable poison application strategy (Seoul National
e 0. UO, fuel —
2142 em o #ﬂ: #Ho . University)
L s S ﬁ = assembly At Seoul National University, loading pattern optimization studies have been done quite
= 5
E g extensively with burnable absorbers of various types. Comparative evaluation of integral
3 E‘ MOX fuel
MOX-1  UOX-2 a type of variable enrichment Gd203/UO2 and discrete type of WABA (wet annular
BO CR 4 assembly
burnable absorber) absorbers was performed. Also, optimum BP application policy for
L | high burnup and long cycle with emergency design flexibility of different BP options was
Reliy investigated.
<Benchmark problem configuration> II-E. Core-reflector boundary condition to remove the reflector for efficient analysis

(Seoul National University) ,
i A particular effort was spent at Seoul National University for efficient analysis with
B nodal method for core analysis. A new core-reflector boundary condition is used to
i remove the reflector. The transverse leakage is approximated in the reflector region as

e exponential for the slab reflector and quadratic polynomial plus exponential

1020 90 40 50 €0 70 69 50 (00 approximation for the L-shaped reflector. From this, core-reflector boundary condition

(a), 7'tk grolipiii (b) power distribution which relates net current and flux at the interfaces is derived by solving the transverse

integrated neutron diffusion equation. The results show that the core power and criticalit
<Results of CRX heterogeneous core calculation> > i ’ ’

computations agree very well with those with reflector included explicitly.
Fig. 2: Example of CRX whole core heterogeneous calculation

(MOX loaded core)
A6 .
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I1-F. Design of thorium fueled core with seed/blanket concept (Kyung Hee
University)

In Kyung Hee University, the conversion characteristics of a PWR core with once-
through thorium fuel cycle for the maximization of PWR performance (fuel utilization,
proliferation resistance, radio-toxicity reduction of spent fuels) were studied. The seed
(UO2+U-Zr) and blanket (Th, UO2 MOX) concept of the Radkowsky Thorium Reactor
(RTR) was modified for maximum conversion capability. It was reported the new design
has much higher conversion ratio and reduced the amount of spent fuel and long-lived
minor actinides up to 55% to that of the conventional PWR once-through cycle. Also, the
amount of Pu and fissile content in Pu were reduced which makes the system more

proliferation resistant.

¥
v+ €
f E
LJ ; ],, ‘-E - Blanket
o
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=] | Tf"“! T__
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[ ] Blanket Fuel Assembiy
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<RTR> <Designed reactor core>

<Reactor core design>

Fig. 4: Reactor core design and comparison of Radkowsky Thorium Reactor
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II-G. Reactor analysis using MCNP (Han Yang University)

Hanyang University has a large experience in the use of Monte Carlo methods applied to
the reactor vessel fluence calculation and the dose evaluation at the Pohang Accelerator
Facility. Recently, a whole-core Monte Carlo analysis has been performed. In this study,
nuclear core characteristics for the Korean Next Generation Reactor (KNGR) was
analyzed using Monte Carlo method (MCNP4B code was employed) in three-
dimensional core representation. The material compositions with burnup were obtained
by using CASMO-3. Multiplication factor, relative power distribution, pin peaking factor,
and axial offset (AO) were obtained and compared with the reference data from KEPCO
Nuclear Fuel Company (KNFC). These results validated the applicability of Monte Carlo

method to the nuclear core characteristic analysis.

- Assembly Type

A0 ml Ao A0 A0 B

< Core loading pattern> \ <MCNP modeling: radial>

Fig. 5: MCNP model of reactor core

III. Research at Institutes
The following institutes in Korea have activities related to reactor physics, although the
scope and level differ depending on the institutes: Korea Atomic Energy Research
Institute (KAERI), Korea Electric Power Research Institute (KEPRI), Korea Power
Engineering Company (KOPEC), KEPCO Nuclear Fuel Company (KNFC), and Korea
Institute of Nuclear Safety (KINS). Among them, KAERI is the largest and plays a major
role in reactor physics. The areas of research are summarized as follows.

.
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ITI-A. CANDU Flexible (CANFLEX) fuel development program (KAERI)
CANFLEX is a 43-fuel element design of new internal bundle geometry different from

the conventional 37-fuel element bundle for CANDU reactors. The configuration of
smaller diameter fuel elements in the outer ring and larger diameter fuel elements in the
inner ring lowers linear power rating and improves operational margin (see Table 1 and
Figs. 6 and 7). This fuel shows full compatibility with existing fuel handling system and
requires no change in design criteria. Slightly enriched fuel of 0.9%~1.2% supports

burnups to 21,000 MWD/MgU.

Fig. 6: CANFLEX fuel bundle

Table 1: CANFLEX Fuel Design

43 elements, 2 pin sizes 20% reduction in linear element power
(13.5 mm, 11.5 mm) (compared to 37-element)

6 to 8 % increase in critical channel power

CHF enh
Eenesmentpads (compared to 37-element)

Fig. 7 shows the power distribution across the fuel bundle. It shows 20 % lower linear
power rating which results in a significant reduction in fission gas release (FGR), leading
to higher burnup without a loss in bundle power. The test fuel bundles have been loaded
in the Pt. Lepreau reactor for irradiation testing.

CANFLEX BUNDLE 37-ELEMENT BUNDLE

60
40
20

Linear Power Rating {Kw/m)

4321234 4321234
Element Rings

Fig. 7: Comparison of linear element ratings (For a Bundle Power of 935 kW)
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III-B. DUPIC (Direct Use of Spent PWR Fuel In CANDU Reactor) Fuel (KAERI)

Of a particularly notable research work in progress at KAERI is the DUPIC project. The
DUPIC fuel cycle concept (see Fig. 8) is based on dry processing technology to
manufacture CANDU fuel from spent PWR fuel material, without separating any fissile
material or stable fission products. The DUPIC fuel cycle offers several benefits to
countries with both PWR and CANDU reactors, which would extract additional energy
from the fuel in a CANDU reactor, efficient natural uranium utilization and a significant
reduction in spent fuel arising through a proliferation-resistant process of reusing the
spent fuel. Table 2 shows the international cooperation of DUPIC fuel development. One
of the key features of the DUPIC fuel cycle is the manufacturing of CANDU fuel pellets
through the OREOX (Oxidation and Reduction of Oxide fuel) process (see Fig. 9), in
which spent PWR fuel pellets are subjected to successive oxidation and reduction stages.
In parallel with the manufacturing technology, the compatibility of the DUPIC fuel with
existing CANDU reactors has been studied for a variety of reactor design and analysis
problems, such as the fuel management strategy, reactivity device performance,
uncertainty of design parameters, radiation shielding, operational margin, fuel handling
methods, and fuel cycle cost. Based on the promising results achieved so far, the
compatibility study is now extended to the safety analysis and the feasibility study of
licensing DUPIC fuel. Tables 3, 4 and 5 show that the operational characteristics of

DUPIC core are comparable to those of natural uranium core.

Table 2: International Cooperation of DUPIC

°91.5 | Discussion on the DUPIC fuel development by international cooperation

Korea-Canada-US feasibility study on DUPIC (Phase I)

9.19'39 - The most promising option : OREOX
- - Safeguardibility evaluation of DUPIC
Experimental Verification Program (Phase II)
04 - Korea: fabrication & performance evaluation on DUPIC fuel
00 - Canada: fabrication & performance evaluation on DUPIC fuel rod

- Korea/US/IAEA: development of DUPIC safeguards
- Korea/Canada: compatibility assessment of DUPIC fuel

Sif--
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rorm—

Uranium Saving

(Three 1000 MWe reactor)

fion R ;
| Spent PWR fuel ) e 00

Q\

PWR-CANDU
connected
Fuel fabracation

CANDU

Y
Iy

(One 1000 MWe Reactor)

. Spent CANDU fuel)
Ve .
No Disposal . Less Disposal
0 1/2

DUPIC : Direct Use of Spent PWR Fuel In CANDU Reactors

Fig. 8: DUPIC fuel cycle concept
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Fig. 9: DUPIC fuel fabrication process
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Table 3: Reactor Physics Characteristics (Equilibrium core)

Standard DUPIC

Refueling scheme (shift) 8-bundle 2-bundle
Peak channel power (kW) 6732 6623
Peak bundle power (kW) 827 765
Discharge burnup (MWd/t) 7321 14825
Refueling rate (channels/day) 1.93 4.07
Reactor residence time (FPD) 305 585

Radial 0.809 0.839
Form factor Axial 0.685 0.716

Whole 0.554 0.600

Table 4: Reactor Operation Characteristics (600-FPD)

Standard DUPIC
Maximum channel power (kW) 6853 6844
Maximum bundle power (kW) 852 804
Channel power peaking factor 1.063 1.063
Refueling rate (channels/day) 1.99 4.05
Administrative limit® Standard®™ DUPIC®
Channel power 6935 kW 0.33% 0.0%
Bundle power 888 kW 0.0% 0.0%
CPPF 1.10 0.0% 0.17%
ZCU level 0.2/0.8 0.15% 0.12%
(a) 95% of license limits, (b) Exceeding probability
Table 5: DUPIC Design Parameters
Standard DUPIC
Fuel bundle model 37-element 43-element
Fuel material Natural uranium Spent PWR fuel

Fuel enrichment

0.71 wt% U-235

1.00 wt% U-235
0.45 wt% Pu-239

Burnable poison No Yes (Dy)
Reactor model CANDU-6 CANDU-6

Fuel management 8-bundle shift 2-bundle shift

Reactivity devices All All

S
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III-C. System-integrated Modular Advanced ReacTor (KAERI)

Based on the self-reliance in the commercial nuclear power reactor design and
construction technology in Korea, KAERI launched a program for the development of
System-integrated Modular Advanced ReacTor (SMART) to supply energy for seawater
desalination as well as for electricity generation. Integral arrangement of major primary
component is located in a single vessel and has 330 MW thermal power. The most
striking nuclear design differences compared to commercial plants are the soluble boron-
free core design from cold room temperature to hot full power operating condition and
the extended cycle length of 3 years. To compensate the excess reactivity required for 3-
year operation, a large number of burnable absorbers in various types are utilized. Also,
various types of fuels such as U-Zr metal, (U-Th)-Zr metal, and (U-Th)O, are being
studied particularly for application to the SMART core both in rectangular and in
hexagonal tight lattice geometries. These fuels provide smaller reactivity swing and
higher fuel burnup, and thus may be suitable for the SMART to achieve the ultra-long
cycle operation with soluble boron-free core. The low core power density provides much

improved passive response to a variety of transients.

i |

4

For Electricity For Desalination
Generation
SMART Evaporator

o __\ % \/\/\/\4 Sea Water

115

Fresh Water
e

Electricity EJ{EZQ % 40,000 Ton/day
] — Brine
90 MWe |l /\\ L Heater
=
U:'
.

- 330 MWt —E 90 Mwe : for Electricity
Balance : for Desalination

Fig. 10: Concept of nuclear desalination with SMART
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Fig. 12: Assembly configuration of SMART core
III-D. Development of an integrated code system for PWRs (KAERI)
A notable piece of reactor physics work at KAERI is the development of an integrated
code system that provides solutions to various types of PWR core simulations in an
accurate and efficient manner, named MASTER. MASTER is a multi-group, three-
dimensional neutron diffusion code capable of microscopic depletion, xenon dynamics,
on-line DNB analysis and kinetics calculation both in rectangular and in hexagonal
geometries within a same code frame. The transient thermal-hydraulic solution in
MASTER is achieved by the COBRA module. MASTER together with CASMO-3 and
HELIOS for group constant generation has been extensively verified and benchmarked

against the measurements data obtained from operating reactors and well-known

-16 -
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benchmark problems. Current R&D activities in this area are focused on the development
of an efficient and accurate methodology for hexagonal transient analysis.
III-E. Korean Advanced Liquid Metal Reactor (KALIMER) (KAERI)
The KALIMER program is a liquid metal fast breeder reactor design and technology
development program. It consists of three parts: the conceptual design of metallic
equilibrium core and performance analysis, the development of computer codes for core
neutronics and thermal hydraulics (T/H) analysis, and the establishment of database for
the core physics benchmark experiments. The KALIMER breeder core has an average
breeding ratio of 1.18 and maximum discharge burnup of 116.9 MWD/kg. The neutronics
performance characteristics obtained from the equilibrium cycle analysis shows that the
KALIMER breeder core would work safely as well as economically, achieving the design
goal of high breeding ratio under the general design criteria. The integrated calculational
system for LMR core design and analysis has been established by either developing or
adding new features for core neutronics and T/H analysis. In the development of a core
nuclear analysis code system, a three-dimensional nodal transport theory code and a pin
power reconstruction code have been developed to perform more reliable and detailed
neutronics analysis. A comparative analysis between calculated results and experimental
data of the BFS-75-1 critical assembly benchmark problem is in progress to evaluate the
prediction capability of the core nuclear analysis code system.
IT1-F. Control rod inserted load follow operation (KEPRI)
An automatic control logic (Mode-K) to improve the load follow performance of Korean
Next Generation Reactor (KNGR) is being studied at KEPRI. In this operation, both core
power and axial power distribution (ASI) are simultaneously controlled with CEA
movement which is determined using core temperature mismatch or ASI deviation. ASI is
controlled even when the temperature mismatch is within the dead-band, with power-
dependent set points. The operation is flexible in boron scenarios, robust with respect to
axial xenon oscillation and satisfactory temperature control up to 90% EOC. Also the
operation shows successful ASI control for daily load follow operations up to 80% EOC
and acceptable ASI control at 90% EOC. Following the initial study performed at KAIST
earlier, KEPRI is also in the process of evaluating the feasibility of full MOX fuel
loading in the Korean Next Generation Reactor (KNGR) to be deployed in 2010.
ITI-G. Nuclear data activity

S
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The nuclear data activities in Korea are undergoing in various places, including the IV. Acknowledgements . Sl s
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(KAERI) and Pohang Accelerator Laboratory (PAL) play a major role in nuclear data :.: invited him to the 2000 AES] Fall Meeting in Aomori and gave him opportunity to téi_k: |
activity. Nuclear data research was accommodated in the national mid- and long-term on the reactor physics research activities in Korea. (RS N N

nuclear development plan from 1997. Since then, the evaluation and measurement
activity were included. They are re-evaluating long-lived fission product nuclides in
collaboration with Brookhaven National Laboratory. They also support the design work
of a proton accelerator-driven transmutation system. During the design and construction
of the research reactor HANARO, they developed the nuclear data libraries for MCNP
and WIMS-D based on recently evaluated libraries such as ENDF/B-6 and JENDL-3.
They also provided libraries for the lattice codes WIMS-D, CASMO-3 and HELIOS.
Recent efforts are focused on the shielding and material damage calculations of the PWR
vessel surveillance problem. Recently, the Korea Nuclear Data Study Group (KNDSG)
was formed in Feburary 2000 to facilitate information exchange and to provide guidance

to the activities in nuclear data research.

IV Coneluding Remarks
We overviewed the status of reactor physics and R&D activities in Korea, by providing a
brief description of the representative topics under development at universities and
research institutes. They are inter-mixed, complementary with each other. It is desired
that university research be more basic and innovative.
Currently, the Center for Advanced Reactor Research (CARR) at KAIST, which is a
“consortium” of nuclear engineering departments in Korean universities, is.in close

cooperation with the Research Laboratory for Nuclear Reactors (RLNR) at quyé_ _Ihstitute

of Technology. The collaboration in reactor physics area between J apan and K'orea"should
be increased for mutual benefits. An avenue would be joint actiyi_t_ies_._in_;_s.ui_t'abie"fo_rm
between the Divisions of Reactor Physics and Nuelear Data of tI_le'A{(_}'rﬁi_c'__Ehérg}'_f_-Society

of Japan ( AESJ) and the Reactor Physics Division of the Korean NuclearSoc:ety (KNS).
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Appendix
T ME)

Nuclear Data & Application
(JAPAN)

1) “JENDL-3.3: A new version of JENDL General Purpose Library”
Dr. Keiichi Shibata,

Department of Nuclear Energy System, Japan Atomic Energy Research Instifute,
(USA)

I} “Nuclear Date Evaluation for Reactor Physics Applications”
Dr. Luiz Leal

Leader, Nuclear Date Group, Oak Ridge National Laboratory

Advanced Nodal Method and/or Application to Transient Analysns
{(JAPAN)

1} “Present Status of GNF New Nodal Simulator
Dr. Tatsuya Iwatoto, Masashi Tamitani, Brian R Moore
Global Nuclear Fuel-Americas

2)  “Recent Development of Core Kinetics Code and Application to BWR RIA Analysis”
Hideaki [keda

Toden Software, Inc.
(USA} recommended from Japanese side

13 “Extensions and Applications of SIMULATE-3 to BWR Tranments”
Dr. Kord Smith

Studsvik of America, Inc.
2)  Prof. Tom Downar
129¢ Nuclear Engineering Building, Purdue University,

Mente-Carlo Method
(JAPAN)
1} “Development of Monte Carle Code in JAERT™
Dr. Takamasa Mori, Keisuke Okumura, Yasunobu Nagaya
Japan Atomic Energy Research Institute
(USA)
1} Br. Roger N. Blomquist
Reactor Analysis Division{208)
Argonne National Laboratory 9700 S.Cass Ave.,Argonne, Il 60439

Core Loading Patterns
(JAPAN)

1) “Recent Activities of Loading Pattern Optimization Research in Japan”
Dr. Akio Yamamoto,

Nuclear Design Group, Fuel Engineering and Development Department,
Kumatort Works, Nuclear Fuel Industries, LTD.
{(UsA)
13 Not decided.
2)  Youssef Shatilla
Westinghouse Electric Company

Analysis and Experiment of MOX Fueled LWRs
(JAPAN)

1} “Validation of the Nuclear Design Methods for LWR MOX Cores”
Dr. Etsuro Saji(TSI) and Masaaki Mori(NEL)

Office for Nuclear Safety Commission, Minister’s Secretariat Prime Minister’s Ofice

¢
B
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2)  “Micro Reactor Physics of MOX Fueled Core”
Prof. Toshikazu Takeda,
Department of Nuclear Engineering, Graduate School of Engineering, Osaka University
3) “Analysis of High Moderation MOX Core MISTRAL-3 with SRAC and MVP”
Dr, Toru Yamamoto,
NUPEC
(Usa)
1} Not decided.
2} Dr, Phillip Finck
Argonne National Laboratory

Accelerator Driven System
(JAPAN)

1) “Basic Study on Accelerator Driven Suberitical Reactor in Japanese Universities Study in
Kyoto University Research Reactor Institute (KURRI) as a Joint Use Institution for
Universities —*

Prof. Seiji Shiroya,
Research Reactor [nstitute, Kyoto University

(USA)

1) “ADS Buffer Design Optimization Studies”

Dr. W.S. Yang, T.A. Taiwa, R.N. Hill
“Design Studies for Maximizing Discharge Burnup in EBE-cooled ATW System™
Dr. W.S. Yang, T.A. Taiwa
Reactor Analysis Division, Argonne National Lab.

Deterministic Transport Theory Methods
{(JAPAN)
1} “Development of Angular Eigenvalue Methed for Radiation Transport Problems in Slabs”
Pr. Akinao Shimizu,
The Wakasawan Energy Research Center
2) “Three-Dimensional Nodal Transport Theory Code and lts Application”
Dr. Toshihisa Yamamoto and Toshikazu Takeda
Department of Nuclear Engineering, Graduate School of Engineering, Osaka University
(USA)
1) Not decided.
2)  Prof Marvin Lee Adams
Nuclear Engineering, Texas A&M University

JCO Criticality Accident
(JAPAN)
1} “Study on Static and Kinetic Behavior of JCO Criticality Accident”
Dr. Yoshineri Miyoshi, Toshihiro Yamamote, Ken Nakajima, Takemi Nakamura,
Yuichi Yamane, Kotaro Tonoike, Shoishi Watanabe
Japan Atomic Energy Research Institute
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