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1. Introduction

Nuclear Safety and Security Commission (NSSC)
and Korea Institute of Nuclear Nonproliferation and
Control (KINAC), regulators for the ROK's nuclear
facilities, developed and distributed a regulatory
standard for the licensees' Cyber Security Regulation.
Nuclear licensees have been phasing in and
implementing procedures for the regulation to
comply with the standard, KINAC/RS-015 [1].

As one of the activities of the regulation, nuclear
facilities licensee shall carry out the continuous
assessment of the cyber security controls at least at
every overhaul period to validate that the security
controls developed according to the cyber security
controls of KINAC Regulatory standard (RS-015) are
actually applied on the site and properly working.
In addition, nuclear facilities licensee shall also
evaluate whether the previously established cyber
security controls are effectively working in
continuously changing cyber threat and environment.

This paper presents how the U.S. nuclear licensees
perform cyber security self-assessment and
regulator's perspective to introduce and apply the
method to the ROK's nuclear facilities. However, it
does not represent the official position of regulatory

body.
2. U.S. Cyber Security Self-Assessment
U.S. Nuclear Power Plant (NPP) licensees should

assess the cyber security risk of nuclear safety

systems, physical security systems, and emergency

preparedness systems in accordance with Regulatory
Guide (RG) 5.71 of Nuclear Regulatory Commission
(NRC) [2]. NRC had contracted with the Pacific
Northwest National Laboratory (PNNL) to develop a
method to support this. Licensees can select their
own practices and tools that are appropriate to them
to collect information, estimate cyber security risk,
and perform risk management activities.
NUREG/CR-6847  “Cyber

Assessment Method for U.S. Nuclear Power Plants”

Security  Self-

was originally a limited release document and
withheld from public disclosure under 10 CFR 2.390.
The USNRC released the document under FOIA/PA
NO:2015-0209 [3]. Nuclear power reactor licensees
can use the method to assess and manage cyber risk

of any systems in their facilities.

Form a Multidisciplinary Assessment Team

|

Stage 1: Exanune Plant-Wide Cyber Secunity Practices |

|

Stage 2: Identify Critical Digital Assets I

1

Stage 3: Conduct Tabletop Reviews and Validation
Testing of Critical Digital Assets

Conduct Optional
[ Scanming Activities
I —

| Stage 4: Conduct Assessments of Susceptibility I

Stage 5: Conduct Risk Assessment Activities
) Employ Optional
l Rusk Assessment
and Risk
Stage 6: Conduct Risk Management Activities  [quncee. Dangues
Tools As Needed

i Make Decisions and Take Actions to Enhance the Cyber Security £
. of the Cntical Digital Assets :

1

| Incorporate the Method into an Ongoing Cyber Secunty Program

b nc s nnn s n e e - ——— - -

Fig. 1. Simple Flowchart for the Cyber Security Self-
Assessment Method for U.S. NPP [3].
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The method provides a systematic and phased
approach that enables licensees to conduct a
thorough self-assessment of cyber security at their
respective facilities. And it allows the users a fair
amount of latitude in selecting tools and techniques
that work best for their specific needs. Figure 1
shows a six-stage process for the self-assessment

approach.

3. Regulatory Point of View

This section describes from a regulator's
perspective what the ROK's regulator and licensees
should consider when introducing and applying the
US cyber security self-assessment method.

First, all activities for self-assessment should be
performed by the licensees, because it is the licensees
that know best what systems affect the plant, how
they are connected with each other, and what security
constraints they have. Regulators can inspect that
appropriate procedure is in place for the licensee to
conduct self-assessment and that the composition of
teams for self-assessment is appropriate and that the
self-assessment process and results are reasonable.

Second, it is difficult for nuclear licensees to
derive a high-risk score as an outcome through self-
assessment. This could be evidence of a lack of their
cyber security activities. Thus, rather than focusing
on the results of the self-assessment itself, regulators
should focus on whether the self-assessment has
resulted on a reasonable basis through the
appropriate process. This should ensure that the
nuclear licensee's self-assessment is not to be a
means to cover their cyber security vulnerabilities or
exaggerate their cyber security activities in its
facilities but to be a meaningful assessment.

Third, regulatory agencies should inspect that
corrective action by the licensee against the results of
the self-assessment is appropriate. The risk level
derived from the results of the method should be
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mitigated through corrective action. While nuclear
licensees are reviewing the cost-effectiveness of
corrective action to deal with the risk, regulators can
check its effectiveness to verify if corrective actions
can lower the level of risk from which it was derived.

Finally, it is impractical to perform a self-
assessment for all CDAs at once. The available time
period is an overhaul, and the number of people is
limited to three to seven. Therefore, the selection of
critical systems and CDAs to apply the self-
assessment method should be appropriate. Critical
systems and CDAs that span several areas of security
level in defense-in-depth strategy and can seriously
impact on NPP if compromised should be chosen

first.

4. Conclusion

The cyber security self-assessment method was
specifically designed for cyber security evaluations
of nuclear facilities. The method can be used by
licensees to determine their cyber security posture.
The licensees also can make their own method that
are appropriate to them to collect information,
estimate cyber security risk, and perform risk

management activities.

REFERENCES

[1] KINAC, “Regulatory Standard — Security for
Computer and Information System of Nuclear
Facilities”, Oct. 2014.

[2] U.S. NRC, Regulatory Guide 5.71, “Cyber
Security Programs for Nuclear Facilities”, 2010.

[3] C. S. Glantz et al., NUREG/CR-6847 PNNL-
14766, “Cyber Security Self-Assessment Method
for U.S. Nuclear Power Plants”, Jul. 2004,
Released under FOIA/PA NO:2015-0209.



Algorithm Development for Detecting a Crane on Surveillance Camera in

Pyroprocessing Based on Machine Learning Technique

Byung Hee Won', Se Hwan Park, Hee-Sung Shin, and Seong-Kyu Ahn

Korea Atomic Energy Research Institute, 111, Daedeok-daero 989beon-gil, Yuseong-gu, Dacjeon, Republic of Korea
“wonbh@kaeri.re kr

1. Introduction

Containment and Surveillance (C&S) system is one
of the main safeguards measures to monitor major
locations in a facility handling nuclear materials.
Especially it is expected that the role of surveillance
will become more important in pyroprocessing
facilities having cell based structure. Surveillance
under isolated and separated space of a pyroprocessing
facility can achieve a significant level of performance
and reliability. However, the introduction of many
surveillance equipment has a disadvantage that it
requires a lot of human resources to confirm normal
and abnormal conditions. This issue about human
resource is a burden not only for IAEA but also for
facility operator. Therefore, it is necessary to develop
algorithm that automatically detect normal and
abnormal conditions in order to introduce many
surveillance devices while minimizing manpower.

In this study, the algorithm development was
performed by using the hypothetical surveillance
camera in electro-refining cell, which is the main
process cell of pyroprocessing. The key technology to
check operation condition automatically is to detect
any object to classify normal and abnormal conditions.
The movement of a crane can be an important factor in
monitoring within electro-refining cell. The algorithm
to detect the crane, which indicates transportation of
process materials in main processes, has been
developed based on the hypothetical video data

showing process condition in the electro-refining cell.

2. Method & Results

The hypothetical camera which monitors the main

processes in a fixed position of electro-refining cell

has been utilized in this study. Fig. 1 shows a frame
obtained by the hypothetical surveillance camera. As
shown in the Fig., the camera was installed at the start
of the processes and electro-refining process begins
sequentially from near the camera to far away. The
crane moves to transfer process materials according to

process schedule.

Fig. 1. Screen of Hypothetical Surveillance Camera.

The cascade classifier [1], which is a type of
machine learning technique, has been applied to detect
crane object in this study. The first step to utilize the
cascade classifier is to generate training data set. Fig. 2
shows some training data generated as positive images
and negative images. Positive images show the frames
having crane and the region of crane marked as
Region of Interest (ROI). These frames were obtained
from the hypothetical video. Since there are various
crane shapes and sizes depending on the distance and
position between the camera and the crane, the
positive images were considered to reflect the relevant
information. Negative images show the scenes without
a crane. These images without a crane help the
cascade classifier distinguish crane from background.
1,316 positive images and 2,812 negative images were

used to train the classifier in this study.
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(b) Negative Images

(a) Positive Images

Fig. 2. Training Data Set.

The cascade classifier has been trained based on the
positive and negative images and then the trained
classifier to detect a crane has been evaluated using
the hypothetical video data. There are three cases in
the algorithm that can indicate false detection results.
In the first case, the classifier falsely detects crane on a
screen having no crane. In the second case, the
classifier dose not detect anything on a screen where a
crane exists. In the last case, the classifier indicates
two or more cranes on a screen having only one crane.
There are total 13,223 frames in the video having 460
seconds length. All false cases have been analyzed for
whole frames. Table 1 shows the evaluation result of
false detection. As shown in the table, only 3 times of
incorrect detection were occurred among 837 frames
having no crane. It shows good performance when a
crane is out of camera. However, about 20% and 14%
among the frames having a crane were failed to
correctly detect a crane by detecting wrong object or
nothing. It particularly shows poor performance when
a crane was located near to the camera or far to the

camera.

Table 1. Evaluation Result of False Detection

Number Probability
Case ] .
of Failures  of Failures
Case 1: crane detection in the
. 3 0.36%
frame having no crane
Case 2: crane detection
failure in the frame having a 1721 13.89%
crane
Case 3: two or more cranes
detection in the frame having 2511 20.27%

a crane
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3. Conclusion

The study on detecting a crane in the hypothetical
video obtained surveillance camera was performed.
The machine learning technique, called as cascade
classifier, was applied for crane detection. 1,316
positive images among total 13,223 frames were used
for training the classifier. The trained classifier
showed good performance when there was no crane on
the surveillance screen. On the other hand, about 34%
false detection was occurred when there was a crane
on the screen. These false detection rate can be
reduced by increasing training data set and optimizing
some parameters of the classifier. It is expected that
the algorithm for detecting important objects would be
useful for building considerably efficient and reliable

C&S system in pyroprocessing facility.
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1. Introduction

The Joint Convention on the Safety of Spent Fuel
Management and on the Safety of Radioactive Waste
Management (hereinafter referred to as ‘Joint
Convention’) is the only international legally binding
instrument to address, on a global scale, the safety of
spent fuel (SF) and radioactive waste management
(RWM). Since the Joint Convention was entered into
force in 2001, it has contributed significantly to the
safety of SF and RWM.

The 6™ Review Meeting of the Joint Convention
was held from 21 May to 01 June 2018 at the
Headquarters of the International Atomic Energy
Agency (IAEA), which is the depositary and
Secretariat for the Joint Convention.

Since joining the Joint Convention in 2002, Korea
has faithfully fulfilled the Contracting Party’s
obligations.

This paper summarizes the steps, efforts made in
preparation of the 6" Review Meeting and main
outcomes of the Review Meeting.

2. Implementation of National Obligations
for 6™ Review Meeting of Joint Convention

2.1 Status of Joint Convention

The Convention was adopted on 5 September 1997
at a diplomatic conference convened by the TAEA
Headquarter in Vienna. The Joint Convention was
opened for signature on 29 September 1997, at the
TIAEA’s
Conference. The Joint Convention was entered into
force on 2001[1].

The Contracting Parties

41% regular session of the General

should demonstrate
commitment to apply stringent safety measures, to
prepare a National Report on the applied measures
and to submit it for review by all other Contracting
Parties, as well as to actively participate in the
Review Meetings of the Contracting Parties. The
convention

Joint Convention is an ‘incentive’

through a peer review process every three years.
As of July 2018, there are 79 Contracting
Parties[2].

2.2 Main Milestones for Implementation of National
Obligation for 6th Review Meeting

The peer review process of Joint Convention is

implemented based on following steps; 1)
Submission of National Reports, 2) Questions and
answers on the National Reports, 3) Participation to

the Review Meeting.

Fig. 1 illustrates the main milestones for the 6™
Review Meeting.

Organizational Submission

gl
Meeting/Extra NR of Questions Submission
rdrary (= et - i ! Review
ubrmission of Answers
) Meeting
Meeting Commerts
D-12M D-™™ DM D-M D-day
May 2017 Oct. 2017 Feb. 2018 Apr. 2018 May 2018

Fig. 1. Main milestones for the 6™ Review Meeting.
2.3 Preparation of National Report

In order to fulfill the national obligations to the
Joint Convention, a working level team composed of
relevant organizations in nuclear industries including
Nuclear Safety and Security Commission (NSSC),
Korea Institute of Nuclear Safety (KINS), Korea
Radioactive Waste Agency (KORAD), Korea
Atomic Energy Research Institute (KAERI), Korea
Hydro & Nuclear Power Co., Ltd (KHNP), Korea
Electric Power Corporation Nuclear Fuel Co., Ltd
(KEPCO NF) was organized to enhance the
completeness of the implementation of the national
obligations and to improve the efficiency of the
implementation process by establishing a proper
strategy before beginning each phase of obligatory
matter.

In preparation of the 6™ Review Meeting, the
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National Report containing the implementation of
national obligations and the good practices of the
safe management of RW and SF in Korea was
drafted in
Regarding the Form and Structure of National
Reports (INFCIRC/604/Rev.3)” under the Joint
Convention[3]. The National Report of Korea was

accordance with the “Guidelines

submitted to the secretariat within the due date.
2.4 Question and Answer to the National Reports

The National Reports of 19 other Contracting
Parties were reviewed to post the questions and
comments, taking into account their significance on
radioactive waste management facilities or program
and the member of 8" Country Group(Lithuania,
Canada, Georgia, Ghana, Morocco, Netherlands, and
Uzbekistan). 158 questions and comments were
submitted to the secretariat on timely fashion.

Afterward, Korea received a total number of 84
written questions/comments on the National Report
of Korea from 18 Contracting Parties. The
questions/comments on Korean report were focused
on mainly following topics; LILW Predisposal, SF
Public engagement and action plan, SF Management,
HLW and LILW Disposal,
Regulatory Framework, etc. The answers to the

Legislation and

questions/comments were submitted within the due
date, on April 2018.

3. Participation to the 6™ Review Meeting of
Joint Convention and Main Outcomes

3.1 Presentation of National Report to 6" Review
Meeting of JC

The National Report of Korea was presented at the
8™ Country Group session on 23 May, 2018. The
presentation of Korea highlighted the major changes
since the 5™ Review Meeting and safety
improvement activities for RW and SF management,
etc.

From the peer review process at g™ Country Group
session, 1 Good Practice and 3 Area of Good
Performances were identified for Korea as listed
below, recognizing the efforts to enhance the safety

of RWM;

* Good Practice: Establishment Nuclear Safety
Consultative Council at each nuclear facility site

* Area of Good Performance; 1) Site selection
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procedures and support for host community of HLW
management facilities, 2) Establishment of safety
HLW, and 3)
disclosure and transparency activities.

requirements  for Information

At the 6™ Review Meeting, the stricter application
of the definition of “Good Practice” led to only 6
good practices being identified during the Country
Group Sessions.

3.2 Main Outcomes from 6™ Review Meeting of JC

The 6™ Review Meeting identified that good
progress is being made in many areas of SF and RW
safety. Constructive discussions and sharing of
knowledge took place in a frank and open manner
and Contracting Parties recognized the importance of
peer review process of the Joint Convention.

The Contracting Parties agreed to hold the 7™
Review Meeting at IAEA Headquarters on 24 May to
4 June 2021.

4. Conclusion

Korea has committed to the objectives of Joint
Convention and fully complied with the obligations
and terms of the Joint Convention.

In preparation of the 6™ Review Meeting, the
national obligations were faithfully fulfilled by
submitting the National Report and
questions/answers within due date.

At the Country Group session of the Review
Meeting, the efforts of Korea to enhance the safety of
SF and RW management were recognized by other
Contracting Parties.
demonstrate its

Korea will continue to

commitment to the Joint Convention through
strengthening of national measures and international

cooperation.
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1. Introduction

According to the emerging change on national
energy transition policy in the Republic of Korea, the
interest on radiation safety of domestic nuclear field
has been increased [1]. Not only change of the
governmental energy policy consulted by foreign
nuclear phase-out policy such as Germany and
Belgium, but social impact from Fukushima Daiichi
accident and, recent earthquake which occurred in
Gyeongju and Pohang had led reinforcement of
public opinion to radiation safety as the safety of
nuclear power plants and related facilities. In
response, it is crucial to identify the competence of
human resource (HR) that could contribute to safety
of radiation facility. Full scale enumeration on
nuclear engineering related academic and research
area had been pre-studied. However, despite of the
importance, specific survey on radiation safety
related field, which could identify the HR balance
between supply and demand has not been initiated.
The present survey analysis research is aimed to
estimate expectation of human resource supply and
demand on KAERI, KINS, KINAC and KHNP
Central Research Institute so as to evaluate its
balance status for long term stable HR management
for ensuring and enhancing the radiation safety.

2. Methods
2.1 Research Scope

Detailed research objects are analyzing radiation
safety, which covers the area from controlling reactor
safety to manage related sites as regulated supply and
demand of human resource and assessment of
sustainable and practical method for continuous
human resource. To analyze the enumerated human
resource data, the field of academic nuclear
engineering has been classified into seven parts in
order to identify, which enables the identifying
radiation safety related human resource.

2.2 Expert Supply Status in the Field of Radiation
Safety

For specification of the supply of radiation safety
management professional HR, the academic field of
nuclear engineering had been classified into reactor
physics, thermal hydraulics, radiation, nuclear
material, instrumentation control chemistry control,
and etc. [2]. As shown in Table 1, the database

constructed by survey in the 16 universities
represented, total number of 844. In terms of
academic background, radiation field was surveyed,
the highest increasing with 111 followed by etc. as

90 people, which indicates interest of pre-
professional human resources to rational safety are
increasing.

In the field of research and industry, researchers
positioned on radiation safety are 783, respectively as 30%
out of total number of 2587 people that professional HR
working for KAERI, KINS, KINAC and KHNP Central
Research Institute as shown in Table 2.

Table 1. Change of human resources in domestic universities

Field 2018 year 2017 year Change
Reactor Physics 115 83 32
Thermal
Hydraulics 169 156 13
Radiation 150 39 111
Nuclear Material 103 89 14
Instrumentation
and Control 70 26 a4
Chemistry
Control 39 3 4
Etc. 198 108 90
Total 844 536 308

Table 2. Status of human resources in the area of research
and industry

Institute No. of Radiation No. of
Researchers  Safety Area Researchers
Radiation
KAERI 1452 Safety 56
Researcher
KINAC 96 All 96
KINS 524 All 524
Safety 25
KHNP Assessment
Central
Rescarch 515 System Safety 30
Institute Safety )
Technology
Total 2587 N/A 783

2.3 Expert Demand Status in the Field of Radiation

Safety

Research and management of radiation safety is
being carried out mainly in KAERI and KINS.
Expected demand for the human resource was cited
from pre-initiated research [1, 3, 4], which was
initiated based on 4™ and 8" basic plan for long-term
electricity supply and demand and the data was
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evaluated with human resource from 2018 on the
related organizations. In addition, HR supply analysis
based on the 8" basic plan for long-term electricity
supply and demand, which is the most recent
program, was also initiated with top-down method.
The reliability evaluation of the KAERI and KINS
radiation safety management experts demand data
was done by comparing with current human resource
full scale enumeration result [1].

3. Results

KAERI in 2018, total researchers showed 47
people less and 115 people larger compared with 4"
and 8" basic plan for long-term electricity supply and
demand respectively. In Fig. 1 and 2, the results were
cited from previous research [1], which shows
expected radiation safety personnel demand on each
institution. Radiation safety management experts
showed 15 people less and 25 people larger
compared with 4™ and 8" basic plan for long-term
electricity supply and demand.
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Fig. 1. KAERI Radiation Safety Management HR [1, 3, 4].

KINS in 2018, total researchers showed 137
people less and 39 people larger compared with 4™t
and 8" electricity plan. In Fig. 2, personnel in
radiation safety management showed 3 people less
and 38 people larger compared with 4™ and 8™ basic
plan for long-term electricity supply and demand.

The analysis based on 8th demand supply program
on energy was done focused on Personnel in radiation
safety management on KAERI and KINS, and resulted
major difference not larger than 25 and 38 experts,
which is respectively, 1% and 7% error out of total
1452 and 524 researchers in KAERI and KINS.
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Fig. 2. KINS Radiation Safety Management HR [1, 3, 4].
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4. Conclusion

The difference in nuclear power portion between
the 4™ and 8" basic plan for long-term electricity
supply and demand makes difference to the HR
supply. Which also leads to decreasing of HR
demand from 2025 year both on KAERI and KINS.
For keeping continuous balance on supply and
demand of radiation safety management human
resource which holds key on future radiation safety
and public acceptance, it is crucial to make provision
on safety of radiation expert demand and supply.
Under sudden change on domestic and foreign
nuclear industry atmosphere, it is inevitable to
experience imbalance on human resource. However,
the importance of competitive human resource
development on radiation safety to enhance the
safety of radiation facility has increased for ensuring
public acceptance.
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1. Introduction

The nuclear incidents is increasing by militant
groups such as ISIS and Al-Qaeda. They are eager to
obtain hazardous materials. In addition, a lot of
terrorism were carried out by these groups like an
accidents arise at a concert box in Manchester (May
2017). One of the most common nuclear materials
stolen is Sr in radioisotope thermoelectric generators
(RTG) [1].

Sr is the only one isotope that emit purely beta in
nine suggested potential radiological terror source by
Argonne National Laboratory [2]. Such a beta emitter
can be hard to detect with conventional instrument
such as Guiger-Muller counter. Therefore, the
research aim of the present paper was to perform
assessment of feasibility for identifying Sr by Laser-
Induced Breakdown Spectroscopy (LIBS) at long
distance with protecting inspectors.

2. Experimental and results

2.1 Experimental setup

Fig. 1 describes the setup of remote-LIBS
detection system. To ablate targets, a compact Q-
switched Nd:YAG laser (532 nm, 220 mJ, 5 ns, 20Hz)
was used. For measuring spectra of targets, an
Echelle spectrograph (f/7, 200 — 975 nm of operating
range, 195 mm focal length) combined with
intensified-CCD (13 x 13 um® pixel size) was
established. To collect the light of plasma which has
information of atomic spectra, a small Maksutov-
Cassegrain Optical telescope (90 mm of aperture,
/14, 1200 mm of focal length) was employed. The
distance between this telescope and samples is about
3 m away. The laser lights were transmitted to targets
through plane mirrors and plano-convex lens with
focal length of 125 mm. The obtained spectra was
used with delay time of 500 ns, integration time of 1
ms, and laser power of ca. 22.5 mJ.

Fig. 1. Photo and schematic view of experimental setup. (a):
Photo of measuring the plasma light at long distance, (b):
Schematic view of light path in telescope to optical fiber,

(c): Photo of cassegrain telescope.

2.2 Samples

The samples are comprised of SrCO; onto Al,
SUS304, mortar and polyester. In fabricating of
RTGs, SrCO; is generated as intermediate products
during the process of solvent extraction [3]. These
fabrication plant is relatively accessible than
reprocessing or interim storage facility for used
nuclear fuel. This study proposes the method to
identify Sr in radiological terror scene. The proposed
method attempts to consider the terror is arise in
huge city by using Al, SUS304, mortar and polyester.
It is because Al, SUS304, mortar and polyester can
be component of radiological dispersal devices outer
container, bridge or pipe, pavement or building, and
clothes respectively. Finally, SrCO; was dissolved
into highly purified water and sprayed on the surface
of matrices homogeneously.
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2.3 Results
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Fig. 2. LIBS spectra at long distance of SrCOj; including Al,
SUS304, mortar, and polyester. Orange line: matrix with
SrCOs;, Black line: only matrix.

Fig. 2 summaries the spectra of SrCO; on various
matrices. All of the peaks were analyzed using
National Institute of Standards and Technology
(NIST) spectroscopy database [4]. Two wavelength
of 421.55 and 460.73 nm were employed to
identifying Sr from the samples. It is because these
peaks are most powerful intensity. Especially 460.73
nm is a persistent spectrum of Sr. For comparison,
the spectra of close contact experiments also
summarized as shown in Fig. 3. In case of close
contact experiment, the same condition such as delay
time, integration time and laser power, but only
difference is distance between gathering devices and
plasma lights. While searching Sr for ensuring an
evidence of radiological terrorism at a long distance
to minimize exposure for inspectors, there are not
such difference between the spectra at long distant
and close contact in terms of identifying Sr from the
various matrices. The whole intensity, however, are
reduce where detect in a far away.
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Fig. 3. LIBS spectra at close contact of SrCO; including Al,
SUS304, mortar, and polyester. Orange line: matrix with
SrCO;, Black line: only matrix.
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3. Conclusion

The present study may suggest that LIBS at long
distant can be used to find evidence of Sr
radiological terror. For each matrix (Al, SUS304,
mortar, polyester) with SrCO;, the feasibility that can
be detect radioactive materials in Sr radiological
terror scene was demonstrated easily. The advantages
of remote detection are identification of targets with
minimized exposure rate for inspectors, and rapid
collection of information by enhanced area of
detection systems covered in one place.
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1. Introduction

Safeguards approach is a set of safeguards
measures to allow the IAEA to meet the applicable
safeguards objectives [1]. Safeguards approaches of
the existing nuclear material handling facilities were
already developed, and a safeguards approach of a
pyroprocessing facility is required for the effective
and efficient safeguards implementation in the
pyroprocessing facility.

Korea Atomic Energy Research Institute (KAERI)
developed the safeguards approach of a reference
facility = named Reference  Engineering-scale
Pyroprocessing Facility (REPF) in collaboration with
Korea Institute of Nuclear Nonproliferation and
Control (KINAC) from 2008 to 2011 as an IAEA
Member State Support Program (MSSP). The annual
throughput of the REPF was 10 MtHM. At present,
KAEI is developing a safeguards approach of an
named  Reference

intermediate-sized  facility

Engineering-scale Pyroprocessing Facility plus
(REPF+) also as a task of a MSSP. This presentation
provides the overview of the REPF+ safeguards

approach, which is under development.

2. Methods and Results

The REPF+ is a conceptually designed
pyroprocessing facility. SFR fuel fabrication process

as well as pyroprocessing process is included to the

REPF+. The input material of the REPF+ is PWR
spent fuel, and the output materials are SFR fuel
assembly, and U ingot. The annual throughput is 30
MTH and the total operation days are roughly 200
days.

The facility is divided into four Material Balance
Areas (MBAs). Inventory Key Measurement Points
(IKMPs) are identified mainly based on the material
type. Flow Key Measurement Points (FKMPs) are
also identified to verify the nuclear material streams
across the MBA boundaries. Other Strategic Points
(OSPs) are defined for the verification of nuclear

material flow within MBA.

MBA1 MBA2 MBA3
SF Storage & Head-end | Analytical Laboratory | Fuel Fabrication
Process O e Process

@ (sRD) 258 (B Andhyfcel Laboraiiey)

Main Process & Waste Treatment
H (M in Fuel Siug and
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z}, D (N in Oxide Reduction Process) o s

E (MM in Electro-Recavery Process)

A A (NM in SF Gask Receipt
and Unloading Area)

B (sFAin Storage Vault)
I (NM in Fuel Assembly

Fabrication Process)
(NM In Waste Treatment Process)

F
Product & Waste Storage é é
J (Fuel Assembly) L. (Waste Storage) _g‘
n

Fig. 1. Draft MBA and KMP structure of the REPF+.

€ (MM in Head-End Process)

K (U Product Storage)

MBA4

MBAL consists of a spent fuel receipt and storage
area and an air-filled hot cell named Head End
Process (HE) cell. The spent fuel assembly is
converted into feed material of an oxide reduction
process such as fragment and porous pellet. The
Shipper Receiver Difference (SRD) is evaluated in
the MBAIL. The containment/surveillance plays
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important role before determining the receiver value
in the MBA1. Near Real Time Accountancy (NRTA)
is not applied to the MBAL.

MBA2 consists of an Oxide Reduction process
(OR) cell, an Electro Recovery (ER) cell, a Waste

Treatment (WT) cell, and Analytical Laboratory

(AL). Most of the material form in the MBA2 is bulk.

The NRTA is applied to the OR cell, the ER cell, and
WT cell, but the NRTA is not applied to the AL.

The MBA3 consists of a Fuel Slug
Fabrication/Fuel rod Welding Process (FF) cell and
Fuel Assembly Fabrication (FA) cell. The input
material of the MBA3 are the U/TRU product, and
the U product, and the output material of the MBBA3
are the fuel assembly. Process materials in the FF cell
are contained in a container, on which an ID is
attached. The NRTA is only applied to the FF cell,
and the NRTA is not applied to the FA cell.

MBAA4 consists of a fuel assembly storage, and a U
product & waste storage. The input material of the
MBAA4 is fuel assembly, U product and waste form.
They can be shipped to outside facility. The material
form in the MBA4 is item, and the MUF is not
evaluated in the MBA4. The NRTA is not applied to
the MBA4.

Physical Inventory Verification (PIV) is carried
out once per year. Facility operators should arrange
the process plan to complete the last campaign prior
to the PIT. The Interim Inventory Verification (IIV)
is carried out once a month or every three months,
and Short Notice Random Inspection (SNRI) and
unannounced inspection can be included. Inventory
change verification methods at each FKMP are
specified.

Joint use of the operator’s DA/NDA system and
automatic sampling system are included to the
verification methods in the REPF+ safeguards

approach.
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3. Summary

A safeguards approach of the intermediate-sized
pyroprocessing facility is being developed. The
safeguards measures in the safeguards approach are
based on the current IAEA equipment and the
safeguards technology under development. The
NRTA is applied to the specified area of the REPF+.
The operator’s DA/NDA system is jointly used for
the verification. The process monitoring and the C/S
on the material and equipment transfer door are
included to increase the effectiveness.

Our effort will help the effective and efficient
safeguards implementation in future pyroprocessing

facility.
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1. Introduction

Generally, a nuclear facility is built and operated
through plan stage, construction stage, operation
stage, and dismantling stage. Safeguards activities
should be carried out from plan stage to dismantling
stage. After dismantling stage, IAEA informs that the
dismantled facility will be excluded from safeguards.

In the safeguards aspect, the status of facility
function and nuclear material is the most important
components. Recent issues in domestic nuclear fields
are related to the decommissioning and dismantling
of nuclear facilities. But safeguards activities during
dismantling stage are only a part of safeguards during
whole-life of facility.

In this paper, safeguards implementation activities
under legal basis are investigated during the whole-
life of nuclear facility including the decommissioning

and dismantling stage.

2. Legal aspects of Safeguards

Originally safeguards concept was initiated from
NPT and established from TAEA, hence safeguards
should be implemented to meet the requirements of
IAEA safeguards.

In the international legal aspects, ROK(Republic
of Korea) should implement safeguards under the
Agreement between ROK and IAEA for the
Application of Safeguards and Additional Protocol.

In the domestic legal

aspects, safeguards

obligations are regulated on the law of nuclear safety
and security. Basically most of safeguards in the law
is to support the implementation of IAEA safeguards
practically. Therefore, the main stream related to the
decommissioning and dismantling is almost the same

to IAEA safeguards.

3. Whole-life Safeguards

3.1 Planed Stage

According to the need on nuclear facility,
government/organization makes a plan to construct a
nuclear facility including cost, location, and others.
From the planed stage, safeguards obligations occur
as follows;

First, Preliminary Design Information should be
provided to TAEA based on the authorization
/decision of construction.

Second, Further Design Information should be
provided to IAEA based on the developed design.

Third, completed DIQ should be provided to IAEA
based on the preliminary construction plans.

Fourth, completed DIQ should be provided to
TAEA based on “as built” design.

Because of no nuclear material during the planed
stage in facility, actual nuclear material accounting is

not necessary.

3.2 Operation Stage
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Main content of the Agreement between ROK and
IAEA is to confirm that there is no undeclared
nuclear material as well as nuclear activity. For this,
safeguards activities should be implemented as
follows;

First, DIQ(Design Information Questionnaire)
including information on nuclear material and facility
should be updated and provided to IAEA.

Second, NMCR(Nuclear Material Accounting
Reports such as ICR, PIL and MBR) should be
provided to IAEA monthly.

Third, based on the DIQ and NNCR, IAEA
inspection is carried out for the confirmation of
facility declaration that facility activity is described
in the DIQ and nuclear materials are kept in the
declared location.

Fourth, except for the illegal activity and nuclear
material, unexpected cases happening during the
operation of facility should be solved based on the

discussion with IAEA.

3.3 Decommissioning & dismantling Stage

There is normal  procedure for  the
decommissioning and dismantling as follows;

First, nuclear material kept in the MBA should be
removed. For example, spent fuel should be moved
to other MBAs.

Second, DIQ for decommissioning and

dismantling should be provided to IAEA step by step.

Normally DIQ includes the decommissioning and

dismantling schedule.

3.4 Termination from Safeguards

Based on the DIQ for the decommissioning and
dismantling from facility, TAEA decides to terminate

the nuclear facility from safeguards after the review
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on remained nuclear material in the MBA, possibility
on the reoperation, facility declared information, and
others. Especially, facility side should be careful not

to find nuclear material later.

4. Results

Overall safeguards activities were reviewed to be
carried out during whole-life of nuclear facility. This
study is applicable to most of nuclear facilities such
as reactors, fuel fabrication plant, and others. Though
some kind of facilities can be discussed with IAEA
additionally, the above explained safeguards
activities should be carried out in the legal basis.

Above all, before the safeguards termination of the
facility, it is the most important to make no nuclear

material state in the facility.
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1. Introduction

As cyber threats to nuclear facilities are increasing,
cyber security for nuclear facilities are getting
strengthened at home and abroad. In R.O.K, Korea
Institute of Nuclear Nonproliferation and Control
(KINAC) regulate nuclear facilities to strengthen
cyber security. In this paper, after introducing

concepts of critical digital assets (CDA) which are

current object of regulation, vital digital assets (VDA)

and zone, we discuss how the concept of zone could
be applied when prepare a scheme for regulating

VDA.

2. Concepts of Vital Digital Assets

2.1 Critical Digital Assets

According to Regulatory Standard “Security for
Computer and Information System of Nuclear
Facilities(KINAC/RS-015)"[1], licensees should
identify CDA which performs or are relied upon for
SSEP functions (Safety-related and Important-to-

Safety, Security, Emergency Preparedness)

2.2 Vital Digital Assets

This concept is defined in the research and
development and this covers digital assets that could
cause nuclear accidents through failure to mitigate

after initiating event.

3. Applications of Zone for preparing a

scheme for regulating VDA

In this section, we will show the concepts of
computer security zone stated in technical guidance
of IAEA and how this could be applied for this

research and developments.

3.1 Concept of Computer Security Zone

According to Technical Guidance “Computer
Security of Instrumentation and Control Systems at
Nuclear Facilities”[2], the security zone concept
covers the logical and/or physical grouping of
computer based systems that share common security
requirements.

In the Draft Technical Guidance “Computer
Security Techniques for Nuclear Facilities”[3], the
application examples are introduced as below, and
this application model could be applied differently

depending on the situation of nuclear facilities.

Security Lavel 1 Number of functions per zone
Key: l——————b 00
Security Levels-eg. 1,2,3,4,5
Zone — 8. Zy, Zop, Zan, In

= Significance of facility functions
System -8, S/ 500515 -

Fig. 1. Application Model of Computer Security Zone.
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3.2 Applications of Computer Security Zone for VDA

Currently, the concept of computer security zone is
not applied to the domestic regulation system and for
the defense-in-depth the concept of computer
security level is applied. In order to prepare a scheme
for regulating VDA, a model applying the concept of

computer security zone was developed.

Identification of VDA

l Function of System

Assignment of Level

! [

|

|
. S

Separated logically/
physically

No

Fig. 2. Model for prepare a scheme for regulating VDA.

After identifying VDA, computer security levels
could be assigned as function of each systems and
suppose some system is assigned level 4(more
important than level 1). Then whether it is separated
logically/physically could assign computer security
zone. If it is separated, the zone would be separated
even they have same level, and if not, they would be

assigned same zone.
4. Conclusion

There are many things to consider when develop a
model to apply the concept of computer security zone,
such as boundary of zone or internal communication.
Now that we have identified VDA, we have only
considered what model could be applied to prepare a

scheme for regulating VDA. In addition, there may
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be other ways to develop a scheme, and further
research will be needed. Through such research, it
can be said that it will be effective in the regulation

of CDA.
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1. Introduction

Korea has concluded an additional protocol with
the TAEA in 2004. In a part of additional protocol,
information of nuclear fuel cycle related R&D
projects supported by governmental funding should
be reported to the IAEA. However, reports for some
projects have been missed and TAEA occasionally
found those missing by their information analysis
system. This situation can cause distrust of the
national transparence for nuclear nonproliferation.
Therefore, we developed the system construction
plan which can reduce some problems such as the
report missing. This paper presents the result of the
concept design as the first step of System
development such as overall system structure, data
classification

collection and direction,  post

processing, and so on.

2. Related researches

There are lots of document categorization systems
using computing based algorithm including machine
learning. In the past, the majority of systems use the
term-based classification method due to simple and
powerful performance. But in recent, increasing
computing power and processed big-data allow to
develop real-time based adaptive method [1]. Our
conceptual design is composed of previous methods

and some of specialized functions to nuclear part.

3. Conceptual design

3.1 Overall system structure

The proposed system consists of four steps as

shown in Fig. 1 including data collection, pre-

processing, classification, and post-processing.

[ Crawling J |Pre-pr0cessing‘ ‘ Post-processing |

x
Research information
matching

| Classification ‘
e

4 Feature selection
Dimension -
<
Muclear fuel cycle
Classificati related R&D
assification Uinformation g
T

L
Machine ™ TAEA
earning ./ Repaort

Fig. 1. Overall system diagram.

3.2 Data collection

At this stage, public research data (papers, project
reports, technical reports, etc.) are collected from the
open source such as website. In order to selectively
collect data for nuclear fuel cycle, we use web-robot
provided by search engines such as Naver or Google
based on a pre-configured URL and a set of search
keywords to automatically collect public information.
For most papers that are not provided or published on
the web, we will develop meta-search engine
indirectly connected to the NDSL, DBPia, and so on.

3.3 Pre-processing

Most of the collected information will be in the
form of a paper. Since the paper has a standardized
format, at this stage, meaningful information such as
title, author information (name, affiliation, e-mail
address, etc.) and journal name can be acquired. In
addition, only the title or abstract part containing the
main contents of the paper can be set to the domain.

In the following, tags and abbreviations are
removed and nouns necessary for feature selection
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are extracted through morphological analysis.

3.4 Classification

Automatic document classification is roughly
divided into two processes. The first is a feature
selection process for converting initial data
composed of a set of words to input data for machine
learning. The second is a process for adjusting
document classifier to target document group by
conducting machine learning. Therefore, feature
selection and machine learning algorithms are

important for improving system performance.

3.4.1 Feature selection. If all the words are used
as feature, it is difficult to conduct machine learning
due to limited computing resource. Therefore, it is
important to select the appropriate words that can
reflect the characteristics of the document. There are
several commonly used feature selection method
such as Boolean weighting, TF/IDF, Information

gain, Mutual information, etc.

3.4.2 Machine learning algorithm. There are
several machine learning algorithms such as decision
tree, artificial neural network, Bayesian network,
genetic algorithm, etc. For this system, it is important
to determine whether it is object or not. SVM
(Support Vector Machines) [2] is an algorithm to
select the most optimal hyperplane in the two-
dimensional data classification problem as the
decision boundary, therefore it seems that SVM
meets the system purpose to distinguish between
documents related to nuclear fuel cycle research and

those that are not.

3.5 Post-processing

At this stage, the documents related to the
classified nuclear fuel cycle are matched with the
information of the researchers acquired in the pre-
processing step and are automatically generated as a
database and IAEA report.
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4. Conclusion

In this study, a conceptual design was developed
to construct a system that automatically classifies
documents with a specific topic, nuclear fuel cycle
research, from unspecific public document data.

There are several things to consider when
constructing an actual system. First, the limitation of
web robots for crawling public data. Recently, web
robots are often blocked on internet search sites.
Second, the difficulty of collecting and analyzing
unstructured documents on the web. Because web
documents are not formatted, character recognition
difficult. Third, the

optimization of machine learning algorithm. To

and domain setting are

customize algorithm to system a lot of training set

are needed.
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1. Introduction

Since the 2011 Fukushima nuclear accident and
the 2016 Kyongju earthquake, domestic concern for
nuclear power has grown rapidly and demands for
nuclear safety have come to the fore. As a result, the
current government has announced the eighth basic
plan for power supply in 2017, which has a lot of
radical changes. This has led to disagreements among
related stakeholders, leading to legal disputes.

In this study, we will review the basic outline of
the Eighth Basic Plan for Electricity Supply and
Demand, and analyze main legal issues of
administrative revocation lawsuit against the Korea

government for cancelling the Plan.

2. Eighth Basic Plan and Administrative
Lawsuit

2.1 Eighth Basic Plan for Electricity Supply and
Demand

In December 2017, the Ministry of Commerce,
Industry and Energy has announced the eighth basic
plan for power supply and demand. Reflecting the
energy conversion road map, which is the basic
direction of the current government energy policy, to
reduce the number of nuclear power plants gradually
and to expand renewable energy to 20% of the
generation capacity by 2030, the project will focus
on the early abolition of coal power generation and
LNG conversion. Among them, the main issues that
the plaintiffs of the lawsuit are having trouble with
are related to nuclear power plants plans: first, the
cancellation of six new nuclear power plants
construction; second, the suspension of life extension
of 10 old nuclear power plants; third, the early
closure of Wolsong 1, which takes into account
power supply and demand. As of 2017, the
government plans to reduce the total number of

nuclear power plants from 24, 22.5 GW by 2030 to
18,20.4 GW.

2.2 Revocation lawsuit of the Eighth Basic Plan for
Electricity Supply and Demand

In January 2018, the plaintiffs, comprised of 216
persons, including civilian and environmental group
representatives from nuclear-related regions, nuclear-
related labor unions such as nuclear suppliers,
nuclear equipment manufacturers, and nuclear
radiation safety management service companies has
filed a lawsuit against the Korea government for
cancelling the Eighth Basic Plan for Electricity
Supply and Demand. Plaintiffs argued that the Plan
had a direct and detrimental effect on the rights of the

plaintiffs in the lawsuit.

2.2.1 Issuel. Disposability of Basic Plan for
Electricity Supply and Demand. The first major
issue is whether the Plan has an administrative
disposition power or not. The ultimate purpose of
administrative litigation lies in the relief of the
people's rights from administrative acts. In the case
of an administrative litigation, the revocation lawsuit,
is subject to "disposition, etc.", and "disposition"
means the act or exercise of public power as a law
enforcement on concrete facts performed by the
office, it
Therefore, it should be recognized that the Plan has a

administrative means reconciliation.
"nature as an administrative disposition" in order to
be relieved through a lawsuit of revocation.

From that point, the plaintiffs claim that the plan has
an administrative disposition power because the plan
will dominate government’s nuclear power plant
project and damage to the plaintiffs’ interest. So the
Plan shall be the object of this lawsuit. By the way, the
government is in the position that the plan is only a
sketch of future energy mix. It does not have a

disposability power. This lawsuit should be dismissed.
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2.2.2 Issue2. Plaintiffs’ Legal Eligibility (Status).

The second major issue is the eligibility (status) of
plaintiffs. Plaintiff eligibility means that only a
person who is violated or damaged by law by the
administrative act seeks the profit or cancelling the
government’s action under administrative lawsuit. If
a Plaintiff is only a bystander or has an indirect
relationship with the government’ action, the
Plaintiff shall not be considered as an eligible
plaintiff of lawsuit and the lawsuit shall be dismissed.

The plaintiffs claim that this plan will undermine
the concrete and direct economic benefits of the
plaintiffs. Defendant, the Korea government, counter
argues that the claims is about collateral and
superficial damages, not the direct and specific
victims’ damage. Thus this lawsuit should be
dismissed.

2.2.3 Issue3. Consistency with Energy Basic
Plan. The third major issue is a consistency with the
Energy Basic Plan. In January 2014, the Ministry of
Commerce, Industry and Energy announced the
Second Energy Basic Plan. The plaintiffs believe that
this is the highest plan of the energy sector and that
all fields of the energy sector are systematically
linked to and coordinated with other energy-related
schemes, so that the philosophy and basic principles
of Energy Basic Plan shall govern the 8" basic plan
as highest and earlier plan. In detail, the Energy
Basic Plan covers the expansion of the proportion of
nuclear power by 2935 to 43 GW by 2035, while the
8th basic plan for power supply is from 20.5 GW to
20.4 GW by 2030. There is an undue discrepancy
between the two plans.

Thus, the plaintiffs argue that this supply and
demand plan is very different from the basic energy
plan, so that even basic rationality is not available
and should be cancelled. Government’s counter
argue is that plan is just a plan for future, so
government has a very large autonomous authority

for administrative planning.

2.2.4 Issue4. Abuse of Discretionary Authority.
The last major issue is an abuse of Discretionary
Authority. The
government planning process is only based on the

plaintiffs argue that current

president's pledge. There is no clear and firm process
for hearing people’s opinion before proceeding the

={ele] V|
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Plan. This is an act of defection beyond a
government discretion. In the case of Switzerland,
the national opinion was collected through a
referendum five times prior to the nuclear power
plant, and in Germany, after 20 years of discussions,
the legislative process was applied for nuclear power
plants. However, it is said that the sudden change
comparing with the 7th power supply and demand
plan to rapidly reduce the size of nuclear power in
the 8th plan is that government abuse its’ the
discretion.

Thus the plaintiffs asserted that the plan is an
outcome of the administrative act of abandonment of
discretionary rights, so it should be canceled as a
although  the
government insist that it has a very diverse

defective  administrative  act,
discretionary scope in the administrative plan and the
plan is under a legitimate procedure and law.

3. Conclusion

In the future, the court will closely examine
whether the plan has the disposition power to be the
object of the administrative litigation and whether the
plaintiffs are qualified as specific and direct victims
of the plan. This lawsuit shall be a very meaningful
legal case in the fields of legal academy and nuclear
industry.
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1. Introduction

Domestic safeguards implementation activities of
ROK are implemented based on the Nuclear Safety
Act. It emphasize the importance of education and
training with respect to nuclear non-proliferation.
ROK has used education and training activities as an
important means to strengthen international nuclear
non-proliferation regime and cooperate with the
international community and implement domestic
activities

safeguards effectively.  With  the

establishment of International Nuclear Non-
proliferation and Security Academy (INSA), ROK
started an international and domestic education and
training

regarding nuclear non-proliferation in

earnest.

2. ESTABLISHMENT OF INSA, AND ITS
MISSION

On the occasion of the first Nuclear Security
Summit (NSS) in 2010, ROK pledged to contribute
to the international community through the
establishment of "Center of Excellence (COE)",
which was established in 2014 under KINAC, named
INSA.

INSA has strength in its capabilities of conducting
education and training activities due to being capable
of utilizing experienced national safeguards inspector
as instructor.
education and

INSA organized an training

program to support the establishment and
reinforcement of safeguards system in newcomer
countries and strengthening of domestic safeguards
system in Korea. In particular, it is based on systemic
approach to training (SAT) which is composed of
five elements such as analysis, design, development,

implementation, and evaluation (ADDIE) [1,2].

3. INTERNATIONAL AND DOMESTIC
TRAING COURSE OF INSA

INSA has international and domestic education

and training program regarding nuclear non-

proliferation.
Firstly, INSA has two kinds of program; INSA-
initiated course and INSA-TAEA

International/Regional Training Course (ITC/RTC).

INSA-initiated course have been developed in
cooperation with Department of Energy (DOE) /
National Nuclear Security Administration (NNSA) of
U.S.A. and IAEA; Fundamentals of Nuclear
Safeguards (Introductory, 5 days); Provision of
Safeguards Information to the IAEA (Specialized, 5
days); Strengthening State Safeguards Regulatory
Authority (Specialized, 5 days).

With close cooperation between ROK and IAEA,
the first INSA-IAEA RTC was held from 6-17
October in 2014 which was titled "Regional Training
Course on State System of Accounting for and
Control of Nuclear Material (SSAC)". It is mainly
Protocols  (SQP)

targeted to Small Quantities
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countries and not only IAEA experts but also KINAC
and other domestic experts were participated in the
lectures. It became significant corner stone for close
and strong cooperation between INSA and IAEA in
order to enhance international nuclear non-
proliferation regime especially for the countries
which wish to start nuclear energy program.
Secondly, INSA has domestic course such as nuclear
non-proliferation course for facility operators and
project managers on nuclear fuel cycle research, nuclear
safeguards inspector course, and awareness program.
Nuclear non-proliferation course for facility operators
and project managers on nuclear fuel cycle research and
nuclear safeguards inspector course are legally
mandated, which are based on Nuclear Safety Act.
Regarding awareness program which is not legally
mandated, INSA tried to expand it for the
strengthening of a nuclear non-proliferation culture

of the public [3].

4. Conclusion

Recently, INSA has developed Substitutional
Reality (SR) based Field Training Exercise (FTX) for
physical protection training programs by using
virtual reality (VR) technology. It might be modified
and could help to provide very realistic situation-
based safeguards training exercise as if trainee
visited real site. This will help overcome constraints
for education and training such as safety and cost,
and maximize trainee’s immersion in the training [4].

INSA also need to consider preparing tailored
program with IAEA for full nuclear fuel cycle of
next generation reactor such as sodium-cooled fast
reactor (SFR), high temperature gas reactor (HTGR).

For strengthening INSA’s HRD capacities, even
though INSA has experienced experts as instructor

who are in charge of safeguards implementation on
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site, still INSA is required to have more excellent
faculty in terms of having good foreign language
ability and availability. Recently INSA has
supplemented four full-time professors.

Finally, INSA will keep accomplishing its original
mission to strengthen international nuclear non-
proliferation regime by providing international and
domestic education and training with active
utilization of new technology. INSA will keep its
sustainability by means of two measures;
development tailored education and training program
for newcomer countries; enhancing INSA’s outreach
program, which result in not only strengthen
international nuclear non-proliferation regime but

also continuously contribute to international society.
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1. Introduction

Recently, Saudi Arabia addressed their willingness
to develop nuclear weapons under certain condition,
which have been heightened tensions regarding
nuclear proliferation over the of the Middle East
region. As a result, bilateral cooperation for
establishing national safeguards system of the states
which are willing to build nuclear power plants has
become significantly important ever before in terms
of setting preventing mechanism of nuclear
proliferation in the Middle East. This paper will
describe the results of analysis of regulatory
technology support status using milestone approach
for supporting establishment of national safeguards

systems in the Middle East Region.

2. The Detailed Analysis of Safeguards-
Related Needs through a Milestone Approach
to Establishment of National Safeguards
System

From early November 2010 to November 2017,
the regulatory technology support activities, largely
within the framework of the Technical Meeting and
the Annual Meeting, to the UAE for establishing
national nuclear safeguards system were conducted

by ROK as follows.

Table 1. Specific Items of Regulatory technology support [3]

No Items

1 Establishing process of SSAC

2 National inspection

3 Education and Training

Safeguards Implementation of ROK
- Legal framework

- Cooperation system with [AEA
- Experience on reporting to IAEA
4 - Experience on reporting to IAEA by mailbox
- Experience on unannounced inspection (UI)
- ROK National LOF Web Management System

- Experience on reviewing documents and
inspection

For providing more systematic support to the
beneficiary countries, the analysis was conducted by
using the tool named milestone approach [1, 2]. The
results of mapping the existing infrastructure
milestones in the areas of safeguards regulatory
technology with the existing demand from the
Middle East countries are as follows:

In the early stages (Milestone 1) of the UAE,
Saudi Arabia, and Jordan, three countries also asked
for regulatory technology in connection with the
establishment of legal framework and regulatory
body. In most cases, regulatory technology support
will be tailored to identify the needs of the
beneficiary countries. In the case of Saudi Arabia,
they already prepared legislation proposal to the
government in assistance with technical cooperation
with other agencies such as STUK in Finland. In this

case, ROK would rather provide technical support
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regarding making regulatory implementation guides
for safeguards inspection.

In addition, in early cooperation, it is the most
important issue to let beneficiary countries recognize
the necessity of the obligation demanded by
international community. For example, if beneficiary
countries signed CSA with IAEA under the NPT, the
country is obliged to establish SSAC.

Analysis of existing regulatory technology support
cases indicates that the beneficiary countries mainly
focused on establishing their legal system, regulatory
framework and sharing implementation status and
procedure. In this regard, beneficiary countries will
be more satisfied if the right regulatory technology is
provided by following milestone and conducting
needs survey to the beneficiary countries.

The UAE completed an agreement for commercial

reactor in 2009, for Jordan signed agreement for

research reactor in 2009, for commercial reactor in 2013.

In the case of UAE, the operation of the first
BARAKAH nuclear plant is imminent, while in
Saudi Arabia, the site selection process for smart
nuclear power plants is still underway. Jordan also
has a plan to operate the first nuclear power plant
around 2021. Therefore, this three-stage milestone
will need to be applied to the UAE.

In 2017, the international transportation of nuclear
fresh fuel for Barakah NPP was carried out, and the
recent agenda of the Technical Meeting and Annual
Meeting with UAE/FANR, regulatory infrastructure
such as the establishment of the legal framework and
SSAC has been remarkably improved.

In addition, the UAE is eager to share their
experience and support regulatory technology to its
neighbor countries in the Middle East. It is a very
desirable model in terms of not only strengthening
international nuclear non-proliferation regime but

also UAE provide their own experience to other
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countries, especially neighbor countries in the
Middle East, which will solidify nuclear non-

proliferation regime in the region.

3. Conclusion

ROK should continue to play an important role in
strengthening international nuclear non-proliferation
regime with interest in countries that want to
introduce nuclear power programs such as Saudi
Arabia in the Middle East region. Starting with
Belarus, Turkey, Lithuania, Bangladesh, Jordan,
Poland, Egypt, Bahrain and Yemen are actively
considering introducing nuclear power program,
which could be biggest threat and challenge to
international society. The milestone approach will be
used as very useful tool for analyzing national status
of readiness and delivering regulatory technology to
these countries for establishing national safeguards
system, which result in facilitating peaceful use of

nuclear energy.
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1. Introduction

Recently, international community pays close
attention to the nuclear fuel cycle research activities
and IAEA also observes carefully those unreported
activities of the respective member countries.

Korea has signed the full safeguards agreement
and additional protocols to comply with the
international nuclear nonproliferation  regime.
However, the difficulty lies for researchers in
obeying international nuclear nonproliferation
obligation due to current domestic legal system.

In this paper, nuclear nonproliferation obligations
reflected to domestic laws will be reviewed and troubles
and improvements for researchers to implement those
duties when they conduct national R&D projects

associated nuclear fuel cycle will be discussed.

2. Analysis of domestic laws

2.1 Nuclear Safety Act

Article 98 of the Nuclear Safety Act [1] stipulates
the duty to report information for nuclear fuel cycle
research activities funded by the government. It
includes the specific report subject, the content of the
research, procedures, outputs, the deadline and etc.

However, there is high probability for researchers
to violate reporting obligations because there is no
separate procedures to ensure that their national
R&D projects are related to the nuclear fuel cycle.
Therefore, they must determine the need for

reporting by themselves. Furthermore, if researchers

use special nuclear materials, State Systems of
Accounting for and Control of Nuclear Materials
(SSAC) substitutes for the obligation to report
research activities. Researchers should be well aware
of these legal systems to fulfill their reporting duties.

In order to include researchers studying nuclear
fuel cycle in the international  nuclear
nonproliferation regime, it is necessary to extensively
inform the nuclear nonproliferation obligations by
active outreach activities such as holding briefing

session and distributing brochures containing related

subjects.

2.2 Foreign Trade Act

Korea has implemented strategic export control
under NSG Export Control Guidelines and Foreign
Trade Act [2] since Korea joined NSG in 1995. In
order to export nuclear-related materials, equipment
and facilities corresponding to strategic items, it is
necessary to obtain and the export license from the
Nuclear Safety and Security Commission.

The revised Foreign Trade Act in 2015 put the
intangible transfer of technology under strategic
export control regime and it is required to acquire an
export permit to provide education and training
program for foreigners in Korea.

In case of participation of foreigners in national
R&D projects associated with strategic technologies,
it is highly possible to occur intangible transfer of
technology. Hence, foreign students and researchers
conducting national R&D projects related to strategic

technologies should obtain export permits in advance
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not to violate the Foreign Trade Act.

The Foreign Trade Act prescribes to obtain an
export permit if research results are corresponding to
strategic items and they are transferred to out of a
country. Research results would be various form like
equipment, technical data, design drawings, patents,
and so on. Although the criteria for strategic items
are stipulated at Table 2 in the Strategic Items Import
and Export Notice, there is difficulty for researchers
to determine whether their research result are
relevant with strategic items.

Hence, it is strongly recommended for researchers
to request classification service for their research
outputs to specialized government organization,
Korea Institute of Nuclear Nonproliferation and
Control(KINAC), to ensure whether they need to get
an export permit. Consequently, they can reduce the

possibility of illegal export.

2.3 Framework Act on Science and Technology

In accordance with the Framework Act on Science
and Technology [3], if National R&D projects handle
manufacture, development, or use of strategic items,
those projects should be designated as security
projects. Security projects are required to prepare
security measures that prevent to divulge research
outcomes outside.

However, the procedure to designate security
projects are arbitrary in current legal system because
selection reviews of security projects follow non-
mandatory provision. According to the Foreign Trade Act
and Nuclear Safety Act, national R&D projects can be
reviewed for relevance to security projects by Korea
Strategic Trade Institute or KINAC only at researchers’
request.

Therefore, some national R&D projects related
with strategic items are highly likely to be classified
as non-security projects, which do not need to

prepare security measures, without any review
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process. This arbitrary procedure can lead violation
of both export permits under Foreign Trade Act and
reporting obligations under the Nuclear Safety Act.

In order to remove loopholes in selection of

security projects, it is necessary to make the

abovementioned procedure to be mandatory
obligations.

3. Conclusion
We have discussed nuclear nonproliferation

obligations reflected to domestic laws for nuclear
fuel cycle research activities funded by government.

It is analyzed that the duties of nuclear
nonproliferation are divided into several laws and
implementation procedures are not systematic.

In order to enhance the export control regime for
nuclear fuel cycle research activities in current legal
system, it is essential to strengthen outreach activities
and control of intangible transfer of technology. In

addition, mandatory procedures for selecting security

projects should be established.
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1. Introduction

During the nuclear security summit process, we
observed the emergence of various new nuclear
security areas. Nuclear forensics is one of them.
Nuclear forensics is the investigation of nuclear
materials to identify the origin and history of
radioactive materials out of the regulatory control
(MORC). Therefore, it has a strong deterrence effect
against illicit trafficking. Many states realized its
necessity and joined efforts in international
collaboration and research programs.

Analysis of nuclear materials is an important
measure in the field of nuclear safeguards and has
been developed so far. In the case of the ROK, we
established nuclear materials analysis systems which
can be adopted in nuclear forensics field. So far, we
focused more on the technical aspect of nuclear
forensics such as analytical techniques and
establishment of the national nuclear forensic library
(NNFL). For an effective implementation of the
nuclear forensics, however, it needs to be bridged
with the national response system.

In this paper, we will review what have been done

and what needs to be done in view of the NNFL
developer in ROK.

2. Evolution of nuclear forensics

In December 1991, the Soviet Union collapsed and

was divided into several independent states while

nuclear weapons and facilities were located outside

of the Russian Federation. At the time, illegal nuclear
materials were found in the European countries. Even
though the nuclear materials were recovered, it was
difficult to identify whether it was weapon grade or
where it was from and so on. Therefore, these
materials were sent to the Institute for Transuranium
Elements (ITU) in Germany, which was the only
laboratory that could do the job at the time of the
seizures [1]. That became the first nuclear forensics
activity. Then, nuclear forensics arose in response to

various seizures of HEU and plutonium cases.

3. Nuclear forensic system in ROK

The NNFL in ROK was developed by KINAC,
and KINAC classified the nuclear forensics into 4-
tier system [2]. 4-tier system consists of 1) Legal
basis, 2) radiological crime scene management, 3)
nuclear forensics library and 4) analysis. Legal
system means law enforcement against nuclear
terrorism. Response has two complementary tiers.
Radiological crime scene management includes the
sampling of radiological nuclear materials as well as
collection of other traditional forensic evidence. The
NNFL is a database containing broad categories of
information to identify and verify analysis results.
Analysis is the base tier supported by technical
capability and is essential in finding signatures. In
the paper, it listed action items for each tier and
evaluated the current nuclear forensics development
and implementation status. Legal framework was

established before the 3rd nuclear security summit.
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Articles of International Convention on Suppression
of the Act of Nuclear Terrorism(ICSANT) and
amendment to the Convention on the Physical
Protection of the Nuclear Material CPPNM) were
reflected in the domestic law.

Regarding the radiological crime scene
management, we had already set up the procedure for
collecting evidence and developed equipment.

Analysis parts and establishment of NNFL also
showed rapid progress thanks to the nuclear security
summit process.

Most of these efforts have been done in piecewise.
Now we need more effort in putting the puzzle together.
It means that we need interfaces between relevant tiers.
According to the ICSANT, we already established the
national law to set penalty for criminal offences,
however, in case of such event, response procedure
includes responsible organization and role. We need to
include nuclear forensics in the national response plan
to support investigations. Even though we have
analytical capabilities, if the investigation team does not
react or contact to the technical counterpart, technical
capability cannot be used in timely manner. It needs to
be simulated through exercise.

The US, a strong supporter in the field of nuclear
forensics, actively encourages and supports the
programs to boost the ROK’s nuclear forensics
capabilities. It includes exercises of incident
responses where all the relevant personnel in various
fields participate. This is partly because of the
geopolitical circumstances we face now. We need to
take full advantage of these environments to establish
national response system and implementation plan.

In case of NNFL, we have a database of
representative  samples  from  nuclear  fuel
manufacturer. It is essential to establish nuclear
forensic database through data compilation to support

nuclear forensic interpretation. But, we have not yet

specified in law on the responsibility to submit
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nuclear materials data for the NNFL. Therefore, our
NNFL is insufficient.

We have the ability to analyze the signatures of the
nuclear materials which is essential to the nuclear
forensics, but we still need traditional forensic
evidence. So, we should refine the procedure in the
scene and establish cooperation system to analyze the
combined evidence both from nuclear and traditional
forensics. Regarding the analysis capability, we can do

better once we set up the proper and timely procedures.

4. Conclusion

The newly issued Coordinated Research Project
proposed by the IAEA lists technologies that can be
used in the scene. To further develop the analysis
capability, IAEA suggested using Gamma ray
spectrometry to increase speed, accuracy and
precision. It also emphasized the necessity to further
research to identify signatures. To improve the on-
scene response, various sampling and packaging
ideas will be reviewed. NNFL needs to be an
integrated information system combined with
computerized algorithm with strengthened traditional
evidence.

The efforts to refine the nuclear forensics system
continues through the participation of leading
countries. Likewise, we need to continue the efforts
which would be the strong deterrence measure of the

nuclear security.

REFERENCES

[1] S. Niemeyer, L.Koch, “The historical evolution of
nuclear forensics: A technical viewpoint” International
conference on Advances in nuclear forensics, 2014.

[2] Yujeong Choi et al., “The development of
national nuclear forensics capability of ROK?”,

WM, 2018.



System Understanding of Long-term Safeguards for a Closed Repository

Heejae Ju", Il Soon Hwang?, and Sungyeol Choi'""
Y Korea Advanced Institute of Science and Technology, 291, Dachak-ro, Yuseong-gu, Daejeon, Republic of Korea
? Seoul National University, 1, Gwanak-ro, Gwanak-gu, Seoul, Republic of Korea
*hiheejae(@kaist.ac.kr

1. Introduction

Spent nuclear fuel is a common global challenge.
It contains Pu having potential to be misused for
nuclear weapons. Unfortunately, the weapon-usable
potential of the Pu is enhanced with time because the
half-life of fissionable Pu-239 is much longer than
that of non-fissionable Pu-238. Also, the self-
protection of spent nuclear fuel due to strong gamma
radiation disappears rapidly. This fact causes a heated
discussion within international domains for long-
term safeguards on final disposal, which eventually
increases the total costs of nuclear energy.

2. Long-term safeguards requirements
2.1 Utility of SNF as explosives

The quality of Pu in SNF improves over time as
the concentration of Pu239 increases due to its long
half-life. In addition, the decay heat and radioactivity
of reactor-grade Pu reduces over time so that
handling becomes easier. Accordingly, the utility of
Pu grows [1]. Mark et. al. concluded that [2]:

(1) “Reactor-grade plutonium with any level of
irradiation is a potentially explosive material”;

(2) “The need for safeguards to protect against the
diversion and misuse of separated plutonium
applies essentially equally to all grades of
plutonium”.
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Fig. 1. Isotopic composition of reactor-grade Pu over
cooling time [1].

2.2 IAEA safeguards

The safeguards agreement, INFCIRC/153, requires
the conditions for the termination time of safeguards
in paragraph 11 as follow [3]:

“The Agreement should provide that safeguards shall
terminate on nuclear material subject to safeguards
thereunder upon determination by the Agency that it
has been consumed, or has been diluted in such a
way that it is no longer usable for any nuclear
activity relevant from the point of view of safeguards,

2

or has become practicably irrecoverable.

Detailed explanation of the conditions above is
stated in the paragraph 35 in the same document:

‘The Agreement should provide that safeguards
shall terminate on nuclear material subjective to
safeguards thereunder under the conditions set
forth in paragraph 11 above. Where the
conditions of that paragraph are not met, but the
State considers that the recovery of safeguarded
nuclear material from residues is not for the time
being practicable or desirable, the Agency and
the State shall consult on the appropriate
safeguards measures to be applied.’

A clear definition of the term ‘practicably
irrecoverable’ is absent yet. Nevertheless, the IAEA
considers that SNF in a closed repository is the
subject to safeguards [4]. Hence, no clear guideline
to prove that a recovery of Pu from a closed
repository exist.

3. System thinking on the long-term
safeguards of a closed repository

3.1 System analysis

Reinforced safeguards system increases detection
probability of clandestine human intrusion. Therefore,
safeguards efforts have negative effect on intruder’s
motivation because reinforced safeguards would
increase the cost of intrusion. Because the motivation
and intrusion attempt have positive relationship,
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negative feedback loop is formed. Accordingly, the
diversion risk can be minimized with the low fixed
safeguards cost. However, the external constraint,
benefit of intruder, shall undermine the negative
effect of the feedback loop. The benefit to intruder is
expected economic gain to intruder in case of
successful intrusion. If the benefit is higher than the
intrusion cost increased by reinforced safeguards, the
negative effect of safeguards on the motivation
would be invalid. Consequently, safeguards cost
burden on society would increase.

3.2 Game theory of Pu mine

A problem of clandestine human intrusion can be
though as plutonium mine game. The players
participating in plutonium mine game represent two
groups including the group of malicious actors who
try to procure plutonium and society who try to
defend a repository from malicious actor group. For
convenience, the group of malicious actors is
designated by intruder; and society is designated by
safeguards agent. Each player has two strategies.
Safeguards agent chooses one of two strategies,
either safeguards or no safeguards: and
simultaneously intruder chooses one of strategies
described in columns, intrude or not intrude.

The preference of decision of each player is
determined by the decision of another player. The
intruder has incentive to intrude a repository owing to
significant value of plutonium. The safeguards agent
would like to assure so that intrusion attempt does not
exist, but doing so requires cost for safeguards system.
If intruder does not try to intrude, the safeguards agent
would prefer no safeguards strategy.

4. Results

Simple example model is developed using current
available data. The estimated players’ strategic
decision map is depicted in Fig. 2.
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Fig. 2. Minimum safeguards cost by Pu recovery.
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5. Conclusion

This paper analyses the costs and benefits of long-
term safeguards on final disposal by combining a
game theory with a system thinking model. The
existing studies only focuses on why safeguards need
rather than how to implement. Proliferation scenarios
of a closed repository were identified by considering
technological innovation in the field of underground
mining. Then, strategic interactions between a
proliferator and a safeguards agent was defined. A
case model showed that the suggested approach can
support political decision making of spent nuclear
fuel management.
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1. Introduction

The Generation IV International Forum (GIF)
emphasizes proliferation resistance and physical
protection (PR&PP) as one of the main aspects to be
considered regarding future nuclear energy systems
(NESs). Also, the PRPP Working Group developed
an Evaluation Methodology (PRPPEM) which can
assess PR&PP characteristics of NESs. It was refined
over the years through several case studies. This
paper presents the current status of PRPPEM,
researches that KAERI has done, and future WG’s

activities to update them.

2. Current Status of GIF PRPP Evaluation
Methodology

2.1 The Beginning of GIF PRPPWG

Starting in 2002, the Proliferation Resistance and
Physical Protection Working Group (PRPPWG)
which aims to develop measures for expressing
safeguardability of NESs was established by GIF.
The group developed a PR&PP Evaluation
Methodology (PRPPEM) that was refined over the
years through several case studies, such as a
Reactor’.

hypothetical Sodium Fast

According to the 2002 GIF Roadmap, nine PR&PP

‘Example

R&D areas were identified, including R&D on

potential vulnerabilities, safeguards approaches,

protective barriers, material deployed, potential
misuse, material protection, accounting and control

for each fuel cycle step.

2.2 The current Status of GIF PRPPWG and
Interactions with System Steering Committees (SSCs)

In 2007, the PRPPWG and SSCs/pSSCs
(provisional SSCs) for each of the six GIF reactor
technologies held workshops to discuss about the
PRPP characteristics of some system designs and
update the PRPP concepts. As a result, a series of
internal reports, “White Papers” are published. It
reports the six GIF reactor technologies, the main
system design options with a mention of the analysts
and definition about PR measures. The 2014 GIF
Technology Roadmap Update motivated the
PRPPWG to assess the progress since the 2011 white
paper. By conducting survey with SSCs, in April
2017, the PRPPWG organized a joint workshop in
Paris with the participation of representatives of all
six SSCs, GIF Senior Industry Advisory Group Panel
(SIAP) and TAEA. It gave the opportunity to address
some of the comments provided by the SSCs in their
reply to the questionnaire, refresh the main aspects of
the PRPPEM and of “PR&PP by Design” concept,
update the PRPPWG on the evolutions and current
status of the six GIF reactor technologies. The update
activities are still ongoing and expected to complete

the activity in next year.
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2.3 The Related Research Activities in ROK

KAERI has contributed to the development of the
proliferation resistance evaluation methodology by
taking a leading role in GIF PRPPWG. The PRPP
Methodology was applied to evaluate a proliferation
resistance for a pyroprocessing facility design. The
study identified new metrics and a pathway analysis
algorithm based on the GIF PRPP measures and
analysis approach. KAERI recognized that the
process of safeguards or a PR evaluation should be
managed in an iterative manner. The ROK is actively
participating in GIF PRPPWG and planning to
increase the effectiveness of the research by sharing
the results of nuclear nonproliferation studies with
the GIF PRPPWG in the nuclear fuel cycle. Also,
KAERI recently translated “Evaluation Methodology
for Proliferation Resistance and Physical Protection
of Gen.IV Nuclear Energy Systems — Revision 67,
which is a technical report by GIF PRPPWG in 2011,

into Korean.

3. The Prospects and Outlook

With the 2018 GIF R&D Outlook document, the
PRPPWG will concentrate its future R&D activities
on specific goals with an indication of possible
aspects that might have to be investigated. Currently,
the PRPPWG and the six SSCs/pSSCs are
collaborating to update the document in view of the
design evolutions and changes that have occurred in
recent years.

KAERI is continuing its nonproliferation research
such as the development of safeguard systems and
proliferation resistance for the innovative nuclear
fuel cycles including spent fuel treatment, which can
contribute to enhancing international efforts to secure

nuclear nonproliferation.
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4. Conclusion

The experience in the process of developing and
testing the PRPPEM formed the basis for a close
interaction with the GIF SSCs/pSSCs in 2011 and
gave light to a joint document which is emphasizing
the PR&PP characteristics of the six GIF reactor
technologies. This activity will not only shed light on
PR&PP advancements of the current system designs,
but also inform the PRPPWG future activities. As
one of PRPPWG, KAERI will actively take part in

further studies.
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1. Introduction

China is playing a growing role in the world
economy, with its soaring energy demand and air
pollution problems. In the race to replace its part of
coal-fire power generation with low-carbon energy
sources, Chinese government selected nuclear power
as the most promising solution. Under the National
13™ Five-Year Plan (2016-2020), China’s nuclear
power capacity will increase to 58 GWe in 2020 with
an additional 30 GWe under construction [1]. The
large expansion of nuclear power accompanied with
the existing Once-Through (OT) fuel cycle, which
inevitably bring the tough problem of rapid
accumulation of radioactive nuclear wastes. However,
China’s current spent fuel reprocessing technologies
are still far from maturation in the industrial scale.

The aim of this paper was to conduct a Multi-
Criteria Decision Making (MCDM) case study
analysis for a national-scale sustainability assessment
of future nuclear energy systems and to further
improve

the weighting system for robustness

enhancement in decision-making process.
2. Methodology

2.1 MCDM Framework of China’s Nuclear Fuel
Cycle (NFC)

In our past studies [2-3], we developed an MCDM
framework to evaluate the nuclear sustainability in
China based on dynamic modeling of NFC transition
from the existing to advanced nuclear energy systems
through 2100. Four nuclear energy system options
for future NFC transition are selected: OT cycle,
PWR(MOX) cycle, PWR(MOX)-FR(MOX) cycle,

and PWR-FR(MOX)) cycle. Also to evaluate the
sustainability of these NFC options, six major criteria
(resource utilization, nuclear waste management,
economic  competitiveness,  proliferation  risk,
environmental impact, and technological readiness)
associated with total 12 detailed sub-criteria are

defined, as shown in Fig. 1.
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Fig. 1. Overall system performance comparison of the 12

sub-criteria in the Options 2-4 against OT.

2.2 PROMETHEE-GAIA

In some circumstances of MCDM applications,
there are always many difficulties to select and
determine the evaluation criteria, weight assignment,
and decision-making methods due to challenging
trade-offs and input data uncertainties. This paper
applies an  integrated Preference  Ranking
Organization Method for Enrichment Evaluation
(PROMETHEE) and Geometrical

Interactive Aid (GAIA) method to help the decision

Analysis for

makers in selecting an optimal transitional path of
future nuclear energy system from a sustainability
perspective.

To stress on the uncertainties of weight assignment
cause by the inherent weakness of any single Fuzzy
Analytic Hierarchy Process (AHP) methodology,
three different Fuzzy AHP approaches including
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Interval Arithmetic (IA), Synthetic Extend Analysis
(SEA), and Fuzzy Preference Programming (FPP)
are selected in terms of different aggregation
methods to derive fuzzy priorities and final weights
for the overall criteria, and are tested to China’s
MCDM case study of NFC. All the original pair-wise
comparison matrices for weighting the 12 sub-criteria
were derived through a Matlab random sampling
model [2]. Finally, by adopting the above three
Fuzzy AHP approaches, the resultant weights for the

12 sub-criteria were simply aggregated to the final

weights through the geometric mean, as shown in Fig. 2.

Fig. 2. Final weights for the 12 sub-criteria by using three
Fuzzy AHP approaches.

3. Results and Discussions

The final weights for the 12 sub-criteria were
applied in the MCDM analysis. The PROMETHEE
rankings of four NFC options with the corresponding

values of net flow score are displayed in Fig. 3.
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Fig. 3. The net flow scores of the four NFC options by
using PROMETHEE.

PWR-FR(MOX) cycle got the top score among
four candidate options, followed by OT cycle.
PWR(MOX)-FR(MOX) cycle is the lowest-ranked
option. Fig. 4 shows the GAIA plane for the case
study in a standard 2D (U,V) view with a quite high
information quality of 97.2%. In this plane, the 12
sub-criteria are represented by axes and the four
options are shown as points. A long and thick
decision axis in red indicates a strong decision power

to compromise the confliction among the criteria and
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candidate options. Here, the decision axis clearly
PWR-FR(MOX) which

indicates its best performance based on the given

points  towards cycle,
criteria weights. Additionally, the orientation of the
decision axis indicates the proliferation risk criterion
is in highest agreement with the PROMETHEE

rankings compared to the other criteria.

Fig. 4. GAIA plan for China’s MCDM case study.
4. Conclusions

From the above MCDM analysis results of four
applying
PROMETHEE-GAIA method, the PWR-FR(MOX)

cycle is proven to be a sustainable NFC transitional

nuclear energy system options by

candidate. In the future, more integrated evaluation
metrics and more reliable weighting system for
assessing China’s future NFC transitional path

should be continuously developed.
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1. Introduction

The AP (additional protocol) is a legal document
granting the IAEA (International Atomic Energy
Agency) complementary inspection authority to
assure the absence of undeclared nuclear material
and activities. The ROK (Republic Of Korea) signed
the additional protocol in June 1999 and it entered
into force in Feb. 2004 when the ROK national
assembly was ratified. Under the AP, KAERI has
submitted the annual report on the expanded
declaration to the IAEA, and the IAEA has carried
out the CA (Complementary Access) of the KAERI
site since 2004. As you know, our institute has so
many facilities and projects that it is very difficult
and complicated to report. So, we are building a
system for expanded declarations inside the institute.
This paper describes the establishment of AP system
at KAERI.

2. The Additional Protocol at KAERI

Under the AP, the KAERI has annually submitted
a report on expanded declaration to the IAEA, and
the IAEA has carried out the CA of the KAERI site
to assure the absence of undeclared nuclear material
and activities since 2004.

2.1 Expanded Declaration

In the ROK, a report on the expanded declaration
under the AP should be submitted to KINAC by 31
March of each year. The KINAC coordinates the
ROK AP information and submits it to the TAEA by
15 May. KAERI has submitted the reports on
expanded declaration to the KINAC in a timely
manner since 2004. The information of the
declaration under the AP is as follows:

(1) A general description of and information
specifying the location of nuclear fuel cycle-related
research and development activities not involving
nuclear material carried out anywhere that are funded,
specifically authorized or controlled by, or carried
out on behalf of the government (Article 2.a.(i) of the
AP)

(2) A general description of each building on
each site including a map (Article 2.a.(iii) of the AP)

3) A description of the scale of operations for
each location engaged in the activities specified in
Annex I to the AP [1] (Article 2.a.(iv) of the AP)

4) General plans for the succeeding ten-year
period relevant to the development of the nuclear fuel
cycle (including planned nuclear fuel cycle-related
research and development activities) when approved
by the appropriated authorities in the government
(Article 2.a.(x) of the AP). Nuclear fuel cycle-related
research and development activities are those
activities that are specifically related to any process
or system development aspect of any of the following:

- Conversion of nuclear material,

- Enrichment of nuclear material,

- Nuclear fuel fabrication,

- Reactors,

- Critical facilities,

- Reprocessing of nuclear fuel,

- Processing (not including repacking or
conditioning not involving the separation of elements,
for storage or disposal) of intermediate or high-level
waste containing plutonium, high enriched uranium
or uranium-233,

But these do not include activities related to
theoretical or basic scientific research or to research
and development on industrial radioisotope
applications, medical, hydrological and agricultural
applications, health and environmental effects and
improved maintenance.

2.2 Complementary Access at KAERI

Table 1 shows the status of the CA at KAERI. The
IAEA has conducted 45 CAs on the KAERI site
since 2004. The CA is for IAEA inspectors to assure
the absence of undeclared nuclear material or to
resolve questions or inconsistencies in the
information a State has provided about its nuclear
activities. The IAEA gives an advanced notice of the
CA of at least 24 hours to KAERI. The advanced
notice is shorter- at least two hours- for access to any
place on the KAERI site that is sought in conjunction
with the DIV (Design Information Verification) or ad
hoc or routine inspections.

IAEA activities such as an examination of records,
visual observations, environmental sampling,
utilization of radiation detection and measurement
devices are conducted during the CA.
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Table 1. The status of the CA at KAERI (as of Sep 2018)

2012 2013 2014 2015 2016 2017 2018
The
number
of the 1 3 1 3 3 1 2
CA

3. The Implementation System of AP at
KAERI

As you know, our institute has so many facilities
and projects that it is very difficult and complicated
to report. Since KAERI AP implementation system
was designed not only to prepare the expanded
declaration efficiently at KAERI but also to meet the
requirements established by the IAEA under the AP.
All AP information such as the building information
at the KAERLI site, R&D project information, and the
status of the annual expanded declaration can be
managed in this system.

KAERI has upgrading it for the sake of user
convenience. The experience obtained from the
development of the AP implementation system may

be helpful in the implementation of the AP at KAERI.

Review & Uuuate\

v Site Info
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Fig. 1. Schematic Diagram of Expanded Declaration.
3.1 2.a.(i) Research Project

The list of KAERI R&D projects downloaded
from the KAERI MIS (Management Information
System) is managed in this system. This system
notifies all R&D project managers automatically that
the project information should be submitted if it
needs to be reported under article 2.a.(i), (iv) or (X)
of the AP. On the basis on the information the project
manager provides, In general, more than 600 projects
are reported as projects to report and not to report.
When the project name is changed or the research
contents change to the contents to be reported, it is
added to the system according to the judgment of the
project manager. It is linked to the report of 2.a. (iii),
depending on which buildings the projects are
undertaken.
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3.2 2.a.(iii) Building Information

With regard to building information, this is
obtained in two ways. One gets information from
walking around the institute, and secondly from the
relevant departments. Then enter the information into
the system and it will automatically link with 2.a.(i)
related projects. You will know which projects
perform in which building. We’ve just started this
system and checking the system for errors and
missing parts in parallel with the manual operation.

3.3 Pros and Cons

The advantage of the system is that the system
processes it, which reduces human errors and missing
parts. In fact, we have been helped by the system
from human errors. The only disadvantage is the
project managers should make their own decisions as
to whether or not their project is an AP declaration.
However, if a PM is not fully aware of the AP
declaration, it is considered necessary to have a
system that can automatically validate projects.

4. Conclusion

The AP implementation system developed by
KAERI was designed not only to prepare the
expanded declaration efficiently at KAERI but also
to meet the requirements established by the IAEA
under the AP. The system is currently being updated,
and if there is still difficulty, but the system can be
trusted even if it is developed to a good level, it will
be possible to shorten the time to write the report and
increase the reliability. The experience obtained from
the development of the AP information management
system may be helpful in the efficient
implementation of the AP at KAERI.

KAERI will make continuous efforts to implement
the AP efficiently, as well as meet the requirements
established by the IAEA under the AP.
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1. Introduction

In June 2017, the new government declared its
policy of de-nuclearization. This declaration was
made in accordance with the Presidential
Commitment. After these results, the nuclear power
sector in the field of nuclear power was significantly
affected. This is because the public perception of
nuclear power plants has been steadily deteriorating.
However, the field of radiation had a considerable
distance from the enucleation movement. Therefore,
we need to study how the public's perception of
radiation has changed since the government's
declaration. On the other hand, the explosion of
Internet users has increased the influence of
cyberspace[1]. Modern people are using Cyberspace
to present their opinions because of time and space
constraints. In addition, many organizations, such as

government and companies, are constantly
confirming public opinion in cyberspace[2].
Therefore, this paper investigated the public

perception and change of radiation in cyberspace
after the declaration of the government.

2. Data and methodology
2.1 data

The data used in this study are news and
comments about radiation from May 2017 to June
2018. In addition, 'nuclear' and 'renewable energy'
data were collected together for radiological
comparison. The word energy' and
'renewable energy' are social issues due to the

‘nuclear
government's policy of nuclear power.
2.2 methodology

This study performed time series analysis,
association analysis and frequency analysis for data
analysis. Through time series analysis, we can
compare how much radiation, nuclear energy, and

renewable energy are concerned in our society.
Associative analysis provides information on what

words people think about ‘'radiation'. Finally,
frequency analysis provides quantitative information

on all words exposed with radiation.
3. Result
3.1. Time series analysis result

As shown in Figure 1, the news volume for nuclear
power was the highest from May 2017 to June 2018.
In particular, about 4500 nuclear news stories were
generated in October 2017. This figure is 9 times
more than the amount of news about radiation during
the same period. News volume on renewable energy
was 3-4 times more than news volume on radiation.
The amount of news about radiation was steady at
500 cases per month without any major change.
Meanwhile, the news about radiation was more than
twice as high as usual in May 2018 due to the
problem of radon bed.
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i

Fig. 1. comparison among Radiation, nuclear power, and
renewable energy news volume.

News is information provided to the public in the
media. The comments show the opinion of the public
and the actual public opinion.

Figure 2 shows that public interest in nuclear
energy is 16 to 4 times higher than radiation.
Radiation has not been able to produce big issues and
has received no public attention.
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Fig. 2. Comparison among Radiation, Nuclear, Renewable
Energy News reply.

3.2 Association analysis result

Associated analysis indicated that radiation was
associated with radiation dose, radiation control
method, and annual radiation dose[3]. When people
think about radiation, they can think of these words
as thinking at the same time.
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Flg. 3. Radiation-related analysis results.
3.3 Frequency analysis result

Radiation related frequency analysis revealed
many words such as treatment, patient, hospital,
examination, and surgery. This result can be
interpreted as a result of the mass use of radiation for
medical purposes.
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Fig. 4. Wordcloud[4] results about radiation.
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4. Conclusion

Radiation is a field of nuclear power. However, the
public does not consider nuclear power the same
field. The public thinks nuclear power is dangerous
because of radiation, but does not pay much attention
to actual radiation and is considered medical. In other
words, the nuclear energy sector must actively
respond to the nature of the risks in order to

overcome the government's policy of de-
nuclearization.
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1. Introduction

ROK has nuclear cooperation agreements with
several countries for the peaceful use of nuclear
power. The agreements and administrative
arrangements for implementing these agreements
with some countries include the management of the
items subject to the agreement and providing of
annual report on inventory and inventory changes of
the items. Generally, the items subject to the
agreement refer to nuclear material, material,
equipment and information, and some countries
include the items derived from the transferred items.

KAERI has been providing the annual reports on
the inventory and inventory changes of the items
subject to the agreement to Canada and Australia since
1980s and Japan since 2013. The annual report on US

items was added after the nuclear cooperation

agreement between ROK and US was revised in 2015

and an administrative arrangement was signed in 2016.

ROK had managed the origin of nuclear material, but
since the revision of the agreement with the US, it has
replaced by the obligation instead of the origin.

This paper describes the status on the management
of the items subject to the bilateral agreement at

KAERI.

2. Management of items subject to the agreements

2.1 Status of annual report on the items subject to the

agreements

ROK has obligation to provide the annual report to
Canada, Australia, Japan and the US. The items in
the annual report may differ slightly by the country
of agreement.

(1) Australia

ROK should provide an annual report on all
nuclear materials transferred between ROK and
Australia every January. KAERI has been providing
the annual report on nuclear materials including
yellow cake transferred from Australia since 1987.

(2) Canada

ROK should provide the annual report on all
nuclear materials, material, equipment and
information subject to the agreement every March. In
addition, the items, which are used, produced,
developed, processed, reprocessed, enriched,
fabricated or converted from, by, in or with the items
supplied pursuant to the agreement, should be
included. Thus, KAERI manages the nuclear
materials irradiated at HANARO research reactor
that includes Canadian equipment and information as
non-canadian origin. KAERI has been providing the
annual report on Canadian nuclear materials, non-
canadian nuclear materials, material and some
equipment and information related to HANARO
research reactor since 1983.

(3) Japan

The items that should be provided in the annual

report to Japan are nuclear materials, material,

equipment and technology. KAERI has been

providing Japan with the annual report on technology
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of plant specification since 2013.
(4) United States

The items and forms included in the annual report
were finalized after an administrative arrangement
was signed. ROK should provide the annual report
on nuclear materials, moderator material, equipment
and components subject to the agreement every June.
In addition, special fissionable material that was
produced through the use of equipment or device that
were transferred pursuant to the 1972 agreement
includes US obligated nuclear materials. Therefore,
KAERI also manages the plutonium produced from
non-US nuclear material which was irradiated in US
supplied reactor as US obligation. KAERI has been
providing the US with the annual report on nuclear

materials since 2017.

2.2 Procedures for preparation of annual report

NM control department manages and provides the
annual report under the bilateral agreements at
KAERI. The procedures for preparation of an annual
report are as follows.

(1) In case of the items except nuclear materials,
NM control department requests to all
departments at KAERI to confirm if they have
the items pursuant to the agreement before
submitting the annual report.

(2) For nuclear materials, NM control department
manages the inventory and inventory changes
of the nuclear materials by origin management
system. KAERI developed the origin

management system in 2015 to efficiently
manage the origin information. The system is
connected with the KASIS (KAeri Safeguards
Information treatment System) which has the

function of a near real-time accounting. When

the operator input the data on inventory

={ele] V|
[y |
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changes in KASIS, it is automatically
reflected in the origin management system.
Then, NM control department fixes the origin
information after the review of invoice and
nuclear material transaction report.

(3) Finally, NM control department review the
import and export information and the

documents received from other department

and prepare the annual report.

3. Conclusion

This paper reviewed the management status of the
items subject to the bilateral nuclear cooperation
agreement at KAERI. In particular, nuclear materials
are managed using the origin management system
because they have many inventory changes and are
more complicated than other items. However, it is
difficult to manage US obligated nuclear material
since the origin management system was developed
before an administrative arrangement between ROK
and US took effect. Therefore, it is necessary to
revise the system to manage the obligated nuclear

material rather than the origin of nuclear material.
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1. Introduction

Sodium-cooled Fast Reactor (SFR) is a promising
reactor among Gen-IV reactors for future. Metallic
fuel slugs for SRF have conventionally been
fabricated by injection casting method since 1950s.
The injection casting method has the advantages of
high productivity and excellent remote control, but
the drawback of low yield of about 50%.

In this study, the characteristics of the residue
scraps of U-Zr alloy system fuel in as-cast state and
after surface treatment such as mechanical and
chemical treatment have been examined to evaluate
the feasibility the recycle of the fuel scraps, in order
to improve the yield during the fuel fabrication
process. In further, metallic fuel slugs were re-
fabricated using recycled metallic fuel scraps by

injection casting method.

2. Methods and Results

2.1 Experimental Methods

U-10wt.%Zr and U-10wt.%Zr-5wt.%RE fuel slugs
have been fabricated using pure depleted uranium and
zirconium metal, and RE mother alloy with injection
casting method. RE is a rare-earth alloy consisting of
53wt%Nd, 25wt%Ce, 16wt%Pr, and 6wt%La. After
injection casting, the melt residue scraps have been

obtained and treated on the impurity layer of the

surface by either chemical or mechanical method. The
metallic fuel slugs were also fabricated using recycled
metallic fuel scraps by injection casting method. The
microstructure and the composition of the melt residue
scraps and metallic fuel slugs were analyzed using
using inductively coupled plasma atomic emission
spectroscopy (ICP), elemental analysis (EA). scanning
electron microscopy (SEM) and energy-dispersive

spectroscopy (EDS).

2.2 Experimental Results

(a) (b)
Fig. 1. The surface states of U-10Zr-SRE melt residue in
as-cast state (a) and after (b) mechanical treatment.

The surface states of U-10Zr-5RE melt residue
before (a) and after (b) mechanical treatment are
shown in Fig. 1. The U-10Zr-5RE melt residue in the
top surface with as-cast state showed RE-compounds
ranging from 5 to 30 um in thickness as the first
impurity layer on the top surface and RE-rich layer
ranging from 1 to 2 mm in thickness as the second
impurity layer, according to the integrated results of
SEM, EDS and XRD analyses. The U-10Zr-5RE
melt residue in the bottom surface showed Y,0;
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plasma-spray coating layer of about 20 um in
thickness as the first impurity layer on the bottom
surface and RE-rich layer of about 40 pum in
thickness as the second impurity layer.
RE-compound layer as the first impurity layer on
the top surface in the U-10Zr-5RE melt residue have
been removed on the whole in the top surface after
mechanical treatment. Y,0; plasma-spray coating
layer as the first impurity layer on the bottom surface

and RE-rich layer as the second impurity layer have

(b)

Fig. 2. Scanning electron micrograph and energy-

dispersive X-ray spectroscopic mapping showing the
surface layer of U-10Zr-5RE melt residue after mechanical
treatment; (a) top, (b) bottom.

been generally cleaned in the top surface after
mechanical treatment. U-10Zr-5RE fuel slugs with a
diameter of about 5.5 mm and a length of about 300

mm were fabricated soundly without cracks or thin

sections, recycling metallic fuel scrap of melt residue.
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3. Conclusion

The characteristics of the melt residue scraps of U-
Zr alloy system fuel in as-cast state and after surface
treatment have been examined to evaluate the
feasibility the recycle of the fuel scraps. Surface
impurity layers on the surface have been removed on
the whole after mechanical treatment. Metallic fuel
slugs were also re-fabricated soundly with mold
length of 300 mm. The feasibility of the recycling of
the fuel slug scraps has been demonstrated by the re-

fabrication of the metallic fuel slugs.
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1. Introduction

For the optimization of pyroprocessing, the
electrochemical data, especially the exchange current
actinides are of

of the

density of lanthanides and

importance. However, the knowledge
exchange current density in high temperature eutectic
is rare, and there are controversial opinions and
estimates about the effect of various electrode
materials on the exchange current density [1]. In this
study, the effect of different electrode materials such
as tungsten, glassy carbon, nickel, and platinum on
the exchange current density was investigated using

Tafel measurement.

2. Experimentals

2.1 Chemicals

For the Tafel measurements, CeCl; and SmCl,
were melted in anhydrous LiCl-KCl eutectic salt at
500°C. The concentration of CeCl; varied in the
range of 1.0wt%, and the concentration of SmCl; was
prepared to be 5.0wt%. For each electrode, three
samples were prepared to examine the reproducibility

of exchange current densities.

2.2 Apparatus

CeCl; and SmCI; were contained in the LiCI-KCl
eutectic salt in a 40 mm diameter quartz cell. A cap
with 6 holes was closed at the top of cell for stable
positioning of electrodes.

Tungsten rod (Nilaco, 1.0 mm in diameter, 99.95%

purity) was used as a counter electrode and an
Ag/AgCl electrode (Alfa Aesar 99.99%, 1.0 mm
diameter Ag wire in 1wt% AgCI-LiCI-KCl) was used
as a reference electrode encased in a thin-end pyrex
glass tube. For the measurements of exchange current
densities using different electrode materials, tungsten
(@ = 1.0 mm), glassy carbon (@ = 2.0 mm), nickel
(¢ = 1.0 mm), and platinum (@ = 1.0 mm, molded
onto the tungsten rod) were used as the target
working electrodes.

Experiments were performed in a glove box under
high-purity argon gas condition (99.999% Ar, H,O
and O, < 10 ppm). The temperature was maintained
at 500 = 10°C in the furnace placed at the bottom of

glove box.
3. Results and Discussion
3.1 Tafel measurement

The exchange current density of CeCl; was
determined using Tafel equation (Eq. 1), a simplified
Butler-Volmer equation. Fig. 1 shows the Tafel plot
of CeCl; in LiCI-KCI molten salt at 500°C measured
in the potential range of -2.10 V to -1.95 V,
including the equilibrium potential of -2.00 V. The
Tafel measurement was first initiated after the
deposition of Ce metals on the electrode by applying
the overpotential of -0.15 V for 5 sec with a scan rate
of 20 mV/s. By fitting the linear Tafel slope to the
zero-overpotential, as presented in Fig. 1, the

exchange current densities were obtained.
i . _ acnFn
In(—j) = In(jo) — “=2 M
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where j is the exchange current, j, is the exchange
current density, o. is the cathodic charge transfer
coefficient, 1 is the overpotential, F is the Faraday
constant, R is the gas constant, and T is the absolute
temperature.
Using the tungsten working electrode, the
exchange current density of Ce was determined to be
17.61£0.20 mA/cm®, which is in good agreement
with other literature data studied by K.C. Marsden
and B. Pesic [2] by considering the concentration

dependency of the exchange current density.
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Fig. 1. Tafel plot of CeCl; with tungsten electrode in LiCl-
KCl eutectic salt at 500°C.

3.2 Effect of different working electrodes on the

exchange current density

As shown in Fig. 2, the exchange current densities
of Ce(Il)/Ce(0) and Sm(II[)/Sm(II) were obtained
with different electrode materials of tungsten, glassy
carbon, nickel, and platinum. The difference in the
exchange current density of CeCl; was marginal
within the uncertainty level, whereas SmCl; showed a
remarkable difference in the exchange current density,
depending on the electrode materials. The possible
reason was that the working electrode is coated by
deposition on its surface with Ce metals. Therefore, it
was concluded that there are only interactions between
the Ce(0) coated working electrode (W, GC, Ni, and
Pt) and the Ce(Ill) ions. This was confirmed by the
soluble/soluble reaction of Sm(III)/Sm(II), which is

not subject to the deposition process.
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Fig. 2. The exchange current density of CeCl; and

SmCl; with various electrode materials.

4. Conclusion

We investigated the effect of different electrode
materials on the exchange current density by the
soluble/insoluble reaction of Ce(Ill)/Ce(0) and the
soluble/soluble reaction of Sm(III)/Sm(I). The
former is probably associated with the deposition of
target elements on the electrode surface by applying
negative overpotential before the Tafel measurement
for the Ln(IIT)/Ln(0) reactions.
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1. Introduction

As the transition to storing the spent nuclear fuel
(SNF) from spent fuel pool in dry storage facilities
for extended period, NPPs must be prepared to dry
SNFs. The Forced Helium Dehydration (FHD)
technology has been developing to preserve the
integrity of SNFs and fuel storage system as a R&D
project of KETEP. FHD drying is specified for a
canister that contains high-burn up fuel assembly.

For commercial SNF, the typical acceptance criterion
is maintaining a 3.0 torr pressure for 30 minutes. Other
measurement techniques may be used to show drying
adequacy. Application of those techniques and the
metrics for dryness would need concurrence from the
regulatory agency. Adequacy of water removal should
be evaluated by pressure rebounding measurement or
monitoring the moisture content in process gas removed
from the dried container.

Monitoring the moisture content in process gas
method can be used for FHD drying. There are
several practical methods for moisture content such
as relative humidity (RH), temperature measurement
of process gas and dew-point (DP) measurement of
process gas in the canister corresponding to the
partial pressure of water vapor at 3 torr. It is
necessary to select a reasonable measurement method

and measurement guide as a regulation.

2. Moisture Measurement Technology

2.1 FHD Drying Concept

The fuel drying by FHD process is effectuated by

circulating the heated process gas such as Helium and

removing the moisture through condenser and freezer.
Adequate dryness for FHD can be confirmed by

DP of canister exit process gas, the temperature of

the process gas exiting the freezer and, or humidity.

2.2 Selection of measuring technology for dryness

confirmations

The adequate moisture removal verification should
be verified by proper method to applied system.
There are two methods as a industrial applicable
methods; one is capacitive sensor, other optical
(chilled mirror) hygrometer.

Capacitive sensors (CS) respond to small changes in
water vapor pressure feature. The sensor measures the
capacitive or resistive output of a sensing element.
Capacitive sensor measures relative humidity and others
can provide by calculating and converting between

humidity values in terms of DP, vapor pressure.

_ upper electrode
v

/ 7 / high polymer membrane
|

g/ bottom electrode
e :

S

|
<7‘— glass plate
B V4
L—V

Fig. 1. Structure of CS with polymer membrane.

DP is defined as the temperature that moisture just
begins to condense on a surface. The chilled mirror
DP sensor measures this parameter directly. Since the
mirror surface is always at the dew point, measuring
the mirror temperature provides actual DP.
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The chilled Mirror is more precise than capacitive
technology offering accuracy to = 0.1 C to versus +

2.0°C for capacitive.

Light source Q

N

moor [ = w7

-5 -1-5~0-0-1- 1

Fig. 2. Structure of Chilled mirror Detector.

K o

Measurement techniques include direct insertion in
the gas and sample by pass methods. Sample bypass
system diverts a sample of the gas to the sensor.
Sampling systems are critical to insure accurate and
reliable moisture measurements. Materials of
construction, length of flow path, diameter of tubing
and myriad other factors are critical in the design of a

properly functioning system.

( ? PROCESS BEING SAMPLED («/

.~ TOTAL SAMPLE FLOW

FLOW CONTROL
HEATED SAMPLE

: LINES AND SENSOR
:‘/ (IF REQD) \‘
Y= PuTer(rReQD) [T =4

FLOWMETER
(05-SCFH)

,,,,,,,,,,,,,,,,,,,, —

HYGROMETE
SENSOR

.............................

PRESSURE
REGULATOR
(IF REQ'D)

BYPASS FLOW (IF REQD)

INCREASED TOTAL SAMPLE
FLOW FOR FASTER RESPONSE

FLOWMETER VACUUM PUMP |
(RANGE TO SUIT) (IF REQD) v

EXHAUST

Fig. 3. Typical sampling system.

3. Summary

Canister is considered to be dry when the
temperature of the gas exiting the freezer or canister
exit gas is below the preset temperature or DP for 30
minutes which correspond to the partial pressure of

the water vapor in the canister of less than 3 torr.
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The chilled Mirror is more precise and proper
method for FHD drying confirmation than capacitive
technology.

Regulatory guide for measuring technology for
dryness identification must be prepared by regulatory
body.
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1. Introduction

Spent nuclear fuel (SNF) is subjected to a vacuum
drying process at up to 400 C and cooled down
during dry storage. In this process, hydrides are re-
precipitated in the zirconium matrix and these re-
precipitated hydrides reduce the ductility of the fuel
claddings. Then the claddings can be easily damaged
by external impacts such as pinch-type loading that
can happen during SNF transportation. Many studies
have been carried out on the integrity degradation of
the claddings, but most of which have uniform
hydride morphology. Some phenomena, such as
hydride rim and hydride re-orientation, can occur in
SNF claddings and they can worse the integrity of
the claddings more than uniformly precipitated
hydrides. In this study, hydrogen charging and
hydride re-orientation treatment were implemented to
simulate SNF claddings and ring compression tests
were adopted as a test method to evaluate the fracture
energy of claddings which shall be subjected to
shock loads during transportation. Then, effects of
hydride re-orientation and hydride rim on fracture
energy were analyzed based on the RCT results.

2. Experimental

2.1 Specimen preparation

In this work, cold worked stress relieved (CWSR)
Zircaloy-4 cladding tube with outer diameter of 9.5
mm and wall thickness of 0.57 mm was used. Two
types of specimens were prepared to evaluate an
effect of hydride rim: uniform hydride specimens
(U1-U4) and hydride rim specimens (R1-R4). To
form hydride rim, outer surface of cladding tube was
plated with Ni, which has good hydrogen affinity
before hydrogen charging [1]. Then, specimens were

charged with hydrogen using a Sievert type apparatus.

After hydrogen charging, to form hydride re-
orientation specimens were pressurized by argon gas
at initial hoop stresses of 90-150 MPa at 400 C.
Hydrogen contents of the specimen were determined
using a hydrogen analyzer (ELTRA ONH-2000).

Table 1. Conditions of specimen used in this study

Initial
Hydrogen hoop Peak
specimen  concentration  stress Temperature
(wppm) at400C 9
(MPa)
Uni Ul 272 150
hn;r‘;g: 02 272 140 400
v U3 262 110
specimen
U4 191 90
Hedrid R1 1246 150
zi;i N R2 1281 140 200
! R3 1148 110
specimen
R4 931 90

2.2 Ring compression test
Ring compression test (RCT) was conducted at a
temperature range of room temperature (RT) to 300C

using a universal testing machine (INSTRON model
5582) with a displacement rate of 1 mm/min.

i/L/fﬂ.E

Orsplacement (mm

Fig. 1. Ring compression test and load-displacement curve.
3. Results and discussions

Based on the RCT results, fracture energy of SNF
claddings was evaluated on two parameters: (1)
degree of hydride re-orientation, and (2) ductile to
brittle transition temperature (DBTT).

3.1 Fracture energy/area by degree of hydride re-
orientation

In RCT, cladding ductility can be evaluated by
fracture energy/area similar to strain energy density
(SED) concept [2]. Radial hydride continuity factor
(RHCF) is one of methods that indicate degree of
hydride re-orientation [3]. Fig. 3 shows fracture
energy/area by RHCF with hydride rim specimens
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(R1-R3 and U1-U3) at a temperature ranges from RT
to 150 C. The fracture energy/area at RT, 100C and
150C decreases with an increase in the RHCF. It
means that radial hydride can be an important factor
to evaluate facture energy of claddings.
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Fig. 2. Fracture energy/area by radial hydride continuity factor.

3.2 Ductile to brittle transition temperature (DBTT)

Ductile to brittle transition temperature (DBTT) is
important as claddings slowly cooled down after
vacuum drying process. If claddings become brittle
as temperature goes down, cladding rupture can
happen by external impact during transportation. Fig.
3 is fracture energy/area by the temperature of
uniform hydride specimens (U1-U4) and hydride rim
specimens (R1-R4). DBTT of claddings increases as
cladding hoop stress increases. It is considered that
radial hydrides can be more easily generated as hoop
stress goes up and they make claddings brittle. With
high hoop stress (e.g. U1, U2, R1, and R2), claddings
can be brittle even in 150-200C. Claddings with
hydride rim can be ruptured by low external energy
although cladding hoop stress is low.

7 o
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]

T T T T T
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Fig. 3. Fracture energy/area by the temperature of uniform
hydride (U1-U4) and hydride rim specimens (R1-R4).

4. Conclusions

RCTs were conducted using uniform hydride
specimens and hydride rim specimens treated hydride
re-orientation in 90-150 MPa at a temperature ranges
from RT to 200°C. Mechanical properties of SNF
claddings were evaluated on two parameters, and
results are as follows:

)] The fracture energy/area at RT, 100°C and
150C decreases with an increase in the RHCF.
Radial hydride can be an important factor to evaluate
facture energy of claddings.

(2) With high hoop stress (e.g. Ul, U2, R1, and
R2), claddings can be brittle even in 150-200TC.
Claddings with hydride rim can be ruptured by low
external energy although cladding hoop stress is low.
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1. Introduction

Most of spent fuels have been storing in the pool
of domestic plant, the current capacity of spent fuel
pools is not enough for the increasing generation of
spent fuels. Unit 1 of Kori nuclear power plant was
permanently shut-downed, spent fuels of the
domestic plant will be offload to a storage cask. With
premature reactor shutdowns by a government policy,
the number of Casks required in the near term will
increase as the full pool, including reactor core in the
world. but there are a lack of experiences &
technology for the manufacturing storage cask, just
having a fabrication & operation experience of
transport cask in Korea. Based on this, studies on
finding improved material and manufacturing process

for storage casks are needed

2. Storage Cask

2.1 General Information

Dual purpose cask (storage & transportation) has
been successfully adopted worldwide and metal cask
system is unique in dry storage. metallic cask
generally are made from cask steel with one or two
lid that are bolted or welded at the cask body. The
steel cask provides a leak-tight containment of the
spent fuel and provides shielding against gamma
radiation. Inside the cask, there is a special resin (e.g.,
polyethylene) that shields neutrons. The external
surface of the cask has trunnions which allow the

cask to be lifted and displaced. The basket structure

consists of an assembly of stainless steel cells with

borated aluminum or aluminum metal matrix
composite plates for the necessary criticality control
and to provide the heat conduction paths from the
fuel assembly to the cask cavity wall. A general
schematic structure of dry storage cask is given in

Fig. 1.

Fig. 1. Dry Storage Cask.

2.2 Applicable Code and Standard

Metal cask will be fabricated in accordance with

Code and standard as follows

- ASME Boiler & Pressure Vessel Code
- American National Standard Institute (ANSI)
- American Society for Non-Destructive Testing
- Regulations
Code of Federal Regulations, Title 10, Part 21 / 50
/71772
- Regulatory Guides
US NRC Regulatory Guide 1.38
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- KOREA NSSC Notification No.2014-50
- IAEA Safety Series No. TS-R-1 & 116

2.3 Metallic Cask

During manufacturing of cask, the material and
assembly of cask shall be especially controlled and

managed as below

2.3.1. Material of Cask Body. Cask body for KN-
18 Spent Fuel Transport Cask shall be designed by
Metal Design Minimum Temperature(MDMT) -40C,
Drop Weight Test shall be performed at -74C
according to the requirement of Code and the result

of Drop Weight Test is satisfied.

2.3.2 Shrink Fitting. In case of metal cask such as
Fig. 1, Shield shell will be shrink fit onto the inner
shell which is a pressure part & containment

boundary as below.

Shield shell Cask Body Shell
Fig. 2. Shrink Fitting Flow.

Inner shell

2.3.3 Neutron Shielding Material (RESIN).
Radial neutron shield boxes filled in resin are arrayed
around shield shell and outer shell will be assembled

to the outside of cask as per Fig. 1.

80 2018 sy 2t SABIAT S| 2RO

Radial
N-Shield

Boxes

Fig. 3. Neutron Shield Box Assembly.

2.3.4 Sealing Surface between cask body and lid.
Mock-Up Test performed to verify welding overlay
process of Stainless Steel and leakage. The result is

satisfied for such as below ;

- Surface Roughness
- Liquid Penetrant

- Helium leak test
3. Conclusions
According to the international standard and
domestic standard, A full scale Prototype has being
manufactured, that manufacturing techniques have

also developed to meet the requirements. And the

tests and inspections have been performed.
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1. Introduction

Dry storage systems cool down spent nuclear fuels
passively, depending on the natural convection of
backfill gases filled in the storage cask. As the
representative backfill gases, there are helium, air
nitrogen, and argon. This study was devised to
investigate the characteristics of natural convection of
the backfill gases

and compare their cooling

capability for spent nuclear fuels.

2. Numerical Analysis

The numerical modeling of the dry storage system
was performed with Ansys Fluent software 14.0. For
the modeling, some assumptions were taken into
account. First, the system height was downscaled by
a ratio of 1/2. Second, the assembly containing 8%8
spent nuclear fuel rods was considered in the system,
instead of the full-scaled assembly of 16x16 fuel rods.

Figure 1 shows the side-view and top-view of inner
structure of the dry storage system. Region 1 and 2
indicate the heated and plenum region of the fuel rods
respectively. Region 3 represents the fluid region
where a natural convective flow of backfill gases
occurs. Each of region 4 and 5 indicates the canister
and free air space. Stainless steel grade 304 (SS304)
was used as a canister material. The FD 1, 2, and 3,
and FR 1, 2, and 3 present the locations to extract
data set in the fluid region. Heated region of the fuel
rods was applied with a constant heat flux of 53.83
W/m?.

570mm

5. Free Air Space

4. Canister

3. Fluid

2. Plenum Region
(Fuel Rods)

1. Heated Region
(Fuel Rods)

2600mm

| M =

(a) (b)

Fig. 1. (a) side view, (b) top view of modeled geometry.

3. Results

3.1 Peak Cladding Temperature (PCT)

Cladding surface temperature is an important
parameter to estimate the effectiveness of passive heat
removal by natural convection of the backfill gases and
the integrity of fuel claddings. According to the Table 1
obtained from this study, the PCT increased in the
order of nitrogen, air, helium and argon. While the PCT
of nitrogen gas is about 433 K, argon is close to 456 K.
It implies that the nitrogen shows the best heat

dissipation among the four backfill gases.

Table 1. PCT value for each of back-fill gases

Fluid Helium Air Nitrogen  Argon

PCT(K)  447.35 444.46 433.41 455.91

3.2 Axial Direction Reynolds Number Distribution

Figure 2 shows the axial distribution of Reynolds

number (Re) in the sub-channels of the fuel rods
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when using air. Except vicinity of the plenum region
of the fuel rods, the Re values increase in the axial
direction. The inertia of the natural convection flow is
strongest at z=1.0 for all the sub-channels. Compared
to the air, helium showed a very weak axial flow
(data not shown). The Re of the flows range from 2 to
11. While argon showed a highest Re range, nitrogen
showed a similar behavior with air but a slightly

higher Re range.

N
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®
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Fig. 2. Axial Reynolds Number distribution along the sub-

channels for air.

3.3 Comparison of correlations between the Rayleigh

and Nusselt Number

The overall empirical equation between Nu and Ra
was compared with that defined by the Chu &
Churchill’s vertical wall correlation based on
diameter of the canister.

The result with helium (data not shown) does not
match very well as the average error was estimated
about 67.02%. Argon shows average error of 16.10%,
which is much less than helium. But natural
convection of the gas was not observed in the
subchannels. Air and nitrogen are in good agreement
with the correlation with average error of 9.96% and
4.73%, respectively. These results give the conclusion
that natural convection flows of air and nitrogen

provide a better cooling capacity than helium and

argon for spent nuclear fuels.

={ele] V|
[y i — |
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4. Conclusion

This study investigated the cooling capability of
backfill gases in a dry storage system for spent
nuclear fuels. The chosen gases are as follows:
helium, air, nitrogen, and argon. Among the gases,

nitrogen showed largest amount of heat dissipation.
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1. Introduction = s o 5w —y R
Dry storage facilities with storage casks
necessitate a reliable safeguarding technology that BEER AFIELEl P
can detect diversions of spent fuel assemblies held in B EE B A ELEL e
the casks. Recent studies performed by KINAC have B EEBR 1L ELEL B
shown that fast neutron counting can identify a cask
having missing spent fuel assemblies. The
demonstrated technique, however, has a limitation M (M m [(m = | [ [ o [
that the location of missing fuel assemblies cannot be Config A Config B

specified.

As an alternative, we paid attention to neutron
tomography, which is a technique that produces
internal cross-sectional images by reconstructing
multiple image profiles. Dry casks bearing spent fuel
inevitably incorporate the emission of neutrons
despite heavy neutron shielding. Hence neutron
tomography can be a promising method to acquire
cross-sectional images of the cask so that locations of
missing assemblies can be pinpointed.

In this study, we designed a tomography system
comprising detectors that simultaneously measure
both fast and thermal neutrons. Two system
configurations were taken into account to devise a
system that can produce images with a better spatial
resolution. Monte Carlo N-Particle transport code
(MCNP) 6.2 was utilized to evaluate performances of
systems.

2. Methods

We used Arktis S670e, combined fast and thermal
neutron detector, that allows simultaneous detections
of fast and thermal neutrons. The detector has a
cylindrical shape with a diameter of 52 mm and
active length of 600 mm. The detector inner wall is
lined with Li-6 for thermal neutron detection. The
cylindrical body is filled with He-4 gas with an
approximate pressure of 180 bar and a gas density of
32.2 mg/cm’ for fast neutron detection. Either fast or
thermal neutrons produces an analog pulse signal as
output. The control unit distinguishes whether the
signal is produced from fast or thermal neutrons by
applying Time Over Threshold (TOT) based on Pulse
Shape Discrimination (PSD) method [1]. Using this
detector model, tomography systems were
constructed.

Fig. 1. System configurations; system without collimators
(Config A) and system with collimators (Config B).

Figure 1 illustrates system configurations (Configs)
evaluated in this study. Both Configs are designed in
a 1-by-5 detector array. Config A plainly includes
five detectors with 68 mm even spacing. Config B is
constructed with plastic wall-shape collimators. The
collimators placed between the detectors extend
towards the cask as shown in Figure 2. The system
intends to be installed vertically on the ground.

Original With collimator

Full Half

Quarter

Fig. 2. Schematic diagrams of dry storage casks holding no
(full), two (half), and three (quarter) missing assemblies.

Figure 2 demonstrates modelled 1/4-size casks and
systems located at zero-degree position. The cask is
designed to hold maximum four assemblies with
carbon steel and Holtite neutron shielding. System
performances were investigated with two diversion
scenarios that involve two and three missing fuel
assemblies as given in Figure 2. Multiple image
profile around the cask was simulated by changing
the measurement position along the perimeter in
increments of 20 degrees. The simulations were run
until simulated fluxes at He-4 gas were calculated to
within a 10% error. Inverse radon transform method
[2] was used to reconstruct images from the profiles.
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3. Results and discussions

Halll Quarter
3 1
- N

Fig. 3. Sinogram from Configs A (above) and B (below).

Full Half Quarter

Config A Source

Config B

Fig. 4. Reconstruction image from Configs A and B.

Tallied neutron fluxes in the energy of 0~1 MeV
were used to generate sinograms shown in Figure 3.
Darker pixels represent higher counts recorded, and

vice versa. A sinogram contains a 5-by-18 pixel array.

Five pixels in a column (highlighted in red-dotted-
line) describe tallied flux from five individual
detectors. Each column indicates a single
measurement position. Figure 4 contains their
reconstruction images with fuel assembly positions
highlighted in red-dotted-line. The minimum and
maximum value of each images were used as white
and black of each images, respectively.

Figure 4 proves that empty assembly positions are
identified as brighter pixels in the image. Both images
from Configs A and B demonstrate that missing
assemblies contribute to less neutron counts, which in
turn gives rise to brighter pixels. The figure also shows
that Config B including the collimators allows the
clearer recognition of the positions. Since Config A
suffers from the neutron scattering, the system is prone
to having the deteriorated spatial resolution.

Quarter

| i
- e
:7\

Fig. 5. Sinogram from Config B in different energy ranges.

Results from Config B were further studied. Figure
5 includes additional sinograms generated with two
more energy ranges, 1~2 MeV and 2~3 MeV. We then
performed the image reconstruction as illustrated in
Figure 6. All the images has the same display range.
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Fig. 6. Reconstruction image from Config B using different

0~1 MeV

1-2 MeV

2-3 MeV

energy ranges.

In Figure 6, it is noteworthy that better radiometric
resolution can be attained in 0~1 MeV range,
whereas better special resolution can be achieved in
2~3 MeV range. It implies that combining images
reconstructed using different energy ranges can
improve the quality.

4. Conclusions

In this study, we investigated the feasibility of
neutron tomography to locate positions of missing
spent fuel assemblies accommodated in dry storage
cask. Utilizing combined thermal and fast neutron
detectors, tomography systems were devised and
demonstrated in Monte Carlo space.

The simulation study proved that the modelled
tomography system was able to provide location
information on the missing fuel assemblies. Taking
advantage of the reduced scattering effect, the system
with collimators led to the better special resolution.
We also found that there is room for improvement in
the image quality by consolidating information that
can be obtained from different energy ranges. Future
works include the development of an optimized
algorithm that can allows the effective identification
of missing fuel assemblies.
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1. Introduction

A KORAD-21 cask containing 21 spent fuel
assemblies is under development by the KOrea
RADioactive waste agency (KORAD) in Korea.

Since the KORAD-21 cask is used for not only
storage but also transport of the spent fuel assemblies,
it should satisfy the requirements that are prescribed
in the Korea NSSC Act 2017-56, IAEA Safety
Standard Series No. TS-R-1 and US 10 CFR Part 71
[1~3]. These regulatory guidelines classify the
KORAD-21 cask as a Type B package, and state that
a Type B package for transportation of radioactive
materials should be able to withstand a period of 30
minutes under a thermal condition of 800°C.
Accordingly, a thermal test using a 1/6 sliced model
of a real cask have been performed to estimate the
thermal integrity of the KORAD-21 cask under a
thermal condition of 800°C.

2. Thermal Test

2.1 Description of the KORAD-21Cask

The KORAD-21 cask was designed as a shipping
cask to accommodate 21 pressurized water reactor
(PWR) spent fuel assemblies with a burn-up of
45,000 MWD/MTU and a cooling time of 10 years.
The decay heat from the 21 PWR spent fuel
assemblies is 16.8 kW. Its outer diameter is 2,126
mm and its overall height is 5,285 mm. It weighs
approximately 125 t. It consists of a thick-walled
cylindrical cask body, a neutron shielding, a dry
shielded canister (DSC), a lid, baskets to hold the
spent nuclear fuel, and impact limiters (Fig. 1). The
cask body is made of carbon steel. The outer-shell is
made of stainless steel. The baskets containing the
spent fuel assemblies are made of stainless steel. The
inner cavity between the outer-shell and the cask
body is filled with NS-4-FR, which acts as a neutron
shielding. NS-4-FR has a low thermal conductivity.
Therefore, heat transfer fins are embedded to
enhance heat transfer from the cask body to the
outer-shell.

Impact Limiter

Basket Assembly
Impact Limiter

Cask Lid

Neutron Shield

Canister Lid
Cask Lid Bolt

Fig. 1. Configuration of KORAD-21 Cask.

2.2 Open Pool Fire Test

As shown in Fig. 2, the thermal test was carried
out in a fire test facility with the dimensions of 3.5 m
x4.0mx 3.0 m.

The thermal test was performed as follows:

* The supporter to set the test model within the fire
test facility was installed.

* The test model was set onto the supporter.

e 21 thermocouples for measuring the flame
temperature inside the fire test facility were
installed.

* The water was filled with a height of 5 cm in the
pit, and the kerosene was filled with a height of
10 cm from the surface of the water.

* The test model was allowed to stand for a period
of at least 30 minutes under a fully engulfed
thermal environment with an average flame
temperature of at least 800°C.

Y7

Fig. 2. Test model in the fire test facility.
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2.3 Test Results and Discussion

In the fire test, the environmental temperature in
the fire test facility was maintained at approximately
25°C before the ignition of the fire. The fire was
applied for approximately 35 minutes. Fig. 3 shows a

photograph of the test model fully engulfed in flames.

Fig. 4 shows the change in the flame temperature
during the fire test. The average flame temperature
during the fire test was 438°C in the growth period,
851°C in the steady-state period, and 462°C in the
decay period. Therefore, the thermal conditions
prescribed in the regulatory guidelines were satisfied.

The maximum temperatures measured in the test
model during the fire test are listed in Table 1. The
maximum surface temperature was 957°C after 24
min in the middle part. The surface temperature was
very high because the flame temperature was at the
maximum of 1000°C during this time, and the
conductive heat transfer coefficient of the neutron
shielding was not good, leading to the accumulation
of thermal energy at the model surface. However, the
temperature of the surface where the heat transfer fin
was installed was 624°C. From these results, we can
determine that the surface temperatures were lower
in the presence of the heat transfer fins because the
high heat generated by the flame was transferred to
the body of the test model through the heat transfer
fin.

The maximum temperature of the neutron shield
was was measured to be 151°C after 75 min.

The initial temperature of the basket before the
pool fire test was 23°C. The maximum temperature
was 58°C after the fire was extinguished and when
19.8 h had passed. Accordingly, the temperature rise
in the basket during the fire test was 35°C. Therefore,
the temperature rise of the spent nuclear fuel rod can
be anticipated to be within this range.

Fig. 3. Test model engulfed in flames.

From the results of the pool fire test, the thermal
integrity of the dual purpose cask can be maintained
at a temperature of 800°C for a period of 30 min.

[={ele] |
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3. Conclusion

As a part of the safety tests, the thermal test was
carried out to evaluate the thermal integrity of the
KORAD-21 cask. The main results were as follows:

i) The temperature rise of the basket during the
fire test was 35°C. Therefore, the temperature rise of
the spent nuclear fuel rod can be anticipated to be
within this range. Accordingly, the integrity of a
spent nuclear fuel is estimated to be maintained.

i1) The surface temperature was lower when a heat
transfer fin was installed because the high heat
generated by the flame was transferred to the body of
the test model through the heat transfer fin. The
neutron shielding was therefore adequately protected
by the heat transfer fin.
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Fig. 4. Flame temperature during the thermal test.

Table 1. Summary of the thermal test results

Location TempCe) Ss:tiy Transient Eiﬁf&%
Basket 23 58 19.8
Canister Surface 24 64 10.9
Body Surface 26 141 0.3
Neutron Shield 32 151 1.25
Cask Surface 43 957 0.4
Ambient(Average) 25 851
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1. Introduction

The OASIS-32D is a dual purpose (storage and
transportation) metal cask under development by
KEPCO E&C. It is designed to store 32 spent nuclear
fuels (SNF). In this study, the depletion and
criticality calculations are performed to evaluate
criticality safety of the OASIS-32D. The cask is
modeled as loaded with 10-year cooled PLUS7 fuel
as shown in Figure 1.

The NUREG-1536 [1] subsection 7.4 is applied as
the criticality safety design criteria. The acceptance
criterion is such that k. including all biases and
uncertainties at 95 percent confidence level should
not exceed 0.95 under all credible normal, off-normal,
and accident-level conditions.

The loading curves are generated for a target ke
value of 0.95. The biases and uncertainties associated
with the calculation methods as well as variations of

design parameters are included in k. calculations.

Fig. 1. X-Y cross-section View of OASIS-32D with PLUS7 Fuel.

2. Methods and Results

The SCALE 6.0 code package [2] is used for
depletion and criticality calculations. The depletion
calculations are performed using the ORIGEN-ARP
with cross section libraries which are pre-generated
by the TRITON-NEWT for the PLUS fuel depletion.
The criticality calculations are performed using the
CSAS5/KENO-V.a with the ENDF/B-VII 238-
neutron energy-group library.

In order to determine the loading curve, criticality
analyses are performed to find the minimum burnup
which produces k. less than 0.95 at each initial
enrichment of fuel assemblies.

The biases and uncertainties associated with the
calculation methods, variations of design parameters
and the depletion calculation are estimated from the
following items:

- Biases and bias uncertainties of the criticality

calculation method,

- Statistical uncertainty of the Monte Carlo

calculation,

- Uncertainty due to tolerances or variations in

the design parameters,

- Uncertainty due to eccentric fuel assembly

positioning,

- Bias due to axial burnup distribution (end

effect),

- Bias due to the fuel temperature in depletion

calculation,

- Bias due to minor actinides and fission

products,
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- Uncertainty due to reactor burnup record, and

- Uncertainty due to the depletion calculation.

All biases are directly added to determine the total
bias. Therefore, the total bias is the sum of all the
biases due to the methodology, the minor actinides
and fission products, the axial power distribution,
and the fuel temperature in depletion calculation. etc.

All uncertainty values are statistically combined
(the square root of the sum of the squares) to
determine the total uncertainty. The uncertainties are
due to the methodology, the Monte Carlo calculation,
the mechanical tolerance, the reactor burnup record,
and the depletion.

The calculated k¢ values considering the total bias

and uncertainty are summarized in Table 1.

Table 1. k. with Bias and Uncertainty

Burnup Final k. + bias and uncertainty

(gwd/mtu) 2. 0wt%  3.0wt%  4.0wt%  5.0wt%

2.25 0.91294

6.75 0.89005  0.97341

11.25 0.93488

13.50 0.91901

18.00 0.96666

20.25 0.95448

24.75 0.93416

27.00 0.98024
31.50 0.96248
36.00 0.94543

The loading curve is the minimum burnup which
satisfies the target k. for each initial enrichment.
The curve is produced by targeting the k. less than
0.95 with considering all the biases and uncertainties
in this analysis.

The calculated loading curve for OASIS-32D
bounds 98.9% of the discharged fuel population as
indicated in Figure 2. Discharged fuel population
data are from the 2013 Energy Information
Administration (EIA) GC-859 Nuclear Fuel Data
Survey [3] which is a reliable and relatively recent

estimate of the discharged fuel population.
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Fig. 2. Loading Curves for the OASIS-32D Superimposed
over the GC-859 Data (%).

3. Conclusion

The k.gs for various cases of initial enrichments
and burnups of SNF loaded in the OASIS-32D cask
are calculated to obtain loading curve in this study.
The biases and uncertainties are properly applied for
a conservatism in the loading curve. The loading
curve for the OASIS-32D cask with PLUS7 fuel has
been successfully generated. The loading curve
bounds 98.9% the discharged fuel population [3].
Therefore, it is concluded that most of the discharged

fuel can be stored in the OASIS-32D cask.
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1. Introduction

The burnup credited criticality safety analysis shall
consider the uncertainty due to fuel depletion.
Historically the uncertainty has been based on a rough
engineering judgment such as 5% of the reactivity
decrement to the burnup according to Kopp’s memo
[1]. However, more definite validation analysis of the
uncertainty due to fuel depletion has been performed
and published as NUREG/CR-7108 [2].

In this study, a comparison analysis of the
criticality uncertainty due to fuel depletion based on
Kopp’s memo and NUREG/CR-7108 is performed
for the KEPCO E&C’s OASIS-32D dual purpose

metal cask model.

2. Uncertainty Analysis and Results

2.1 Uncertainty Calculation based on Kopp's memo

Suggested by Kopp’s memo, the reactivity
uncertainty due to uncertainty in the fuel depletion
calculations is assumed as 5% of the reactivity
decrement to the burnup, which means that 5% of the
calculated reactivity difference between fresh fuel
and burned fuel models is the uncertainty involved.

The effective multiplication factors (k) are
calculated for the OASIS-32D cask model (Figure 1)
with ACE7 fuel having various burnup-enrichment
combinations using the SCALE6.0/CSASS. The
computer program and cross section library used for
the fuel depletion calculation are SCALE6.0/ TRITON
and ENDF/B-VII. The calculated reactivity decrement

by fuel depletion is summarized in Table 1.

Fig. 1. Cross Section View of the OASIS-32D Cask.

Table 1. Uncertainty Calculated based on Kopp’s memo

Burnup The uncertainty (Ak) due to depletion
(gwd/mtu) 2 owt%  3.0wt%  4.0wit%  5.0wt%
2.25 0.00100  0.00137
9.00 0.00471
15.75 0.00743
2475 0.01130  0.01038
33.75 0.01399

The uncertainty due to fuel depletion based on
Kopp’s memo increases with burnup. The reason of
this trend is clear because the reactivity difference is

increasing as burnup increases.

2.2 Uncertainty Provided in NUREG/CR-7108

NUREG/CR-7108 addresses the validation of
depletion calculations which is performed by
comparing calculated nuclide concentrations to
available measurements of nuclide concentrations,
and provides reference k¢ bias and bias uncertainty

results as shown in Table 2. The uncertainty in Table
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2 was evaluated for the representative PWR cask
model, GBC-32, using SCALEG6.1/TRITON and
ENDF/B-VIL

Table 2. Uncertainty Provided in NUREG/CR-7108

Burnup  The uncertainty (Ak) due to depletion
(gwd/mtu) 5 owt%  3.0wt% 4.0wt%  5.0wt%
2.25 0.01500  0.01500
9.00 0.01480
15.75 0.01570
24.75 0.01540  0.01540
33.75 0.01630

As shown in this table, the uncertainties due to fuel
depletion in NUREG/CR-7108 are almost same for
all combinations of burnup-enrichment. The reason
NUREG/CR-7108 is that the
uncertainties in the calculated U-235 & Pu-239

described in

concentrations contribute about 90% of the k. bias
uncertainty, while the uncertainty in the calculated
fission product concentrations is small (<3% of the

ks bias uncertainty).

2.3 Comparison of Results

The computer program and cross section library
used for the fuel depletion calculation in the
subsection 2.1 (SCALE6.0/TRITON, ENDF/B-VII)
are same as those wused in subsection 2.2
(SCALEG6.1/TRITON, ENDEF/B-VII) because the
difference between SCALE6.0 and SCALES6.1 is
OASIS-32D

subsection 2.1 is similar to the GBC-32 cask model

negligible. The cask model for
for subsection 2.2 because both of them can
accommodate 32 PWR assemblies, and use Boral
panels containing B-10 as a fixed neutron poison.
Also, the burnup credit in subsection 2.1 is limited to
the specific 28 actinide and fission product nuclides
listed in NUREG/CR-7108. Therefore, the two sets
of uncertainties are comparable.

Table 3 shows the comparison of the uncertainty
due to fuel depletion according to Kopp’s memo and

NUREG/CR-7108

[={ele] |
[y ) — |

92 2018 SIUAMHY 231 ZAlstATHS

Table 3. Comparison of Uncertainties

Burnup (Kopp’s memo) / (NUREG/CR-7108)
(gwd/mtu)  2.0wt%  3.0wt%  4.0wt%  5.0wt%
225 7% 9%
9.00 32%
15.75 47%
24.75 73% 67%
33.75 86%

As shown in this table, the uncertainty due to
depletion provided in NUREG/CR-7108 is higher

than that calculated according to Kopp’s memo.

3. Conclusion

The results showed that the uncertainty due to
depletion provided in NUREG/CR-7108 is higher
than that calculated according to Kopp’s memo over
the whole evaluated burnup range for OASIS-32D.

The uniform uncertainty regardless of burnup
provided in NUREG/CR-7108 shows that the
uncertainty contribution from the fission products
takes small portion while the contribution from the
other nuclides takes great portion.

So, the uncertainty of NUREG/CR-7108 is applied
to the criticality analysis of OASIS-32D.
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1. Introduction

The shielding effects of Reinforcement Structure
(RS) and Heat Transfer Fin (HTF) in the OASIS-32D
cask have been examined. The OASIS-32D is a dual
purpose metal cask for spent nuclear fuel transport
and storage developed by KEPCO E&C. It is
designed to store 32 PWR spent fuel assemblies (FA)
that have been cooled for 10 years. The RS is a
component lying between basket and canister for
fixing the basket. The HTF is a component
embedded in the neutron shield outside of cask shell
for heat removal from inside to cask surface. Both
components have discontinuity in shielding point of
view, axial in RS and azimuthal in HTF. The
shielding effects of RS and HTF have been examined
in this paper by using MAVRIC module of SCALE
6.1 code [1]. MAVRIC is a 3-dimensional Monte

Carlo particle transport code with automated variance

reduction using importance calculations by
deterministic method to enhance calculation
efficiency.

2. Methods and Results

2.1 Source term calculation

The radiation sources for the shielding analysis are
neutrons and gammas from ACE7 spent nuclear fuel
with 10 years of cooling time obtained from the
depletion calculation using ORIGEN-ARP module of
SCALE 6.1 code. In the depletion calculation, the

ACET7 fuels with an initial enrichment of 3.5wt% are
assumed to be burned for three cycles at a power
level of 40 MWt/MTU in the reactor core and have
total discharge burnup of 45 GWD/MTU.

2.2 Shielding analysis

To examine the shielding effects of the RS and
HTF, transport calculations have been performed and
compared for various combination of cases with and
without the corresponding structures. The calculation
cases were setup as shown in Table 1 to compare the

shielding effects of the RS and HTF.

Table 1. Calculation models

Case  Component Combination ~ Note

All components
included,
Reference case

1 RS, HTF (bent shape)

2 NoRS, HTF (bent shape) RS removed

HTF removed and
replaced by neutron
shield material

3 RS,NoHTF

All components
included, straight
shape HTF used

4 RS, HTF (straight shape)

The partial view of OASIS-32D cask is shown in
Figure 1. The basic model of HTF has a shape with a
bent at 60 degrees as shown in Figure 1-a and made
of aluminum. In addition to the basic HTF model, the
shielding effect of the HTF shape was also evaluated
by replacing with a straight shape HTF as shown in
Figure 1-b. The neutron shield material, resin, is not
shown in Figure 1 to represent the HTF structure

clearly.
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Fig. 1. Partial view of OASIS-32D cask.

2.3 Results

The calculated dose rate distributions for analyzed

cases are shown in Figure 2.
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Fig. 2. Dose rate distributions.

Previous OASIS-32D cask shielding analysis
experience [2] has shown that the most demanding
dose requirements required by the relevant
regulations [3] is the dose condition at a distance of
2m from the side of the cask surface. Therefore, the
shielding effects of RS and HTF based on the 2m

dose rate are summarized as follows:

1. No RS (Case 2): 22% increase
2. No HTF (Case 3): 18% decrease
3. Straight shape HTF (Case 4): 8% decrease

The results show that the RS has shielding effect
of 22% compared to No RS model and the shielding

[={ele] |
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effect is higher when the HTF is not used unlike the
RS. The negative shielding effect of HTF is due to
the fact that the amount of shielding material, resin,
is reduced by the inclusion of HTFs in the neutron
shield that is effective in neutron shielding. The
shielding effect of the HTF shape can be interpreted
in the same context because the amount of shielding
resin is smaller in the basic model, the bent shape,
than that in the straight shape model. It should be
noted that the specific figures of the shielding effects
are only valid for OASIS-32D cask model and they

depend on the specific geometry and materials.

3. Conclusions

The analyses performed on shielding effects of RS
and HTF showed that the straight HTF is more
effective on the shielding point of view than the bent
HTF. Also, the straight shape HTF is known as more
efficient on heat transfer point of view than the bent
shape. Therefore, it is recommended that the HTF of
the OASIS-32D cask be designed in a straight shape.
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1. Introduction

Concrete storage cask loaded with 21 spent PWR
fuel assemblies is more than 100 tons in weight.
Thermal test using a full scale model requires a lot of
cost and time. Therefore, a scale down model is
generally used for efficient thermal test. The purpose
of this study is to derive the scaling factors for
simulating the thermal flow phenomenon using a
scale down model, and to evaluate the similarity
between the full scale and scale down models.

2. Scaling analysis of concrete storage cask

Concrete cask has four air inlet & outlet ducts, and
air flow path between the cask body and canister for
a natural cooling system. Decay heat generated from
the spent fuel is transferred to the outside through the
air circulation from the air path, conduction from the
cask body, and convection & radiation from the cask
surface. Scale ratios were derived based on the
theoretical approach for the heat transfer through the
air path and the cask body.

2.1 Heat transfer mode through air flow path

Scale ratios for the conditions that all heat is
removed through the air path and the temperature at
the air outlet is conserved between the full scale and
scale down models are derived as follows[1].

- Heat flux and heat generation rate:
m_ _9 S q
T = > 4 AcanH (1

[q”]ratio = [q X Lc]ratio’ [Q]ratio = [q_”] (2)

Le ratio

- Heat transfer rate through air outlet:
q= me(AT):puAduct xcp (AT) (3)
- Conservation of temperature difference:

[q]ratio = [mjratio (4)

- Temperature increase at the air outlet:

AT = q _ qXAcanXH (5)

mCy puAoytlet X Cp

[q]ratio = [%]ratio = [l] (6)

Ledyatio

- Buoyancy and pressure drop from the air outlet:

(ap)gHy =pB AT X gHy ==pu?x f  (7)

q AcanH _1
pB Wng = pu*f (8)
3 — 4H Acan 1
u® =2 BpCpAfloprxf 9

- Scale ratio for velocity of air:

1
o _ QH Acan 1)
[u]ratio - E - <Zg'BEAﬂDW Hp X ?) ] (10)
r
. 1/3 . 1/3
[u]ratio = [(q H Hp) ]r = [(q LCZ) ]ratio (11)

= [Lcl/z]ratio 1(2)

ratio

Lc2)1/3]

- Scale ratio for heat generation rate:

[iaio = | (&

. u L 1/2] 1
. = |— = ¢ = |\ 13
[d]ratio [Lc]ratio [ Le |outio [LC1/2]r (13)
" . _ 1/2
[q ]ratio - [q Lc]ratio - [Lc / ]ratio (14)
R _ 5/2
[q]ratio - [q Aca"H]ratio - [Lc / ]ratio (15)
- Scale ratio for mass flow rate:
[m]ratio = [q]ratio = [LCS/Z]mu,O (16)

2.2 Heat transfer through air path and cask body

In the real cask, the decay heat from the spent fuel
is removed through the air path and the cask body. In
the full scale prototype cask, it was analyzed that
about 77% of the heat was removed through the air
path, and the remaining 23% was removed through
the cask body. In the half scale model, about 64% of
the heat was removed through the air path. Therefore,
it is necessary to derive the scale ratios considering
the heat loss through the cask body. A correction
factor is introduced in order to derive the scale ratios
considering the heat loss of the cask body.

aq=mCy(AT) =pulgye XC, (AT) (17)

In the equation (17), o is the correction factor of
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the heat source. The correction factor is expressed as
the ratio of the heat transfer rate through the air path
in the full scale and half scale models.

=1.204 (18)

From the equation (13) ~ (15), the scale ratios for
the heat generation rates considering the heat loss
from the cask body are calculated by multiplying the
correction factor. Table 1 summarizes the scale ratios
of the half scale model for the heat transfer modes
through the air path and the cask body.

a =+2a = 1.702 (19)

ratio

[q)ratio = [LC+/2]

19" ratio = [Lc?], 0 @ = F@ =0851  (20)
1
[@lratio = [Le™*], 400 = F = 0213 (21)

Table 1. Scale ratios for a half scale model of storage cask

Scale ratios

air path air path & cask body
[4]ratio V2 = 1414 V2a = 1.702
(9" atio % =0.707 %a =0.851
[q)ratio \/% =0.177 \/%a =0.213
[ulratio % = 0.707 \/% =0.707
[ ratio \/% = 0.177 \/% =0.177

3. Similarity analysis between full scale and
scale models using a scale ratio

3.1 Heat transfer mode through air flow path

The CFD analysis was performed for a half scale
model using the scale ratio obtained in the heat
transfer mode through the air flow path. The air
outlet temperatures were similar between the full
scale and half scale models. The ratios for air
velocity and mass flow rate of the air outlet in the
half scale model were similar to the theoretical scale
ratios. Therefore, the reliability of the scale ratios has
been proven.

3.2 Heat transfer through air path and cask body

The CFD analysis was performed for the heat
transfer modes through the air path and cask body.
Table 2 summarizes the analysis results between the
full scale and half scale models. In the full scale
model, 76.7% of decay heat was removed through
the air path. In the half scale model, the convection
effect was reduced, and 63.7% of the decay heat was
removed through the air path. The temperatures of
the air outlet were calculated as 63.9°C and 62.8°C in
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the full scale and half scale models, respectively. The
mean velocity of the air outlet is 0.520 m/s in the half
scale model, which is 0.701 times compared to the
full scale model.

Velocity ratio is similar to the theoretical scale
ratio of 0.707. The mass flow rates at the air outlet
were calculated as 0.2923 kg/s and 0.0509 kg/s in the
full scale and half scale models, which is similar to
the scale ratio of 0.177. Therefore, the reliability of
the scale ratios has been proven. In the half scale
model using the scale ratio with the correction factor,
the temperature distributions were similar to those of
the full scale model except for the cask surface
temperature.

Table 2. CFD analysis results using scale ratios for heat
transfer mode through the air path and cask body

Full scale Half scale
(q’=1.0) (q”=0.851)

16.8 kW  3.574 kW 0.213

Ratio

Heat source
Heat flux from

553 W/ni 471 W/ni 0.851

canister
Heat transfer rate 12.886 kW 2.278 kW A77=177)
through air path  (76.7%)  (63.7%)
Temp. of air outlet 63.87C  62.82°C 0.984(~1.0)
AT(air inlet ~ outlet 43.87C 42.82C 0.976(~1.0)

Velocity of air outle 0.741 m/s 0.520 m/s 0.701(.707)
0.292 kg/s  0.051 kg/s 0.174(.177)

Mass flow rate

Cask’s mean temp. 36.5 38.1 1.044

Canister temp. 96.0 93.2 0.971
Cask inside temp. 444 43.1 0.971
Cask outside temp 29.7 32.7 1.101

4. Conclusion

Scale ratios between the full scale and scale down
models were derived through the scaling analysis. As
a result of the thermal analysis using the scale ratio,
similar temperature distributions were obtained
between the full scale and half scale models.
Therefore, the similarity to the temperature was
verified. Especially, it is possible to predict the
overall temperature distributions of the full scale
prototype cask by using the half scale model. The
results of this study can be used as the basic data for
the scale model thermal test of concrete cask.
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Accumulation of spent nuclear fuel from nuclear
power plants is a core challenge in nuclear energy
technology. Pyroprocessing technology has been
developed for recycling of the spent fuel into metal
fuel for fast nuclear reactors by converting the spent
oxide fuel into U/TRU(uranium/transuranium) metal
ingots via electrochemical processes utilizing high-
temperature molten salt. These electrochemical
processes employ electrolytic reduction (also referred
to as oxide reduction, OR) for the reduction of spent
oxide fuel to metal, and electrorefining for the
recovery of U/TRU [1-9].

Generally, molten LiCl containing Li,O at 650°C
is used as the electrolyte in the OR process. The
spent oxide fuels, loaded in a permeable basket, and
platinum (Pt) are used as the cathode and anode,
respectively. The cathode reactions (1-3) can be

summarized as follows:

Li*+e =Li Q)
MO, +4Li—=M+2Li,0 (salt phase) )
MO, +4e =M (actinide)+20%" (salt phase) 3)

Li,O produced by reaction (2) in molten LiCl

dissociates into Li" and O ":

Li,O = Li" + 0% (salt phase) 4)

The anode reaction can be described as follows:
O (salt phase) = O, (gas) + 4e )
When an electrical potential is applied, the actinide

metal oxide is reduced to metal and remains at the

cathode. The oxygen ions (0*) produced at the

cathode are transported through the salt and
discharge at the anode to form O, gas [10—16]. Hence,
the diffusion of O*” ions from the inside of the oxide
fuel to the bulk salt affects significantly the reduction
rate and current efficiency during the OR process
[17]. In this presentation, two previous reports [18,19]
on analysis of electrolytic reduction behavior by

oxide fuel characteristics will be summarized.

In the first study [18], we investigated complete
OR of high-density UO, to metallic U without any
remaining UO,. The size and density of the used UO,
pellets were ¢ 8.3 mm x 9.9 mm (H) and 10.67 g/cm’,
respectively, i.e., values that are similar to those of
spent fuel pellets from pressurized water reactor. In
the second study [19], We show that the reduction of
REOs to rare earth metals in Li,O-LiCl salt can be
enhanced significantly by using lithium metal.
Specifically, REOs in the fuel are reduced to a high
extent in the electrolytic reduction of simulated oxide
fuel in 1.0-wt% Li,O-LiCl salt following the
application of electrical charge in order to induce the

production of Li metal.
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1. Introduction

Structural integrity of spent nuclear fuel assembly
should be carefully examined under storage and
normal condition of transportation. Due to the
complicated shape and uncertainties in the
mechanical properties, the structural evaluation of
spent fuel assembly is a challenging task. During
analyses for storage and transportation, the spent fuel
assemblies are often simplified to reduce the
computational burdens. In the simplified model, the
spent fuel rods are replaced by beam elements with
effective material properties calculated from the
properties of cladding and fuel pellets. However, a
well agreed procedure for the model degeneration
has not been developed yet and the validity of the
effective material properties have not been discussed
in depth. In some approach, the stiffness of the
pellets is ignored while their masses are lumped into
cladding. In others, the average values of Young’s
modulus are used while no considerations are made
on the plastic properties of cladding. In this work, a
procedure for material property calibration for spent
nuclear fuel rods is proposed based on the static
analyses and optimization and the validity of the
properties are checked using the dynamic impact

simulations.

2. Material Properties

2.1 Storage condition and material properties

The material properties of spent fuel rods with
Zircaloy cladding can be calculated from a
sophisticated models proposed in [1]. They are given
as functions of neutron fluence, temperature, cold

work ratio, strain rate, hydrogen concentration, and

oxide thickness.

2.2 Storage conditions

During the storage pool stage, the temperatures are
roughly maintained at 30°C, while the initial
temperature at the vacuum drying stage is around
400°C (the maximum fuel cladding temperature)
which decreases gradually during the dry storage
period. The temperature typically drops from 400°C
to 250°C in the first ten years. The neutron fluence of
HBF (45-60 GWd/MTU) in a light-water reactor
roughly ranges from 7x10* n/m* to 12x10* n/m’.
For discharge burnup in the range of 45-60
GWdJ/MTU, the average hydrogen concentration
ranges between 200—600 ppm. These variables are
considered in the material properties calculation for

cladding and fuels.

3. Simplified Beam Model

3.1 Overall procedure
A segment of fuel rod is considered in this work.

A detailed model of the segment is constructed with

enough details of cladding and pellets. Two separate
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models are built based on the interfacial conditions
between the pellets and cladding. Then, static
analyses are performed to capture important
mechanical response of the model to external load,
namely the maximum equivalent plastic stain which
can be a measure for determining the fracture of
cladding, the compliance of fuel rod which is
important in determining the load exerted on the rod
due to the interaction with other fuel rods and
structural component within a cask. Then, a beam
model with the same diameter of fuel rod is
considered and its material properties are calibrated
which generate the same equivalent plastic strain and
displacement under the given load. The whole
procedure is implemented using the optimization

platform ABAQUS and
MATLAB. The design variable of the calibration

i-Sight  integrating

procedure is the Young’s modulus, strength

coefficient, and the hardening coefficient.

3.2 Results of material calibration

For two cases, the effective material propreties of
beams which produces the same plastic strain and
displacement at critical load is identified. The results

are illustrated in the following figures.

Table 1. Effective material properties of beam

Cases E n K
Bonded 235697 0.15 1682
De-bonded 83042 0.15 781

Pari 450000002

SweTima = Le00
=

Fig. 1. Fully bonded case.
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Fig. 2. Fully de-bonded case.

4. Conclusions

Using a sophisticated calibration procedure, the
effective material properties of simplified beam
model of spent fuel rods can be successfully
determined. These material properties produce
exactly same plastic strain and displacement at
critical load. However, the validity of thus found
properties should be carefully examined in dynamic

simulations before using them in structural integrity

assessment of spent nuclear fuel.
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Abstract

The liquid cathode processing is necessary to separate cadmium from the actinide elements in the
pyroprocessing since the actinide deposits are dissolved or precipitated in a liquid cathode. Distillation process
was employed for the cathode processing owing to the compactness. It is very important to avoid a splattering of
cadmium during evaporation due to the high vapor pressure. Several methods have been proposed to lower the
splattering of cadmium during distillation. A multi-layer porous round cover was proposed to avoid a cadmium
splattering in our previous study. In this study, distillation behavior of Cd - ZrO, and Cd - Bi systems were
investigated to examine a multi-layer porous round cover for the development of the cadmium splatter shield of
distillation crucible. It was designed that the cadmium vapor can be released through the holes of the shield,
whereas liquid drops can be collected in the multiple hemisphere. The cover was made with three stainless steel
round plates with a diameter of 33.50 mm. The distance between the hemispheres and the diameter of the holes
are 10 and 1 mm, respectively. Bismuth or zirconium oxide powder was used as a surrogate for the actinide
elements. About 40 grams of Cd was distilled at a reduced pressure for two hours at various temperatures. The
mixture of the cadmium and the surrogate was distilled at 470, 570 and 620°C in the crucible with the cover.
Most of the bismuth or zirconia remained in the crucible after distillation at 470 and 570°C for two hours. It was
considered that the crucible cover hindered the splattering of the liquid cadmium from the distillation crucible.
A considerable amount of the surrogate material reduced after distillation at 620°C due to the splattering of the
liquid cadmium. The low temperature is favorable to avoid a liquid cadmium splattering during distillation.
However, the optimum temperature for the cadmium distillation should be decided further, since the evaporation
rate decreases with a decreasing temperature.
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Abstract

Kori Unit 1 is the first permanent shutdown nuclear power plant in Korea and it is on June 18th, 2017. Spent
fuel assemblies began to be discharged from the reactor core to the spent fuel pool(SFP) within one week after
shutdown of Kori unit 1 and the campaign was completed on June 27th, 2017. The total number of spent nuclear
fuel assemblies in SFP of Kori Unit-1 is 485 and their discharging date is different respectively. So, decay heat
was evaluated considering the actual enrichment, operation history and cooling time of the spent fuel assemblies
stored in SFP of the Kori Unit-1. The code used in the evaluation is the ORIGEN-based CAREPOOL system
developed by KHNP. Decay heat calculation of PWR fuel is based on ANSI/ANS 5.1-2005, “Decay heat power
in light water reactors" and ISO-10645, "Nuclear energy - Light water reactors - Calculation of the decay heat
power in nuclear fuels. Also, we considered the contribution of fission products, actinide nuclides, neutron
capture and radioactive material in decay heat calculation. CAREPOOL system calculates the individual and
total decay heat of all of the spent fuel assemblies in SFP of Kori Unit-1. As a result, the total decay heat
generated in SFP on June 28th, 2017 when the spent fuel assemblies were discharged from the reactor core, is
estimated to be about 4,185.8 kw and to be about 609.5 kw on September 1st, 2018. It was also estimated that

119.6 kw is generated in 2050 when it is 32 years after the permanent shutdown. Figure 1 shows the trend of
total decay heat in SFP of Kori Unit-1.
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1. Introduction

In order to evaluate the SNF cladding integrity
during the transportation, knowing the loads at first,
then the responses from the fuel itself is essential.
First of all, it would be the priority to know whether
the cladding fails or not, which requires the failure
criteria to which the loads and the responses need to
be referred. This paper presents a few of failure
measures used to determine the possibility of
cladding failure during the transportation. Also
proposition for appropriate failure measures which
would be used as failure criteria for the SNF cladding
during the transportation with quantification is
presented.

2. Examples of failure measures applied to
cladding integrity evaluation

2.1 Strain and Kjc for the failure determination of
cladding due to impact [1]

The release of rod contents under normal transport
or regulatory accident conditions is postulated for
two types of failure: material rupture as a result of
strains exceeding the ductility limit, and fracture as a
result of excessive stress on an existing crack in the
material. Three modes of failure are described by
these two failure mechanisms: (1) transverse tearing
initiated by material rupture, (2) rod breakage caused
by crack propagation, and (3) longitudinal tearing
initiated by material fracture in Fig. 1. The failure
criteria used to determine these failure modes are the
strain, & (material rupture) and fracture toughness,
K¢ (material fracture) failure mechanisms.

F.MLURE

EAILURE MODE

Stram Digtribaion.
x -
Ki 2 Kic
Tmtsvilﬁz ROD BREAKAGE
TEARING

Kl =Kic

SECTION Ak

Fig. 1. Fuel rod failure mode [1].

2.2 Uniform Elongation and Fatigue Strength under
NCT(Normal Conditions of Transportation) [2]

The potential failure modes under NCT where
criteria could be established are classified as follows:

» Classic failure due to excessive stress or strain:
This type of failure could be caused by a large shock
load on the fuel rods due to a normal event such as

road bump and rail car coupling. For this activity, the
uniform elongation (plastic strain at maximum load)
was used to assess damage fraction as well as failure
rate under those events.

+ Fatigue failure: Failure of the rods due to
excessive strain cycling at low amplitude. The
mechanism causing this strain cycling would be
vibrations normal to the axial direction of the fuel
rods as they are transported by rail or road. This is
the most likely failure mechanism for UNF under
NCT. The fatigue-design curve for the cladding was
used to assess failure under vibrational loading.

2.3 CSED(Critical Strain Energy Density) in terms of
Total Elongation and Uniform Elongation

These were developed first as a Hydrogen-
Enhanced PCMI Cladding Failure Criteria during
Reactivity-Initiated Accident (RIA) and then applied
to the cladding of SNF. The clad ductility is
measured in terms of strain energy density (SED).
Clad failure is assumed to occur when the strain
energy density in the material reaches and exceeds a
critical strain energy density (CSED), which is
determined from mechanical property tests.

The PCMI cladding failure thresholds proposed in
the EPRI report are based on total elongation data
(i.e., CSED (TE)). However, in response to staff
concerns, the EPRI report also includes CSEDs based
on uniform elongation data, which showed a
significant reduction in CSED as expected. Cladding
hydrogen content and hydride distribution and
orientation are also likely to influence this
relationship.

2.4 Hoop plastic strain

A strain-based criterion for clad tube failure under
RIAs is proposed by Sweden researchers.[3] The
criterion is intended for prediction of clad tube
failures caused by pellet-clad mechanical interaction
during the early heat-up phase of RIAs.

The mechanisms responsible for fuel rod failure
under RIAs was delineated first, based on an
evaluation of RIA simulation tests performed on pre-
irradiated fuel rods in pulse reactors. The ability of
the clad tube to expand radially by plastic
deformation is found to be crucial for fuel rod
survival under RIAs. From an experimental database
of more than 200 out-of-pile mechanical property
tests, a correlation for clad hoop plastic strain at
failure with respect to clad temperature, irradiation
damage, strain rate and hydrogen content was
formulated. Cladding tube failure is assumed to take
place when the clad hoop plastic strain exceeds the
ductility limit defined by this correlation.
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2.5 Yield Stress

The failure criteria assumed for the determination
of the structural integrity of irradiated fuel rod
cladding under axial loads from hypothetical
transportation accident was that axial stresses in the
cladding reach the yielding stress of the irradiated.
Due to the inertial load on end drop, fuel rod buckles
and, then, failure criterion (yielding) could be reached.

3. Discussions of failure measures

There could not be one generic failure criterion
which can cover the all kinds of failure modes in
claddings. Each has its own pros and cons. Different
loads are subjected to cladding during transportation
should be examined accordingly to their orientations
and cladding microstructures.

Stress based failure criteria do not appear to be
suitable for the evaluation of materials which would
experience elastic-plastic strain, because of far more
incremental strain with less increase of stress, and
especially for the anisotropic materials. Strain could
be one of candidate criteria for its simple
measurability.

Strain based failure criteria for the cladding
subjected to shock loads appears to be a simple
measure to determine the cladding integrity during
NCT. However, applying the test sample data to
actual cladding in complicated stress environments
needs a lot of experiments to be justified, especially a
series of criteria for the various types of cladding
alloy, burnup history, and hydride morphology, etc.
are needed. A failure criterion based on strain alone
could not cover the whole failure modes, of course,
especially for the accident conditions.

The energy based criteria, i.e. K;c/CSED would
be appropriate better for the impact loads encountered
during accident conditions than the other measures.

CSED was first proposed to evaluate the cladding
integrity for the RIA events as a failure measure. And
then, EPRI applied it to the evaluation of high burnup
SNF cladding during hypothesized accident condition
of transportation, which requires the assessments of
the shock and impact loads for the cladding, while
strain and Kjc were used as failure measures to
evaluate the impact loads for cladding in SAND90-
2406. However, it is not easy to deduce the K¢
without knowing the crack size in material
Furthermore, the SAND90-2406 methodology is of
general applicability independently of burnup level,
its quantitative results are not directly transferable to
high-burnup fuel because of significant changes in
mechanical and failure properties with burnup and the
potential effects of dry storage on modifying the
cladding hydride morphology. One of the critical
areas in which the SAND90-2406 methodology needs
to be updated is in the choice of failure criteria to
replace the low burnup criteria, which were based on
the cladding rupture strain and fracture toughness. To
this end, the CSED, which combines the states of
stresses and strains, has been proposed as a failure
measure most suited for cladding with hydride-

[=[ele]>N|
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morphology-dependent failure mechanisms as can
potentially exist in high-burnup spent fuel subjected
to several decades of dry storage. Because the
direction dependence of fracture toughness is more
pronounced at high hydride concentrations, this
limitation on K¢ data has a larger impact on high-
burnup cladding. Further, radial hydrides have
virtually no effect on Mode-I and —II failures, because
the dominant stress acts in a direction parallel to the
hydrides, unlike Mode-III failure where the highest
stress is normal to the plane of the hydrides. That is,
another important factor in the choice of CSED as a
cladding failure measure is its ability to capture the
behavior of radial hydrides.

For the vibration loads, the fatigue-design curve
for cladding would be used to assess failure due to
excessive strain cycling at low amplitude under
vibrational loading.

Anyhow, it is important to determine an appropriate
failure criterion for a certain failure mode selectively
because no one measure can cover the whole set of
failure modes fully. A lot of experiment with various
types of cladding conditions, especially hydride
morphologies, should be implemented to evaluate the
appropriateness of a certain failure criterion for a
specific failure mode.

4. Summary

It is important to set up a reasonable failure
criterion for cladding, because being able to
determine the cladding integrity during transportation
is essential for the evaluation of SNF transportation
system.

There are a few of measures which can be used as a
failure criterion for cladding subjected to its specific
failure mode. Therefore, to select and to use
appropriate failure criterion measures, i.e. strain(UE),
Kic, and CSED would be a key in evaluating the
cladding integrity during transportation with every
aspects. In order to justify and quantify that criterion
properly, various experiments for the mechanical
properties of the claddings with different conditions
shall be implemented, which data will enable to
justify the failure criteria proposed.

ACKNOWLEDGEMENT

This work was supported by the KETEP granted
financial resource from the Ministry of Trade,
Industry and Energy, Republic of Korea (No.
20181710201770)

REFERENCES

[1] Sandia Report SAND90-2406, ‘A Method for
Determining the Spent-Fuel Contribution to
Transport Cask Containment Requirements’.

[2] Used Nuclear Fuel Loading and Structural
Performance Under NCT, FCRD-UFD-2013-
000325.

[3] A strain-based clad failure criterion for RIA in
light water reactors, Sweden TR 03-008, 2004.



Methodologies and Properties of Safety Analyses for Pyroprocessing Facilities

Gilsung You*, Seokjun Seo, Woojin Jo, Siwan Noh, Hyojik Lee, Hohee Lee, Seungnam Yu, and Jeonghoe Ku

Korea Atomic Energy Research Institute, 111, Daedeok-daero 989beon-gil, Yuseong-gu, Dacjeon, Republic of Korea

“yougil@kaeri.re.kr

1. Introduction

KAERI is
technology for a safe and an effective disposal of

being developed pyroprocessing

spent fuel. For the study and verification of this

technology, it is necessary to develop the
experimental facility with hot cells and auxiliary
systems in the future [1]. In this paper, several safety
analysis methodologies of Korea and the United
States for the development of fuel cycle facilities are
introduced, and the properties of the experimental
pyroprocessing facility are practically analyzed using

the associated safety analysis approaches.

2. Safety Analysis Methodologies

Safety analysis methodologies for a fuel cycle
facility (including a pyroprocessing facility) are a
traditional deterministic method (the Korean Nuclear
Safety Act), an ISA method (the US NRC), a hybrid
ISA-PSA method (developing by the US NRC) and a
PSA method.

2.1 Korean Nuclear Safety Act (KNSA)

The Paragraph (3) of Korean Nuclear Safety Act
article 35 requires that a person, who intends to carry
on the spent fuel processing business, shall submit to
the competent minister an application for the permit
or the designation together with radiation
environmental report, safety control regulations,
explanatory statement of design and work methods,
quality assurance program for the operation of the
business and other documents as prescribed by the
Ordinance of the Prime Minister. The Korean
Nuclear Safety Act requires applicants to conduct a
standard safety analysis methodology similar to that
of nuclear power reactor, such as deterministic and

defense-in-depth safety methodologies [2].

2.2 U.S. I0CFR70 (NUREG-1520, ISA)

NUREG-1520 provides U.S. NRC guidance for
reviewing and evaluating the health, safety, and
environmental protection aspects of applications for
licenses to possess and use special nuclear material to
produce nuclear reactor fuel. This guidance addresses
the longstanding health, safety, and environmental-
protection requirements of 10 CFR Part 20 and 10
CFR Part 70, as well as the accident safety
requirements reflected in Subpart H, “Additional
requirements for certain licensees authorized to
possess a critical mass of special nuclear material,”
of 10 CFR Part 70. Subpart H of 10 CFR Part 70
identifies risk-informed performance requirements
and requires applicants and existing licensees to
conduct an Integrated Safety Analysis (ISA) [3].

2.3 U.S. NRC SECY-0136 (an Enforced Risk Analysis
and Hybrid ISA-PSA)

The NRC considers an ISA method required by 10
CFR Part 70 to be appropriate to address the types of
hazards and accident sequences associated with
existing fuel cycle facilities. However, the
presence and processing of large quantities of fission
products and TRU isotopes at reprocessing facilities
have the potential to greatly increase consequences
far above the 10 CFR Part 70 high-consequence
thresholds for some accident sequences (e.g., fires,
explosions), and, therefore, 10 CFR Part 70 is not
The NRC

incorporate  more

appropriate for reprocessing facilities.
concludes approaches that
quantitative risk assessment, including PRA, are
needed to adequately address safety and risk at
reprocessing facilities. The NRC is considering two
basic approaches—a hybrid ISA-PRA approach and
a PRA approach. The NRC considers the hybrid
approach is a reasonable starting point at this
preliminary stage of the NRC’s efforts in support of

potential future rulemaking activities [4-6].

2.4 PSA
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Recently NUREG/CR-7168 studied the possibility
of using a PSA method for reprocessing facilities.
This guidance concludes that the ISA approaches may
identify potential weaknesses in a facility’s design or
operation for relatively simple nuclear fuel-cycle
systems. However, since the approaches do not
incorporate inter-system dependencies, nor provide an
integrated assessment of risk, they could miss some
essential risk outliers in more complex facilities.
Varying degrees of PRAs for reprocessing facilities
already have been carried out in several countries.
Notwithstanding the limited data available for PRAs
of this type of facilities compared to that for power
reactors, the safety analyses of these facilities can
benefit from the potential understanding gained by
uncovering potential weaknesses in design and
identifying dominant contributors to the risk of a plant

or facility, such as human errors and dependencies [7].

3. Properties of Safety Analyses for
Pyroprocessing Facilities

In Korea SF handling facilities are regulated as
one of fuel cycle facilities under the Korean Nuclear
Safety Act [2]. The act describes the safety
requirements for the license and operation of fuel
cycle facilities. Although the safety requirements for
fuel cycle facilities show small differences compared
to those of nuclear power plants, but a large parts of
the requirements use the same technical criteria with
nuclear power plants. The U.S. NRC is using an ISA
safety analysis approaches and recently studied about
an adaptability of a hybrid ISA-PSA [5,6] and a PSA
to reprocessing facilities [7].

Table 1. Properties and ratings for each safety
analysis methodology

Necessity of
Data (Fault &
Likelyhood) for
Pyro

Human errors
and
dependencies
Analysis

B M M G

Methodology Hybrid

ISA ISA-PSA PSA
KNSA (NUREG- (NUREG/CR-
1520) (SECY- 7168)
Property 0136)
Simplicity G M B B
Safety
Effectiveness to M G G G
Pyro
Adaptability to G G B
Pyro
Event Analysis B M M G
Risk-Informed B B M G

Performance

OFX|
e
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G: Good, M: Medium good, B: Bad

For developing safer pyroprocessing facilities it is
necessary to analyze the basic properties of these
safety analysis methodologies. The table 1 shows
some basic properties and ratings evaluated by

authors for each safety analysis methodology.
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1. Introduction

Compton scattering produces Compton continuum
over a large area in the gamma-ray spectrum.
Compton scattering makes it difficult to precisely
measure the low X-ray energy peaks of the Compton
continuum area. This problem occurs in the
measurement of spent fuel containing various fission
product to emit high energy gamma. Compton
continuum is mainly generated by gamma rays of
662 keV from “’Cs in the spent fuel. This makes it
difficult to perform low energy area peak analysis
from 100 to 400 keV [1]. The Compton continuum
area can be suppressed using a Compton suppression
system. The greatest advantage of Compton
suppression system is to significantly reduce the
Compton continuum and improve the detection limit
[2]. In this study, the performance of the developed
Compton suppression system with various source

positions was evaluated.
2. Methods and Results

NIM Module using a traditional analog signal was
used to implement the Anti-Coincidence. The main
HPGe(P-type HPGe).
BGO(Well-type BGO) and Nal(Well-type Nal)

detector were used as guard detectors to measure

detector is a Coaxial

scattered gamma rays. A Cs-137 source was placed
in several distances from the surface of HPGe
detector. The configuration of each NIM Module is
shown in the Fig. 1.

Fig. 1. NIM Module schematic diagram.

2.1 HPGe and BGO Compton suppression result

As shown in Table 1, the Compton continuum of
measured spectra of the Compton suppression system
are clearly different from the unsuppressed spectra.
As the distance increases, the measured counts are
lower, but the Peak to Compton ratio (PCR)
PCR factor of the

suppression system is about three times better

increases. The Compton

compared to the unsuppressed system.
2.2 HPGe and Nal Compton suppression result

As shown in Table 2, the measurement results of
Compton continuum are clearly different when the
Compton suppression system is used or not. As the
distance increases, the counts are measured lower but
the Peak to Compton ratio increases. We can see that
the Compton suppression system is PCR factor over

three times when using it.
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Table 1. HPGe and BGO Cs-137 Peak to Compton ratio

Peak to

. 358~385 PCR
Distance State keV 662keV Cpmpton factor
ratio
Wo 91184 88590 962
suppression

20 cm 2.5

w/ . 35088 84096 2373
suppression

;1/0 ession 38364 38528 994
30 cm PP 26

d . 14315 38048 263.1
suppression

WO 51913 23396 105.7
suppression
40 cm 2.8

w/ . 7699 23342 300.2
suppression

100000

20cm wio suppression

10000

Counts
2
{_

00 700 8 g )00 1100 1200

Energy

Fig. 2. Cs-137 Spectrum Using HPGe and BGO.

Table 2. HPGe and Nal Cs-137 Peak to Compton ratio

Peak to
. 358~385
Distance State eV 662keV Cpmpton factor
ratio
wio . 119895 80208 66.2
suppression
20 cm y 23
W . 51486 78050 150.1
suppression
Wo 61304 39967 645
suppression
30 cm y 3.7
W . 16542 40116 240.1
suppression
w/o . 35276 24926 69.9
suppression
40 cm y 3.7
W . 9370 24734 261.3
suppression

20cm wio suppression |

20cm w/ suppression

30cm wio suppression
10000 30cm w/ suppression |

40cm wio suppression
| ——— 40cm w/ suppression

1000

Counts

100

700 200 300 40

Fig. 3. Cs-137 Spectrum Using HPGe and Nal.
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3. Conclusion

Comparisons using two different guard detectors
confirm that the most ideal position for measuring
the 662 keV gamma ray from “’Cs is 40 cm. The
two methods are no measured under the same
conditions, so there are difficult to compare. As a
result of comparison, Peak to Compton ratio is
clearly high for BGO. The low 100 keV area means
that the high density BGO absorbed the high gamma
energy of 500 keV. However, the PCR factor shows
that Compton suppression is higher in Nal. The
reason is that Nal absorbs energy well below 100
keV at the Compton edge, and the light intensity is
high enough to keep the low threshold. Therefore, the
two BGO is additionally installed behind Nal, so that
it is designed to catch X-ray of low energy area. We
will continue to measure the Compton suppression

system.
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1. Introduction

The Korea Atomic Energy Research Institute
(KAERI) has
technology to reduce the waste volume and recycle

been developing a pyroprocess

some of the elements in spent nuclear fuel. KAERI
conducted the preliminary concept design of the
Korea Advanced Pyroprocessing Facility (KAPF)
based on the design requirements and criteria.

Hot cell facilities shall be designed in such a way
that the possibilities of fire and its effects are
minimized, since it involves the release of
radioactive material during a fire. In addition, the
facilities should prevent fire and need a rapid fire
detection and extinguish. Structures, Systems, and
Components of the facilities should be designed to
protect the safety functions of the facilities even if
they are not quickly extinguished by fire-fighting
system.

In this

Codes&Standards as well as domestic and foreign

paper, the design criteria and
regulations related to the fire protection were
analyzed. In addition, anticipated fire accidents in the
hot cell facilities were derived and the fire load was

calculated.

2. Fire Protection for the Hot Cell Facilities

2.1 Act, Standards,
Codes&Stndards

Guides, Regulations, and

In Korea, article 110 of the enforcement decree of
the Nuclear Safety Act requires the necessary
measures for the nuclear when a fire accidents occurs
with leakage of radioactive materials. In addition,
documents related to Codes&Standards, planning,
and safety analysis of fire protection are provided in
the public notice and enforcement rule on Nuclear
Safety Commission.

Unlike Korea, the United States has many
experiences in facility operation, so Act and
regulatory authority can provide more details.

Domestic and foreign regulations related to the fire
protection are listed in the table blow.

Table 1. Applicable regulations and guides on fire
protection for nuclear fuel cycle facilities

Applicable regulation, guides and Codes&Standards

* Enforcement regulations of Nuclear Safety
Act
« Enforcement rule of the Radiation Safety
Criteria

ROK « Act on Fire Prevention and Installation,
Maintenance, and Safety Control of Fire-
fighting Systems
 Enforcement Act on Fire Prevention and

Regulations

Installation, Maintenance, and Safety Control
of Fire-fighting Systems
* 10CFR Part 50 appx. A Criterion 3

A
Us * 10CFR Part 70 subpart H

« Public Notice on the establishment and
ROK implementation of fire protection plan
« Public Notice on the fire risk analysis

* NUREG-0800
* DOE-STD-1066
USA -« NFPA 80, 780, 801
* NCR BTP CMEB 9.5-1
« UL 555

Guides

NFPA 801, 12, 13, 2001

NFFSC 101, 102, 106, 107A, 109
Codes&Standards ~ ASTM Material standards

UL 555

KEPIC FPN-801, FPC-11, 12, 13, 14, 20, 24, 2001

3. Evaluation of the Fire Protection
3.1 Flow of the Evaluation of the Fire Protection

For the evaluation of the fire severity and required
fire resistance rating, the fire load should be
calculated. In order to calculate the fire load, the
evaluation area must be set up first. Then the
calculated fire load can be used for evaluation of fire
severity and the fire resistance rating. The procedure
of the fire protection evaluation for hot cell facilities
is performed in the flow chart as shown in Fig. 1.
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Residual Combustible Temporary Combustible

: g?lble insulator + Lubricating oil

. * Replacement cable insulator
- Filter + Substitute for flammable
+ Others(Plastic, Wood,

Clothes, etc) materials

Combustion
Heat of
Combustible

Fire Loading Calculation

+ Total Thermal Load (MJ))
= Floor Area (m2)
« Fire Load (MJ/m2)

Fire Load &
Equivalent
Time

Evaluation of Fire Severity &
Required Fire Resistance Rating

+ Fire Severity (hr)
+ Required Fire Resistance Rating (hr)

Fig. 1. Flow chart for the evaluation of fire severity and
required fire resistance rating.

3.2 Evaluation of the Fire Protection

For the evaluation of fire severity and required
resistance rating, it is necessary to determine the
place where fire is expected from the entire facility
area. Then fire hazards, that is, of the amount of
combustible materials in the area of interest were
identified. Using the identified the amount of
combustible materials, which means the fire hazards
in the area of interest, fire loads can be calculated by
following equation.

Q =X m;hg (D
Q"=Q/A )

where, Q is the total fire load (MJ), m; is the
mass of the combustible material i (kg), h.; is the
calorific value of the combustible materials i
(MJ/kg), A is the floor area of the place of interest
(m?%), and Q" is the fire load in the area of interest
(MJ/mP).

The equivalent fire severity can be obtained by
dividing the fire load per area of interest by the
calorific value of the general combustible materials,
W (kg/m?), given as:

W =Q"/18.608 3)
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In this paper, a part of the headend process cell
derived from the KAPF preliminary concept design
were analyzed. Because of the lack of design
information, it is assumed that the combustible
materials in the headend process cell is only cables.
The calorific value of the cable and general
combustible materials were assumed as 28.3 and
18.608 MJ/kg, respectively. The calculated fire load
and fire severity were 11.9 MJ/m* and 30 mins
respectively.

Headend process cell is equipped with a fire
detector, a gas type extinguish system and an alarm
system, and the hot cell structure it self is set to fire
rating 3 hours (highest grade), so that it functions as
a fire barrier. In addition, the damper installed at the
confinement boundary can prevent the leakage of the
radioactive material that generated by the fire.
Therefore, safety can be secured even in case of the
fire accident at the headend process cell.

4. Conclusion

In this paper, the regulations, standards, and guides
related to the fire protection for the hot cell facilities
are summarized. Based on the previous KAPF
preliminary concept design, the fire protection
capability of the headend process cell as evaluated
using the fire load and the fire severity.

It is also important to establish the fire protection
system in compliance with the laws and standards,
but it is important to establish a reasonable and
optimized the fire protection plan through
performance-based fire protection evaluation as

previously described.
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1. Introduction

Most of countries are developing and using a
variety types of cask for efficient and safe
management of Spent Nuclear Fuel (SNF). In
particular, the Disposal Cask used in the final
management phase provides a primary barrier to
isolate spent fuel and maintains airtightness in deep
environments during its design lifetime to prevent
leakage of internal radionuclides.

The disposal casks or system should make sure
that nuclear criticality accidents never occur at any
circumstances and transportation or storage should be
designed to prevent nuclear criticality from both
normal and abnormal accidents [1][2][3].

In this study, the spacing and vessel diameter of
the fuel assemblies satisfying the criterion of
effective multiplication factor which is less than 0.95

in transportation, storage and disposal are established.

Furthermore, the basic data of the multi-purpose
canister is used for safety analysis.

2. Method and Assumption

2.1 General Information of Disposal Cask

The inserting channel of SNF was designed with
a width of 23.5 cm and a height of 454.8 cm, which
can facilitate APR-1400, WH fuel, and standard type
with a width of 20.7 cm and a height of 453 cm
(Fig.1). The loading capacity of SNF is 4 bundles
made of corrosion resistant copper outside and cast
nodular iron inside [4].

b Lid & £90,850
Section “A°

Fig. 1. Disposal Canister for KORAD EBS.

2.2 General Assumption

Based on the study by the KORAD (Korea
Radioactive Waste Management Corporation), the
Basis Fuel for the nuclear criticality analysis is
selected as CE type PLUS7 with the initial
concentration of 4.0%, the emission combustion of
45 GWD/ MTU and the cooling period of 40 years.
Only the major actinide nuclear species was
considered as a composition of SNF in order to
assume the combustion state and Burnable Rod and
Control Rod were excluded to secure maintenance.

The analytical conditions are as follows: both
normal condition (dry internal cask and rock
maintaining the integrity of the disposal system) and
accident(flooding)condition (rock, bentonite, and the
submerged interior making the optimal deceleration
condition by groundwater).

2.3 Special Assumption

In this study, the IRON INSERT of the disposal
cask in the previous research is named 'internal
canister'. Furthermore, in order to utilize it for
transportation or storage, some assumptions are
established with its inside structural change as shown
in Fig. 2.

- For simulating the weight reduction and
immersion conditions in transport and storage use, to
change the inside of the canister to empty space,
change the fuel loaded tube to the basket

- To alter material of the changed inner canister to
stainless steel, and to maintain the thickness of the
outer wall with the upper thickness of 5 cm of the
original canister and the lower thickness of 8 cm.

- Considering the uncertainty about long-term
material quality, neutron absorbers used in canisters
for transportation and storage are not applied.

2018 SIRUANEY 1285 27statts| =2eo 113



e
—— per Canister |m.
-1 I~ ~—
-

Assembly Basket -

(a) Original model (b) Modification model

Fig. 2. Design modify of Disposal Cask and Canister.
3. Result

The pitch and canister diameter of the fuel
assemblies that can be used for transportation and
storage of the IRON INSERT of the disposal cask
which cannot guarantee the long-term storage due to
not applying neutron absorber were calculated (Table

1.

Table 1. Criticality of Modification model

(Unit: k.z)
Conditions / e . .
Gap Fuel irradiation Criticality Satisfaction
Spent 0.21476 o
\ Normal ¢ b 0.27652 °
com JU 0.74676 o
N e esh 1.06053 X
Spent - o
Ni 1
orma Fresh - o
6¢cm
Accident Spent - °
Fresh 0.94889 X
Normal Spent - o
Fresh - o
7cm
Accident Spent 0.65556 o
Fresh 0.92590 o
N | Spent 0.18870 o
b oM Eresh 0.24940 o
m
¢ ccidon SPet 0.61455 °
M Fresh 0.86455 o

First, in the case of the changed model with a 12
cm fuel gap, both the combustion fuel and the new
fuel meet the nuclear
transportation, storage and disposal, even under
normal and accident conditions. According to the
results, the empty changed canister- type vessel(inner
diameter 71 cm) with the 3 cm fuel gap satisfied the
assumptions under the dried condition, but in the
case of the new fuel by the accident (flooding)
exceeded effective multiplication factor. The changed
canister- type vessel with the 6 cm fuel gap(inner
diameter 77 cm) was evaluated as 0.94889 by the
accident (flooding) and the dry condition was all

critical criteria  for

[=Fele] 7|

—rlm g
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possible and but when applying the nuclear critical
uncertainty of 0.0085 calculated in the KORAD?21,
transportation cask exceeded effective multiplication
factor. Lastly, The changed canister- type vessel with
the 7 cm fuel gap(inner diameter 78 cm) met the
criticality criteria for both combustion and new fuel
under normal and accident conditions.

4. Conclusion

The preliminary nuclear criticality safety analysis
was carried out to examine the multipurpose
utilization by changing the internal structure of the
four-assembly disposal cask developed by the
existing research. When the internal diameter was 78
cm and the fuel gap was 7 cm, both the combustion
fuel and the new fuel did not exceed the nuclear
critical standard value (0.95) under the normal -
accident condition.

With the nuclear criticality analysis method, it is
possible to derive the basic specifications of the
canister meeting all the transportation, storage and
disposal standards. Also, it is considered that the
optimum multi-purpose canister can be developed by
analyzing the shielding, heat and structure.
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1. Introduction

A short-term solution to the wet storage saturation
problem of older nuclear power plants (NPPs) is to
construct additional on-site dry storages or off-site
interim storages [1]. Assumed a single on-site dry
storage with the same capacity for each NPP site in
Korea, this work studies the effect of the limited on-
site storage capacity and PWR SF movement on the
off-site interim storage plan by solving a dynamic
optimization problem for the PWR SF transportation
with the constraint variation

2. Korean Phase-out Scenario

Based on the present governmental policy on the
nuclear energy, total 29 NPPs (25 PWRs and 4
PHWRs) are expected to be operated until their
lifetime without life extension or addition of new
fleets (Fig. 1) [2]. According to this, the accumulated
SFs generated from PWRs are expected to reach
about 27,000 tHM.

5 x10%
g PWR
‘A PHWR
s 2.5
> 20400 MWe (PWR only)
g,
®
Q.
@
o
o 15
[}
8
e qt 8400 MWe (APR1400 only)
=]
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Q
S N 0 MWe
oL ‘ . ‘
2020 2040 2060 2080 2100
Time [year]
Fig. 1. Accumulated power capacity in the phase-out
scenario.

In the Basic Plan on HLW Management (draft) [3],
the expected time of wet storage saturation for each
NPP site and the construction plan for the off-site
interim storage is specified. But since the interim
storage plan is based on the time required for siting
the storage facility, it is necessary to validate the plan
with the future predictions for the PWR SF
generations and transportations between hypothetical
storages under the nuclear phase-out scenario. In
addition, the limitations of the on-site storage
capacity and PWR SF movement should be
considered in validating the interim storage plan.

3. Dynamic Optimization
Assumed a single dry storage per each NPP site,

the required construction times for the on-site dry
storages and off-site interim storage are obtained by

solving a dynamic optimization problem for the
PWR SF transportation. It is assumed that there is no
additional installation of the compact rack for
existing wet storages. And the on-site PWR SF
transportation between wet storages is simplified by
aggregating NPPs as a single fleet.

The first optimization problem is to maximize the
delay of PWR SF transportation to a new on-site dry
storage from the wet storage in each jth site, which
can be formulated as follows,

minmds(j,k),vk=t0,...,T Z};:tglxds U, 1l (D
subject to,

0 < x5, k) < x%s G, k) @

0 < mys(, k) < mys(, k) 3

Xws (U k) = x5( k = 1) = mys (G, k) + g, k) (4)

g(}.’ k) _ p(j,k)XCFx365 (5)

EXBU
xds(j' k) = xds(j' k—1)+ mds(j' k) (6)

where x44(j, k) is the accumulated SFs at time k
in the jth site dry storage, x,s(j,k) is the
accumulated SFs at time k in the jth site wet
storage, x4%.(j,k) is the wupper boundary of
Xws(J, k), mys(j, k) is the amount of PWR SFs
transported to the dry storage at time k in the jth
site, my(j, k) is the upper boundary of my(j, k),
g, k) 1s the amount of PWR SFs generated at time
k in the jth site, p(j, k) is accumulated power
capacity at time k in the jth site, CF is the
capacity factor, ¢ is the efficiency, BU is the burn-
up, t, is the current time, and T is the final time.

The second optimization problem is to maximize
the delay of PWR SF transportation to a new off-site
interim storage from the on-site storages, which can
be formulated as follows,

MMy, (k0w j=1,.. N W=t o, T Dfemto|Xis ()] @)
subject to,

0 <x4(j, k) < x4, k),Vj=1,..,Ng ®)

0 < X2, my (i, k) < mi (k) ©

xds(i' k) = xds(j' k — 1) + mds(j' k) - mis(i: k):

vj=1,..,N, (10)

xis (k) = x5 (k — 1) + 272, mys (G, k) (11)

where x;;(k) is the accumulated SFs at time k in
the interim storage, xj,(j, k) is the upper boundary
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of x45(j, k), mi(j, k) is the amount of PWR SFs
transported to the interim storage at time k from the
jth site, mi;(k) is the upper boundary of the sum of
m;(j, k) for all sites Nj.

To see the effect of the constraint variations for the
on-site dry storage capacity and PWR SF movement
on the optimization result, we change xj.(j, k) in a
range from 2000 tHM to 3000 tHM and my(j, k)
in a range from 200 tHM/y to 1000 tHM/y. mj; (k)
is fixed with 1000 tHM/y because it doesn’t affect
the interim storage plan. Fig. 2 and Table 1 show
representative results.

5 X 104 Dry storage capacity = 2000

Table 1. Required construction time of the interim storage
for different constraints for the on-site dry storage capacity
x4s(j, k) and PWR SF movement m¥,(j, k)

xgs U, k) [tHM]

mZS (j' k) [tHM/y]

Required time

200 2030
2000 500 2032
1000 2033
200 2033
2500 500 2033
1000 2033
200 2034
2700 500 2034
1000 2034
200 2035
2750 500 2035
1000 2035
200 2035
2800 500 2037
1000 2037
200 2036
2900 500 2039
1000 2039
200 2036
3000 500 2042
1000 2042
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Fig. 2. Accumulated SF after the interim storage.
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As shown in Fig. 2 and Table 1, the constraint
variations for both on-site dry storage capacity and
PWR SF movement affect the interim storage plan
significantly. In particular, the constraint for the on-
site dry storage capacity determines the latest
construction time for the interim storage. And the
impact of the constraint variation for the PWR SF
movement higher than 500 tHM/y is negligible.

As a result, regardless of the PWR SF movement
higher than 200 tHM/y, the on-site dry storage
capacity should be more than 2750 tHM to follow the
governmental interim storage plan (until 2035 [3]).

4. Conclusion

Under the Korean nuclear phase-out policy, the
effect of the limitations of the on-site storage
capacity and PWR SF movement on the interim
storage plan was explored by solving a dynamic
optimization problem of PWR SF transportation with
the constraint variation. As a result, the constraint
variation for the on-site storage capacity gave a
significant impact on the interim storage plan. As a
next step, the effect of the limitations of the interim
storage capacity and PWR SF movement on the
disposal plan will be studied.
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1. Introduction

The research about dry storage for interim storage
of low burn-up Spent Nuclear Fuels (SNFs) is still a
work in progress because PWR spent fuel pools will
be saturated with SNF in 2024 [1]. The Korea
Atomic Energy Research Institute (KAERI) has
conducted various kinds of tests and analyses to
obtain useful data for predicting the integrity and
retrievability of SNFs after transportation and long-
term dry storage. Among several fuel assembly (FA)
components, spacer grids (SGs) protect the fuel rods
from external impact loads issued by transportation,
earthquake and abnormal events during handling.
Before buckling of SGs, they sustains the external
impact load. The dynamic buckling strength of a SG
is important characteristics to determine whether it is
possible to handle SNFs experienced external loads
or not. FE model of a kind of SGs, 14 KNF-OFA, has
been developed to predict dynamic buckling strength.
But its shape is so complicated that it takes a lot of
time and efforts to generate a geometric model. In
this paper, a simplified geometric model, KAERI
model, to replace a SNF representative SG, a 14
KNF-OFA SG, is suggested and validated by
comparing predicted reaction forces versus time with

those of a detail geometric model.

2. KAERI Model

2.1 KAERI model development

PNNL suggested simplified finite element model

[2]. They used a plate shape model with suitable shell
thickness which was decided by the equivalent slot
study to produce similar lateral response to a finely-
meshed grid slot that included the springs and
dimples. But KAERI model is decided by using same
cross-sectional area and volume as a detail geometric

model shown in Fig. 1.

(b) KAERI

(a) detail

Fig. 1. Geometric models of 14 KNF-OFA.

2.2 Spring and dimple stiffness

Because the KAERI model has flat springs and
dimples, we apply a connector element [3] having the
characteristics of an axial spring to replace curved
springs and dimples in a detail model. To input
spring and dimple stiffness, spring characteristic
analyses of a spring and a dimple in a detail model

are performed.

3. Validation of KAERI model

3.1 Load and boundary conditions

Since the development objective of the FE model
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is to predict the dynamic buckling strength, dynamic
impact analyses were performed to validate KAERI
model. The rotational degree of freedom of the
cladding tube was constrained. The degree of
freedom in all directions of the center point on the
upper surface was constrained. Reaction forces in y-
direction (RF2) were calculated on this point. The
mass of a hammer was 48.85 kg and it collided with
a 1x1 spacer grid in upper direction at a speed of
256.322 mm/s. The speed for a 3x3 spacer grid was
443.963 mny/s [4].

3.2 Analyses results

Three kinds of geometric models were used such
as a detail, PNNL and KAERI. Same mesh size, load,
constraints and boundary conditions were applied. To
confirm the size effect, several arrays of SGs were
analyzed. Fig. 2 shows that RF2 obtained by the
KAERI model is similar to the result of the detail

model in the case of 1x1 and 3x3 SGs. It means that

the KAERI model is useful.
30 1X1 spacer grid with a rod 3x3 spacer grid with rods
——dalall
f— aof
% B
20 30
g =
5 1 =20
& 10 £
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Time {(msec)

Fig. 2. Analyses results in the case of 1x1 and 3x3 SGs.

4. Conclusions

KAERI suggested a simplified geometric model
with the same cross-sectional area and volume as a
detail model. A connector element was used to
simulate the spring and dimple of the detailed model.
In order to confirm the validity of the KAERI model,
dynamic impact analyses were performed on the
detail, PNNL and KAERI model and the results were

compared. Through the analyses results, it is
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confirmed that the KAERI model are valid. It could
reduce the time to generate a geometric model. The
KAERI model will be used for a full-size 14 KNF-
OFA SG dynamic impact analyses and for a 14 KNF-
OFA fuel assembly to evaluate the mechanical

integrity during transportation.
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1. Introduction

OASIS-32D, the spent nuclear fuel metal cask
developed by KEPCO E&C, needs to go through a
free drop test through a distance of 9m in accordance
with 10 CFR 71[1]. This study is to find a drop

position for which maximum damage is expected,

and to confirm the structural integrity of OASIS-32D.

For the purpose of the study, various drop positions -
0°, 30°, 45°, 60°, 90° and 180° off-angle drops as
described in Table 1 and Fig. 2 are taken into
considerations. The analyses are performed using
ANSYS LS-DYNA. As a result of analyses, the

structural integrity of OASIS-32D is maintained.

2. 9m free drop analyses

2.1 Analysis model and method

OASIS-32D finite element model consisting of the
cask, canister and fuel assemblies was developed
using the solid, shell and mass elements in ANSYS
as shown in Fig. 1.

The velocity of 13.3 m/s corresponding to 9m free
drop under 1g (gravitational acceleration) is applied
on the cask, canister and fuel assemblies as the initial
condition for the analyses. The contact condition
between bumper and the rigid target surface is the

node to surface contact used in impact analysis.

Cask Lid

Cask Shell

Fuel Assembly

Canister

Cask Bottom

Fig. 1. FE model of OASIS-32D.

2.2 Positions of cask

The 6 cases of 0, 30, 45, 60, 90 and 180 degrees
cask positions shown in Table 1 were used in the free
drop analyses. The cask positions of cases 1, 3 and 5

are shown in Fig. 2, from the left side.

Table 1. Drop analysis cases

Case Degree of Cask Description

1 0 Bottom-Vertical Drop
2 30

3 45 Corner Drop

4 60

5 90 Horizontal Drop

6 180 Top-Vertical Drop

Fig. 2. Positions of cask drop (Cases 1, 3 and 5).
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Table 2. Ratio of analysis results to allowable stresses

Comp. Stress Case 1 Case 2 Case 3
Pm 0.74 0.69 0.31
Cask Lid
WS TPm+Pb 0.52 050 022
Cask Pm 0.13 0.19 0.02
Shell Pm + Pb 0.10 0.21 0.02
Cask Pm 0.44 0.25 0.17
Bottom Pm + Pb 0.44 0.22 0.12
Comp. Stress Case 4 Case 5 Case 6
Pm 0.08 0.15 0.49
k Li
Cask Lid —5 =50 0.11 0.15 0.36
Cask Pm 0.15 0.37 0.31
Shell Pm + Pb 0.12 0.26 0.37
Cask Pm 0.27 0.42 0.26
Bottom Pm + Pb 0.19 0.41 0.17
Pm
0.80
% 0.60 \
E 0.40 ——Cask Lid
= = Cask Shell
.§ 0.20 - = Cask Bottom
0.00 : : : : : )
Casel Case2 Case3 Case4 Case5 Case6
Drop Analysis Case
Pm+Pb
£ 0.0
g 0.40 \\\ x
3 ——Cask Lid
% 0.20 ——Cask Shell
"g == Cask Bottom
s
S 0.00 : : : : - )
'% Casel Case2 Case3 Case4 Case5 Case6
« Drop Analysis Case

Fig. 3. Variation of ratio for each case.

2.3 Results

Since the purpose of these analyses is to check the
structural integrity of the cask, the stresses of cask
components are described in Table 2 and Fig. 3. The
ratio of the result stresses to the allowable stresses,
i.e., membrane stress and membrane plus bending
stress to the allowable stresses are tabulated in Table

2. As shown in Table 2, each component of OASIS-
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32D has a lot of margins. Fig. 3 shows that the
maximum stresses of each component vary along
with the positions of the cask. According to the Table
2 and Fig. 3, the position that causes the maximum

damage is the bottom-vertical drop position (Case 1).

3. Conclusion

To find a position for which maximum damage is
expected, the 9m free drop analyses for various cask
positions are carried out. The maximum stress for
cask lid is occurred in Case 1, bottom-vertical cask
drop. All of the stresses are within the allowable
stresses, and have margins bigger than 25%.
Therefore, the integrity of OASIS-32D is maintained

under the 9m free drop condition.
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1. Introduction R Tt it To P,
A NINENE NN
In a dry storage environment, the spent fuel will rﬂ 5 ;

have a long period of cooling time at high
temperatures. At this time, the dissolved
circumferential hydride is slowly precipitated from
the radial hydride, which makes it more brittle and
thus degrading the integrity of the cladding tube. The
hydride reorientation occurs by internal rod pressure
of the fission gas in cladding tube, and the hoop
stress is applied to the outer diameter of the cladding,
causing hydrogen to flow in a radial direction.[1]

The effects of cooling rate of hydride reorientation,
which could occur during long-term dry storage
process in the spent fuel cladding, were evaluated.

2. Experiment
2.1 Hydride Reorientation Test Method

Using a 400 ppm and 600 ppm of the non-
irradiated Zircaloy-4 cladding tube, the hydride
reorientation test(HRT) from 400C of maximum
temperature to 100°C on decreasing 0.5C/min and
0.5C/hr were performed at hoop stress 90 MPa
respectively. Table 1 and 2 is HRT temperature
program of 0.5 C/min and 0.5 C/hr. And the Fig. 1 is
test profiles of temperature and hoop stress.

Table 1. HRT temperature program of short-term [2]

Temperature( )

= S

\\ "3

m a0 a0 a0 1000 10000 15000 20000 25000 30000 35000 40000
Time(min) Time{min)

Fig. 1. HRT profiles of temperature and hoop stress.
2.2 Specimens and Test Condition

The test specimen of non-irradiated Zircaloy-
4(cold-worked, stress-relief annealed, CWSRA)
cladding were 400 ppm and 600 ppm of the treated
homogenization hydrogen respectively, using the
injection chamber of the volume of a mass system.
And each specimen length is 150 mm used fitting at
top and bottom. Table 3 lists the specimen and test
conditions.

Table 3. Specimen and Test Condition

Specimen Condition
. . Lengt Hydrogel.l Diameter P
Material (mm) Concentration (mm) Stress (MPa)
(ppm) (MPa)
400
Zry-4 150 ——— 95 90 11.536
600

0.5 C/min Cooling Rate HRT Program

Segment Target Heating(Cooling) Step Time
Temperature Rate
1 420 C +5 C/min 1.20 hr.min
2 420 C Holding 1.00 hr.min
3 100 C - 0.5 C/min 10.40 hr.min
4 RT - End

Table 2. HRT temperature program of long-term [3]

0.5C/hr Cooling Rate HRT Program

Target Heating(Coolin .
Segment Tempe%ature li(ate ¥ Step Time
1 418 C +2 C/min 3.29 hr.min
2 418 C Holding 1.00 hr.min
3 100 C -0.5 C/hr 636.00 hr.min
4 RT - End

3. Test Results

After hydride reorientation test of non-irradiated
Zircaloy-4 cladding tube, the offset strain was
assessed from ring compression test at room
temperature, 100°C and 300°C respectively. And the
specimens were reviewed micro-structure of hydride
morphology.

3.1 Morphology after HRT
Fig. 2 is a micro-structure of 400ppm and 600ppm

specimen after HRT. Through the visualized review,
it is difficult to observe the change in radial hydride.

ol
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Fig. 2. Morphology after HRT.

3.2 RCT Results at RT

Table 4 and Fig. 3&4 are ring compression test results at
room temperature. At result of offset strain, the 600wppm
specimen of long-term cooling speed was assessed the
brittle by radial hydride.

Table 4. Results of RCT and Offset Strain

RCT at Hydrogel} Diameter Length Max. Oﬁjset Oﬁfs.e !
RT Concentration (mm) (mm) Load Dis Strain
(ppm) N) (mm) (%)

Non- 400 9.50 10.01 907.9 2.53 26.65

HRT 600 9.50 10.00 867.2 2.025 21.32

Short- 400 9.51 10.01 9254 2.51 2640

term 600 9.50 10.01 694.4 0.50 5.26

Long- 400 9.51 9.18 7449 1.70 17.88

term 600 9.50 10.01 6558 0.23 2.42

RCT for 400ppm Specimen at RT
1200

600 -

Load(N)

400

200 4

T T
o 1 2 3 a 5

Displacement(mm)

Fig. 3. Results of 400 ppm RCT at RT.

RCT for 600ppm Specimen at RT
1200

1000 +4

800 - /
600 4 /

‘ «— As—Hydrided

Load(N)

4004 -— Short Term HRT
lLong Term HRT

200 4

- T
0 1 2 3 4 5

Displacement(mm)

Fig. 4. Results of 600 ppm RCT at RT.
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4. Conclusion

Using a 400 ppm and 600 ppm non-irradiated
Zircaloy-4 cladding tube, the hydride reorientation
test (HRT) from 400 C of maximum temperature to
100C on decreasing 0.5C/min and 0.5C/hr
respectively were performed at hoop stress 90 MPa.
The test results of offset strain of the 400 ppm
specimen at the short-term cooling rate of 0.5 C/min
were 26.65%, 26.4% and 17.88% respectively. And
the results of offset strain of the 600 ppm specimen at
the long-term cooling speed of 0.5 C/hr were 21.32%,
5.264% and 2.42% respectively. In order to assess
the effect of the cooling speed on the hydride
reorientation, a repetition test is required in various
conditions.
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1. Introduction

When nuclear fuel is burning, internal rod pressure
acts on the inside of the cladding, and the hydride is
injected into the radius of the cladding, resulting in a
hydride reorientation by hoop stress. At this time, the
hydride s
precipitated from the radial hydride, which makes it

dissolved  circumferential slowly
more brittle and thus degrading the integrity of the
cladding tube. The hydride reorientation occurs by
internal rod pressure of the fission gas in cladding
tube, and the hoop stress is applied to the outer
diameter of the cladding, causing hydrogen to flow in
a radial direction [1,2,3].

The effects of hydride reorientation, which may be
caused by hoop stress, were evaluated during long-

term dry storage of spent fuel cladding.

2. Experiment
2.1 Hydride Reorientation Test Method

Using a 100 ppm of the non-irradiated Zircaloy-4
cladding tube, the hydride reorientation test(HRT)
from 400C of maximum temperature to 100C on
decreasing 0.5°C/min was performed at the hoop
stress 90 MPa, 120 MPa and 150 MPa respectively.
At this time, the hoop stress is not constants. Table 1
is HRT temperature program of 0.5 C/min cooling
rate. And the Fig. 1 is test profiles of temperature and
hoop stress.

Table 1. HRT temperature program

Ly

(b) 120 MPa

(c) 150 MPa

Fig. 1. HRT profiles of temperature and hoop stress.

2.2 Specimens and Test Condition

The test specimen of non-irradiated Zircaloy-
4(cold-worked, stress-relief annealed, CWSRA)
cladding was a 100 wppm of the treated
homogenization using the

chamber of the volume of a mass system. And each

hydrogen, vacuum

specimen length is 150 mm used fitting at top and
bottom. Table 2 lists the specimen and test conditions.

Table 2. Specimen and Test Condition

Target Heating(Cooling)

Specimen Condition
Hyd
. . Lengt Y rogerhl Diameter oopP IRP
Material Concentration Stress
mm (mm) (MPa)
(ppm) (MPa)
90 11.54
Zry-4 150 100 9.5 120 15.38
150 19.22

Segment Temperature Rate Step Time
1 420TC +35 C/min 1.20 hr.min
2 420°C Holding 1.00 hr.min
3 100C -0.5 C/min 10.40 hr.min
4 RT - End

3. Test Results

After hydride reorientation test of non-irradiated
Zircaloy-4 cladding tube, the offset strain was
assessed from ring compression test at room
temperature, 100 °C and 300C respectively. And the
specimens were reviewed micro-structure of hydride
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morphology.

3.1 Morphology and RHCF after HRT

Fig. 2 is a micro-structure of 100 ppm specimen
after HRT. It is difficult to observe changes in radial
hydrides at 90 MPa hoop stresses through visualized
studies. However, radial hydrides were observed at
120 MPa and 150 MPa specimens. Result of RHCF
analysis showed 8.21%, 28.77% and 54.79% at 90
MPa, 120 MPa and 150 MPa hoop
respectively.

stress,

(c) 150 MPa
Fig. 2. Morphology and RHCF after HRT.

3.2 RCT Results at RT

Table 3 and Fig. 3 are ring compression test results
at room temperature. The 100 ppm specimens were
assessed the brittle by radial hydride. At result of
offset strain evaluated 29.82%, 2.84% and 0.63% at
90 MPa, 120 MPa and 150 MPa hoop stress
respectively. The 150 MPa specimen is very brittle
and rated at creep limits of less than 2%.

Table 3. Results of RCT and Offset Strain at RT

Hoop  Hydrogen Diameter Leneth Max. Offset Offset
iameter Len,
Stress Concentration & Load Dis Strain

@  eem ™ ™ om) @)

Non-cy, 100 9.50

10.05 1098 4.114 43.31

90 MPa 93.8 9.49 10.06 933 2.83 29.82

120MPa  99.5 9.51 10.06 677 0.27 2.84

150 MPa  110.5 949 10.02 481 0.06 0.63

[=[ele]>N|
—rlm g
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RCT after HAT 400T 10 100

(a) Non-o,

FCT after HAT 400T to 100
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(d) 150 MPa

Fig. 3. Results of 100 ppm RCT.

4. Conclusion

Using a 100 ppm non-irradiated Zircaloy-4
cladding tube, the hydride reorientation test (HRT)
from 400 C of maximum temperature to 100 C on
decreasing 0.5 C/min were performed at each other
hoop stresses. Using the morphology, result of RHCF
analysis showed 8.21%, 28.77% and 54.79% at 90
MPa, 120 MPa and 150 MPa hoop
respectively. The test results of offset strain at 90
MPa, 120 MPa and 150 MPa of the 100 ppm
29.82%, 2.84% and 0.63%
respectively. The 150 MPa specimen is very brittle

stress,

specimens  were

and rated at creep limits of less than 2%.
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1. Introduction

During long-term dry storage, spent fuel undergoes
several thermal cycles. In particular, after charging
into spent fuel storage casks, vacuum drying is
performed to remove water, and this vacuum drying
process undergoes several heat cycles. This heat
cycle can affect the hydride reorientation in the fuel
cladding. [1]. The United States NRC is an ISG-11,
Rev. 3 (2003), it is necessary to confirm the radial
hydride reorientation in the conditions related to the
dry transfer operation and storage. It is recommended
that the heating/cooling cycle be allowed up to 10
times during loading of the fuel in the dry storage
cask and the temperature variation width should be
less than 65T (included vacuum drying).[2,3]

The effects of thermal cycling on the hydride
reorientation, which could occur during vacuum
drying process of the spent fuel cladding in dry
storage cask, were evaluated.

2. Experiment

2.1 Hydride Reorientation Test Method

Using a 100 ppm and 300 ppm of the non-
irradiated Zircaloy-4 cladding tube, the hydride
reorientation test(HRT) from 400C of maximum
temperature to 100C on decreasing 0.5 C/min was
performed at the single cycle, 3 cycles and 10 cycles
respectively. At this time, the hoop stress is not
constants. Table 1 is HRT temperature program of
0.5C/min cooling rate. And the Fig. 1 is test profiles
of temperature and hoop stress.

Table 1. HRT temperature program

5 420C +5C/min  0.17 hr.min

Repeat 2~5 segments 10 times

6 420C +5C/min  0.17 hr.min

7 420C  Holding  1.00 hr.min

8 100C -0.5C/min  10.40 hr.min

9 RT - - End
A B AR m\\f\m\mxm\ ;
i S Lo =

(a) single cycle (b) 3 cycles (c) 10 cycles

Fig. 1. HRT profiles of temperature and hoop stress.
2.2 Specimens and Test Condition

The test specimen of non-irradiated Zircaloy-
4(cold-worked, stress-relief annealed, CWSRA)
cladding were a 100ppm and 300ppm of the treated
homogenization hydrogen, wusing the vacuum
chamber of the volume of a mass system. And each
specimen length is 150 mm used fitting at top and
bottom. Table 2 lists the specimen and test conditions.

Table 2. Specimen and Test Condition

Specimen Condition
Hydrogen . Hoop
Concentration L(Jenr;it)h (HD;?]') Stress (MPa) (ALT) Cycle
(ppm) (MPa)

11.5 300 1
11.5 180/100 3

100 150 9.5 90

90 115 80 10
120 153 80 10

300 150 9.5

Thermal Cycling HRT Temperature Program

Segment $Z:§;t Heating Rate Step Time  Remarks
1 420C +5C/min  1.20 hr.min
2 420C Holding  1.00 hr.min
3 335C -0.5C/min  2.50 hr.min
4 335C Holding  0.30 hr.min

3. Test Results

After hydride reorientation test of non-irradiated
Zircaloy-4 cladding tube, the offset strain was assessed
from ring compression test at room temperature, 100 C
and 300C respectively. And the specimens were
reviewed micro-structure of hydride morphology.

3.1 Morphology after HRT
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Fig. 2 is a micro-structure of specimen after HRT
of thermal cycle conditions. It is difficult to observe
changes in radial hydrides at 90 MPa hoop stresses
through visualized studies. However, radial hydrides
were observed in some of the 120 MPa hoop stress
specimen in 10 cycles.

(c) 90 MPa, 10 Cy

(d) 120 MPa, 10 Cy

Fig. 2. Morphology after HRT.
3.2 RCT Results at RT

Table 3 and Fig. 3 are ring compression test results
at room temperature. In this hydride reorientation test,
the offset strain results of 1-cycle, 3-cycle and 10-
cycle of 90 MPa hoop stress specimens were
assessed 29.82%, 27.05% and 24.65% respectively.
The 120 MPa hoop stress specimen was evaluated as
susceptible to fracture by radial hydrides. However,
it was evaluated as not exceeding the creep limit of
less than 2%.

Table 3. Results of RCT and Offset Strain at RT

Hydrogen . Max. Offset Offset
Specimen ConcenﬂaﬁonDzﬁs;erLfnrfg;Load Dis  Strain
(ppm) N) (mm) (%)

90 MPa, 1 Cy  93.8 9.49 10.06 933 2.83 29.82

90 MPa,3Cy 1353 9.50 10.23 916 2.57 27.05

90MPa, 10Cy  366.0 9.50 10.01 915 2.34 24.65
120MPa,10Cy  375.6 9.50 998 764 0.75 7.86
AT - S
=

0spiacementimm

(b) 90MPa, 3 Cy

(a) 90MPa, 1 Cy

[=[ele]>N|
—rlm g
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(c) 90MPa, 10 Cy

(d) 120MPa, 10 Cy

Fig. 3. Results of RCT.

4. Conclusion

This hydride reorientation test was performed at the
various thermal cycling conditions for integrity of
cladding. In this hydride reorientation test, the offset
strain results of 1-cycle, 3-cycle and 10-cycle of
90MPa hoop stress specimens were assessed 29.82%,
27.05% and 24.65% respectively. The 120 MPa hoop
stress specimen was evaluated as susceptible to
fracture by radial hydrides. However, it was evaluated
as not exceeding the creep limit of less than 2%.

This results of offset strain at the 10-cycle was
similar to other hydride reorientation test cases. It is
difficult to assess that a thermal cycle effect is
affecting the hydride reorientation. However it has a
significant impact on the thermal degradation of the
spent fuel cladding.
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1. Introduction

Spent Nuclear Fuels (SNFs) have been stored in
spent fuel pools of the nuclear power plants since the
plants started commercial operation. In some case, it
is necessary to enhance handling safety for imported
Stress

nuclear fuel with Inter-Granular

types
Corrosion Cracking (IGSCC) [1]. To do this end,
global nuclear vendors developed reinforcement
devices. In recent years, the inventive reinforcement
devices have been developing in Korea.

The developing device will be installed in Guide
Tube (GT) of SNF, and various working mechanisms
of the device have been considering. In this study,
the load and stress characteristics are evaluated for
the device with the friction coupling working
mechanism. For the evaluation, a Finite Element (FE)
model has been developed and FE analyses are
performed. Also, the correlations for FE analysis
results are evaluated using regression analysis. The
FE model is generated based on the Westinghouse
17x17 type Fuel Assembly (FA), which is the
heaviest among the FAs with the IGSCC concern.

2. FE Analysis for Characteristic Evaluation

2.1 Finite Element Model

The FE model is developed based on the sensitive
parts under the handling condition of SNF. The
developed FE model is a quarter model, and

symmetric boundary conditions are used for each

symmetry plane. The schematic of device and the FE

model are illustrated in Fig. 1 and 2.

Housing Inner

Housin

Fig. 1. Schematic of reinforcement device (Sectional view).

Conlﬂ;cgiy

Guide

Housing

Inner rod l

Insert

Fig. 2. FE model.

2.2 FE Analysis

The FE analysis is sequentially performed friction
coupling analysis and handling analysis. The friction
coupling analysis is carried out to simulate fastening
between GT and device, and the handling analysis is
performed to simulate handling operation of SNF
with the device.

Boundary and loading conditions of friction
coupling analysis are that one ends of GT and
housing are fixed and inner rod is moved. Those of
handling analysis are that end of GT is fixed and both

inner rod and housing are moved.

2.3 FE Analysis Results
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The load and stress characteristics for SNF with
the device are evaluated from graphs using responses
from each analysis. The graphs between each
response are illustrated in Fig. 3, 4 and 5. The stress
response is calculated from stress of GT, and the load
response is calculated from reaction force of GT.
Each regression curve is generated to describe
correlation between each response, and R? value is
calculated to verify the statistical significance of
regression curve [2].

All data in these figures are non-dimensional
values. Non-dimensional stresses are calculated
based on the yield strength of GT material, and non-
dimensional loads are calculated based on the

handling load of SNF with 4 devices.

=

14
=

R?=0.9903

Non-dimensional Coupling Load
I ° e
2 g o
\

o

o 02 0.4 06 08 1 12 14 16

Non-dimensional Coupling Stress

Fig. 3. Coupling stress vs. coupling load.
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Fig. 4. Coupling stress vs. handling load.
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Fig. 5. Coupling stress vs. handling stress.

From these curves, it can be concluded that

OFX|
e
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relationships between coupling stress and other
responses are increasing functions although trends of
functions are different. When coupling stress is over
than yield stress, the gradients of handling load and
stress are rapidly increased. If the high handling load
is necessary, the plastic deformation of GT should

occur due to high friction coupling load.

3. Conclusion

The FE analyses are performed to evaluate load
and stress characteristics for reinforcement device.
The correlations are verified using statistical analyses
among each response. To obtain high performance of
the device, coupling stress is larger than yield stress.
In the future, coupling load will be optimized to

increase handling load using stress limit constraints.
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1. Introduction

When spent fuels are placed in dry storage,
hydrides from
reprecipitated radially. Such radial hydrides can have

corrosion are dissolved and
a severe effect on mechanical properties of spent fuel
at drop accident during transportation. In this report,
we reviewed and analyzed the process of the

predicting amount of radial hydrides [1].

2. Hydride Precipitation Model

2.1 Radial Hydride Fraction

A hysteresis effect between the hydride dissolution

solvus and the precipitation solvus is observed in Fig.

1[2].

450 1 —dissolution

2_400 1~ —precipitation

= Start of Precipitation
End of Dissolution

5 100 | :

Tep Tigitial

ddea |

0 50 100 150 200 250 300 550 400 450 500
Temperature (°C)

Fig. 1. Dissolution and precipitation curves of hydrides.

A red curve is stress-free hydride dissolution

solvus during heating, namely,

Coq = Cre~2/RT (1)

A blue curve is stress-free hydrogen precipitation

solvus during cooling, namely,
C, = Cse~C4/RT )
Constants are given by:

T: Absolute temperature

R = 1.986 cal/mole-K

C, =6.6E4 ppm
C, =7.69E3 cal/mol
C;=3.1E4 ppm

C, =6.038E3 cal/mol

When the hydrogen atoms in the matrix are cooled
under constant stress 0, some portion of them are

reprecipitated radially. The following mathematical

expression is derived for the radial hydride fraction

[3].

Fc(Tinitial, TO, 0.) —

1+ (e (-0 -0 @

Fo

Where F, is the volume fraction of radial hydrides
relative to the hydrogen concentration in solid
Zirconium alloy. The model

solution in the

parameters are follows:

Fy: Initial value of F,
d:: “Misfit” strain, due to hydride formation (m/m)
T nitial temperature (K)

T°: Observation temperature (K)

=ogoix) 129
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o0: Applied stress (MPa)

o,: Internal stress due to hydrides volume expansion
(MPa)
2.2 Evolution of Radial Hydrides over Time

Eq. (3) does not provide information for

intermediate observation temperatures. To apply to
continuous cooling, a general expression for the
radial hydrides concentration at any intermediate

temperature T under any temperature and stress

history is given below,

Cr(T) = Cr(TP) =

[y LB (T, T,0)C,(D}T (&)

dC,(T)

T
Cr(T) — Cr(TP) = — TCp{Fa(TCp:T' o) uT

+

da do
Cp(T) — Fp (TP, T, 0) 7}dT (5)

If the eq. (5) is carried out under constant stress,
over the temperature T to the temperature T, the
second term in the integrand drops out, and the
model results can be compared to experimental data

[4] usually generated under constant stress.

3. Results and Discussion

100

80

Data: H&Sh / ‘

{
I/
/f

e

Fig. 2. Model and experimental results of radial hydrides.
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The model has been validated by experimental
data [4] in Fig. 2, left curves are radial hydrides
fraction data from Hardie and Shanahan and right
curves are model results simulated by FORTRAN.
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4. Conclusion

Only a small fraction of the hydrides reprecipitated
radially in dry storage. As depicted in Fig. 3, less
than 15 ppm of radial hydrides is expected after 40
years of dry storage. These model results will be used
in integrity evaluation process to predict the

mechanical properties of spent fuel rods.

Initial Conditions: T = 400° C / 150 NPa With and Without Cree Initial Conditions: T = 400° C / 150 MPa

tration (ppm 1)

Cladding Houp Strem (MPa)

Ranial Hyidrides Cane

Time vrs) Time(yrs)
Stress History During Dry Storage Radial Hydrides Con centration During Dry Storage

Fig. 3. Evolution of radial hydrides under stress histories.
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1. Introduction

The motivation for innovative fuel development is
the development of the advanced ultra-high burnup
sodium-cooled fast reactor metallic fuel concepts.
The fabrication experiment in INL seeks to
investigate advanced fuel designs with the following
features: decreased fuel smeared density (SD),
venting of the fission gas to the sodium coolant, a
uranium-molybdenum (U-Mo) based alloy fuel
system, coating or liner on the cladding inner surface,
and/or targeted fuel alloy additions to reduce FCCI,
and an advanced fabrication method that includes
consideration of annular fuel and co-extruded fuel
and cladding [1]. From the experiment result in INL,
annular fuel shows the possibility of the reduction of
swelling effect and then prevention of the FCMI
(Fuel Cladding Mechanical Interaction). However,
the fabrication technology of the annular fuel has not
been developed yet. Therefore, KAERI has started to
study the annular fuel fabrication method by using
hot extrusion method. In this study, the prototype of
annular fuel has been fabricated by using Cu billet.
The design of billet and annular fuel has been
determined, and then and design and material for the
mold has been determined by using Deform 3D
program. After the mold fabrication, the prototype
annular fuel has been fabricated and its texture were

examined by us EBSD (Electron Back Scatter

Diffraction).

2. Result & Discussion

2.1 Design of billet & annular fuel

The size of the billet and the fuel core specimens
for the production of the annular simulated fuel
shims were determined. In the case of the fuel
padding, the annular shape having a diameter of 5
mm and a smear density of 75% was selected as a
ring 10 mm in diameter. In the case of a billet, a
diameter of 40 mm was selected by extrusion. The
inside of the billet was designed to be easily
manufactured into an annular shape by extruding

holes of the same size as the annular fuel slug.

2.2 Design and manufacture of extrusion mold

A mold for extruding annular metal fuel shims was
designed using Deform 3D analysis program. In this
study, Cu which is similar to the dissolution
condition of uranium was selected as the material for
making the simulated annular metal fuel shims,
Deform 3D was used to select the jig design suitable
for extruding Cu and stress and temperature
conditions. Fig. 1 is an analysis of the stresses at each
part generated during extrusion using Deform 3D. As
a result of the analysis, it was confirmed that a stress
of about 900 MPa was generated at the center portion,
and a stress of about 1800 MPa was expected to

occur when the actual extrusion was performed.
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Fig. 1. Stress analysis of the extrusion mold.

Fig. 2 shows the result of analyzing the
temperature at each part during actual extrusion. The
extrusion conditions were selected based on the
extrusion of the annular simulated fuel core with Cu

at a maximum temperature of 726 °C.

Temperature (C)
800
726= I
700
600

500

400

300

200

100

0.000

Fig. 2. Temperature analysis result of extrusion mold.

2.3 Production of annular simulated fuel shims

Based on the analysis results, the jig design was
designed as shown in Fig. 2, and the mold was
manufactured based on the design. In the simulated
fuel core extrusion, a press machine capable of
extruding a maximum of 200 tons was used, and the
extrusion was performed by inserting the billet

before extrusion into a mold set at 450°C after

[=Fele] 7|

—rlm g
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heating at 600°C. As a result of the extrusion, it was

possible to successfully produce the annular
simulated fuel slug, and the characteristics evaluation

will be conducted and discussed.

Fig. 3. Sample Figure.

3. Conclusion

In this study, the prototype of annular fuel has
been fabricated by using hot extrusion method. The
mold for annular fuel was designed using Deform 3D,
and the fabrication was successfully done by press

extrusion method.
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1. Introduction

This paper describes the design concept of

package stowage and retention systems, such
packages should be restrained from movement within
or on the conveyance during the transport operation,
as required by the transport mode and regulations.
The components of the package, its contents and
their respective retention systems shall be designed
so that the package integrity will not be affected

under routine conditions of transport.

2. Design Concept and Requirements of

Package Stowage and Retention systems

The integrity of the package shall not be impaired
by the stresses imposed on the package or its
attachment points by the tie-downs or other retention
systems under either normal or accident conditions of
transport accordance with the competent authority
and regulations (Fig. 1. Package retention systems)
[1].

In particular, the accelerations derived from
routine conditions of transport should not cause any
component of the package or its retention system to
yield. Table 1 gives an indication of the magnitude of
the acceleration factors which might be used for the
design of the package and its retention system for
routine conditions of transport. The values given for

each mode would be in accordance with most

national and international regulations. Table 2 details
a limited number of such packages and other
examples. And the specific systems, such as tie-down
and lifting device that are structural parts of a
package must consider its acceleration factors as

follows [2, 3];

- Tie down : Longitudinal(10g), Lateral(5g)
Vertical(2g)
- Lifting device : Vertical(3g)

Table 1. Acceleration factors for package retention system

design [1]
Acceleration factors
Mode
Longitudinal Lateral Vertical
2gup,3g
Road 2g lg
down
2gup,2g
Rail S5¢g 2g
down
Sea/ 2gup,2¢g
2g 2g
water down

3. Conclusion

This paper describes the design requirement of
package stowage and retention systems. Also the
package designers and users to ensure that the
package systems were designed in compliance with
those values specified by the relevant competent

authorities and organizations. We are now
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performing the research project, “development
evaluation technology for vibration and shock load
characteristics and PWR spent nuclear fuel integrity
under normal conditions of load and sea transport”
during 2018 to 2023. On the basis of survey and
analysis above, development of the road and sea
transport systems and related technologies that can

be used optimally will be available.

Table 2. Acceleration factors for package retention system

design for specific packages [1]

Acceleration factors

Type of package

Longitudinal Lateral Vertical

Certified fissile

and Type B(U)

or Type B(M) 10g S5g 2g
packages in the

USA

Radioactive
material
packages in
Europe by rail

4g(1g) 0.5g 1g+0.3g

Carriage of

irradiated

nuclear fuel,

plutonium and 1.5¢ 1.5g
high level

radioactive

waste on vessels

lgup
2g down

Domestic barge
transport of
radioactive
material
packages by
Sea/water

1.5¢g 1.6g 2g

Fig. 1. Package stowage and retention systems

(Examples, AREVA TN).
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1. Introduction

Thermal evaluation of a cask using three-dimensional
models is especially difficult if the spent fuel assemblies
are modeled explicitly and included in the analysis. The
method, which explicitly models spent fuel assemblies,
is costly in time of setup and computational time and
does not lend itself to parametric evaluation of cask
design. Therefore, these assembly elements are modeled
as solids with homogenous “smeared” or “effective
properties”. This solid method can predict the peak
cladding temperatures of casks with reasonable
accuracy [1, 2]. One of the solid methods is CFD
simulation on transverse cross-section of a spent fuel
assembly [3]. The CFD simulation has used the
convection and radiation for heat transfer.

In this work, the temperatures of a spent fuel
assembly were calculated by using the conduction,
convection and radiation in heat transfer. 3D CFD

simulation is used for this calculation.

2. Modeling and method

2.1 Modeling for peak cladding temperature

14x14 PWR spent fuel type is selected to calculate
the peak cladding temperature. The assembly heat
load is 796.2W. Fig. 1 shows the three-dimensional
CFD mesh model of the assembly which includes the
gap between fuel rods and cladding. The result of

mesh work has over 2 million elements.

Thermal properties of helium, claddings, guide
tubes, fuel rods are used with a temperature-
dependent value [4]. The emissivity is 0.8 for

zircaloy and 0.36 for stainless steel (basket wall).

Fig. 1. CFD model for 14x14 assembly.

2.2 Physics model and solution method

The discrete ordinates (DO) radiation model was
selected to solve the radiation of spent fuel assembly.
The DO radiation model solves the radiative transfer
equation (RTE) for a finite number of discrete solid
angles, each associated with a vector direction fixed
in the global Cartesian system. The value of angular
discretization and pixelation available in the discrete
ordinates radiation model significantly affects the
behavior of temperature. The constants were
determined to solve the spent fuel assembly: 3x3 for
pixelation, 5x5 for discretization.

The convergence of a natural convection problem
is not good with the normal steady-state calculation.
So, the pseudo-time progression method has been
used to obtain a converged solution. This method

works by using a steady calculation and introducing a
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pseudo-time term to relax the equation. The settings
for this method were: PRESTO! spatial discretization
for pressure, second order space discretization for
momentum and energy, 0.5 relaxation coefficients
for momentum and pressure, 10 for timescale factor,
1 for verbosity. For turbulent flow, the first cell

height around wall is calculated from y+ (<10).

3. Results and discussion

Fig. 2 shows the Pseudo transient method
converged. In Fig. 3, temperature distribution of a
14x14 assembly is shown for 300K of basket wall
temperature. The maximum temperature is 317K.
The temperature difference between 2D and 3D
simulation is above 30K [3]. The lower temperature
would result from convection in heat transfer mode.
Effective thermal conductivity of solid method will

increase in comparison with the 2D simulation.

3 a«
Iterations

Fig. 2. Residuals graph for pseudo transient coupled solver.

Fig. 3. Temperature distribution of 14x14 fuel assembly.
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4. Conclusions

3D CFD simulation was performed to predict the
peak cladding temperature of a spent fuel assembly.
The maximum temperature of 3D simulation is lower
than that of 2D. This result would come from the
difference of heat transfer modes used for simulation.

The axial length of the assembly modeling would
be not enough to study the trend of the temperature.
But, one knows that the temperature change requires
engineers to perform 3D simulation on spent fuel
assemblies. This work will be expanded with larger

domain and other fuel types.
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1. Introduction

During the past 40 years since 1978, when
commercial nuclear power generation started in
Republic of Korea, various types of spent nuclear

fuel have been generated and temporarily stored in

wet spent fuel storage pools in a nuclear power plants.

However, the capacity of such temporary storage is
expected to be full in the near future. Currently,
construction of interim dry storage facility inside or
outside of the nuclear power plant is being discussed
to solve this problem. Therefore, it is expected that
transport of the spent nuclear fuel in the wet storage
pools will be conducted within a short time and thus,
the safe transport of spent nuclear fuel should be
secured.

Therefore, it is necessary to perform the normal
transport test on the road and sea transport conditions
to measure the applied loads to the transportation
platform, cask, and fuel assemblies and to check
whether the spent nuclear fuels can maintain its
integrity under the measured loads.

To verify this, normal transport test is being
planned to measure shock and vibration loads and
strain of fuel rods under normal transport conditions.
It is best to perform the normal transport test with a
cask which will be used for spent nuclear fuel
transport. However, it has not determined yet which
cask will be used for spent nuclear fuel transport.

Therefore, it is planed that the test will be conducted

by using the currently available cask as an alternative.

In this study, modal analysis of the available cask

is performed and important modes related to the

normal conditions of transport were investigated.

2. Modal Analysis

The KORAD-21 cask was designed for the
transport of low burn-up PWR spent nuclear fuel. The
1/3 scale model of KORAD-21 was manufactured and
related safety examinations including drop test, water
immersion test, high temperature test and thermal test
were carried out, but it is difficult to use it to this
normal transport test because real scale model was not
manufactured [1]. As an alternative way, OCL cask
owned by Doosan Heavy Industries & Construction
will be used for the present transport test. However, it
is required to be investigated whether its dynamic
characteristics is similar with KORAD-21 which is
expected to be used for spent nuclear fuel transport in
Republic of Korea.

If the dynamic characteristics between the two
different casks are similar, the test results will be
applicable for KORAD-21 cask. Therefore, the
modal analysis of OCL cask and KORAD-21 cask
was performed and the results were compared.

The modal analysis is performed by applying a
frictionless boundary condition to the trunion as
shown in the Figure 1. The results of modal analysis
are shown in Table 1. As a result of the modal
analysis, it was observed that the major lower order
modes are not related to the cask bending or torsional
modes but it is related to the bending or torsional
modes of trunion itself.

Table 1 also shows the results of comparing the

frequency of each mode frequency of the OCL cask
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with those of the KORAD21.

It is believed that vertical translation and pitching
modes are the most important for the normal
conditions of transport because the vertical shock and
vibration loads will be dominant during transport by
truck or ship.

As shown in the table, the pitching frequency of
OCL cask is well matched with that of KORAD-21
cask. However, the vertical translation frequency of
OCL cask is quite different compared with that of
KORAD-21.

Frictionless Support

Fig. 1. Boundary condition of the present modal analysis.

Table 1. Mode shapes for OCL cask

Rotation-yawing

-71.3%

Rotation-rolling

-30.3%

Frequency
I\/fl(())de OCL (compared with that
' of KORAD21)

Translation-horizontal (1)

1 I -29.5%
Translation-horizontal (2)

2 ﬁ -27.8%

Translation-vertical
-25.8%

@

Rotation-pitching

4 ﬁ -3%
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It is expected that the frequency difference on
vertical translation mode can be minimized by
adjusting the boundary condition of the trunion and
adjusting the weight and center of gravity of the

impact limiter.

3. Conclusion

Modal analysis of the transportation cask for the
normal transport test was carried out. Modal analysis
of OCL cask and KORAD21 was conducted and
discussed. As a result of the modal analysis, it was
observed that the major lower order modes were not
related to the cask bending or torsional modes but it
was related to the bending of torsional deformation
of trunion itself. It was expected that the frequency
difference on vertical translation mode can be
minimized by adjusting the boundary condition of
the trunion and adjusting the weight and center of

gravity of the impact limiter.
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1. Introduction

Practically, various control schemes have been

established to the servo manipulator for teleoperation.

The level of control algorithm and operational
reliability of such systems are now highly improved,
and these have been proven during the long-term
evaluation of operation and maintenance programs.
This study tries to classify the existing development
cases of servo-type telemanipulator systems in a
nuclear area, and introduce the specification of the
BDSM developed by KAERI for the performance
comparison [1-3].

2. Comparison of existing telemanipulator
systems

Table 1 shows the typical classification of
telemanipulator system according to the components,
operation type and payload. Table 2 shows the
characteristics of servo-type telemanipulators for
their specifications, and several development cases
are introduced as follows. First, the remote handling

Table 1. Types of telemanipulator systems

system for ORNL SNS hot-cell had developed for the
facility maintenance. This system is a servo-type
EMSM-2B (Telerob™) with 24 kgf payload and
integrated with bridge transporter developed by PaR
Systems. The target operation had started in April 28,
2006 and the 1% module replacement had performed
in Aug. 2009. Second, the remote handling system
for fusion had developed for remote maintenance in
the nuclear fusion research facility by Joint European
Torus (JET). The system has long reach with the
articulated boom, and the servo-manipulator is based
on the MASCOT-IV system with 20 kgf payload.
This system extensively performed various remote
tasks such as a welding, cutting, bolting, and
inspection. Third, the equipment handling system
operated in INL has around 5 Ton (4,540 kg) of
maximum capacity with 3.91 m of maximum lifting
height. A repair hoist (for maintenance only) and
crane operated in INL has 6 ton and 5 fon capacity
respectively. Table 3 shows the specification of
BDSM system which has dual arm servo manipulator
and telescopic tube mechanism for teleoperations in
the confined argon cell of KAERI [4].

Types Components Operation Payload
(}25811\:[) 1. Dual arm master manipulator Tl?;(()il;gh o il:te ﬂg Orsll(allni Middle and low
Mechani%:al 2. Dual arm slave manipulator ;Vlstemw’witll)l master (ForZe paylogd (Material
3. Hot cell trough-tube Y handling)

force reflection

reflection)

Similar to MSM

EMSM 1. Dual arm master mapipulator . ¢
(<25 kg) 2. anl arm slave manipulator Through  the monitor, (Spatial )
Electrical force 3. Bridge-transported system operate the slave with (ransportation of
reflection 4. Control panel (Camera, Monitor, master (Force reflection) low Welght
Electric/Computing system) materials)
;. .;(I)Ystl(;ﬁ (rll\lflaslte‘[r)r (Single arm) Through  the  monitor, Handlfng of hlgh
PM - Slave manipuiato glea operate the slave with and mlddle weight
3. Bridge-transported (Slave attached) . . . . materials
(100 kg~) ) joystick (Force reflection is
4. Control panel (Camera, Monitor, not applied)
Electric/Computing system) PP
1. Joystick . -
Robot 2. Various kinds of robot system Runnlllng' the' I;{rofgram and Reé) ctitive works
(~100 kg) 3. Control panel (Camera, Monitor, use the joystick for system an

Electric/Computing system)

operation

Decommissioning
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Table 2. Comparison of the teleoperated servo manipulator systems

DOF . . . Force- System
Model Manufacturer (Master, Eyg;ff Llfzkc';lff :lty R(?Sh Tq()nf/[;t):ed Reflecting Launching
Slave) & Ratios (Year)
Teleoperation .
SM-229 Systems, USA 6,6 PRPRPR 10 1.23 ~1 1:1 1981
M2 CRL[Q(S’ENL’ 6,6 PRPRPR 23 1.26 0.15(1.5) 12481  1978-1983
ASM ORNL, USA 6,6 PRPPYR 23 1.40 ~1 1:1o016:1 1983-1989
BSM JAEA, JPN 6,6 PRPPYR 23 1.40 ~1 1:1o016:1 1982-1989
LT™M ORNL, USA 7,7 PYPYPYR 20 1.40 >1 1,2,8,16:1 1987-1989
CESARm ORNL, USA 7,6 YPRPPYR 13 1.52 3.0 1:1to 8:1 1990
Telemate Tele%‘;'f““’ 6,6 PRPYPR 12 1.1 >1 0.5 kgf x5 1992
EMSM-2C  Telerob, GER 6,6 PRPYPR 10; 0.85 >1 1:1to4:1 1997
EMSM-2B  Telerob, GER 6,6 PRPYPR 24; 1.6 >1 2,6,20:1 -
MA-23 CEA, FRA 6,6 PRPYPR 25 0.5~1.5 1:4 1979
MASCOT IV OXf‘g‘éECh" 6,6 PRPYPR 12 1.43 0.79 1:1.5,3,6 -
BTSM KAERI KOR 55 PPYPR 15 0.82 >1 1,2,4,6:1 2006
FSM BARC*, IND 6,6 PRPYPR 25 1.2 - <8 kgf 2009
BDSM KAERI, KOR 6,6 PRPYPR 25 1.52 >1 1,2,4,6:1 2012

*BARC: Bhabha Atomic Research Centre, ** P: Pitch, R: Roll, Y: Yaw, *** Continuous Peak, **** Force-Reflection Sensitivity,

Table 3. Specification of BDSM

Mechanical specifications (Replica type)

Degree of freedom 6 + gripper/handle
Load capacity (Slave) 250 N (Continuous)
Force feedback capacity (Master) 50 N (Continuous)
Incline (axis 1) +45°
Upper Rotation (axis 2) +45°
arm Length (mm) 600 (Slave), 375 (Master)
Incline (axis 3) +45°
Forearm  Rotation (axis 4) +110°
Length (mm) 800 (Slave), 500 (Master)
. Incline (axis 5) +37 ~-143°
Wrist Rotation (axis 6) +170°
Grip opening width (mm) 0~ 100
Reach (Master/Slave) 095m/1.56 m
Total weight (Master/Slave) 45/165 kg
Gear/belt (#1), Motion-
Power transmission decoupled  wire  cable
(#2~#7)

Contamination protection Boots, cover

Electrical/Control specifications

Motor type BLDC with resolver
Motion control hardware DSP controller

. GUI (PC)
Motion control software Firmware (DSP)

Control algorithm PD, PID, TDC, etc.

Camera 2 EA, attached to gripper
3. Conclusions
This  paper covers a  comparison of

telemanipulators which have different specifications
of in their geometry, actuation type and control
strategy as well as the comparison of their
performances and specifications with the ones of
BDSM system originally developed in KAERI. As a
future work, it is required to standardize the effective
handling capacity with the corresponding static and
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dynamic safety factors. It is important, especially in
nuclear facility when various kinds of customized
telemanipulator systems have to be compared each
other technically. Also, up-to-date telemanipulator
systems and their innovative applications will be
surveyed even the teleoperation systems in a nuclear
area have a tendency to stick to the traditional
approaches for safety and reliability.
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1. Introduction

After burning U fuel in the nuclear power plant,
wide range of fission products are produced from
light alkali, alkaline earth elements to heavy
transuranic metals. Among them, Sr and Cs emit high
radiation and heat and threaten safety of researchers
and workers dealing with spent nuclear fuels.
Therefore, it is important to understand the behaviors
of the fission products during the reprocessing
process [1].

Especially in South Korea, pyroprocessing have
been developed and the highly radioactive fission
products are separated by reacting with LiCl molten
salt during electrolytic reduction process which is a
subprocess of pyroprocessing. However, the behavior
of Sr is still not clearly identified, because of its little
positive Gibbs reaction free energy with LiCl molten
salt [2].

Therefore, experimental methods to investigate
thermodynamic behaviors of SrO in LiCl molten salt
at 923 K were designed in this paper.

2. Method
2.1 Experimental setup

All experiment will be conducted in an
electrochemical system which consists of a glovebox,
a furnace, a potentiostat as shown in Fig. 1. The
glovebox  maintains oxygen and  moisture
concentration below 1 ppm. The furnace consists of
kanthal heating elements, heat controller, and heat
insulator, which controls temperature from 25C to
900C. The electrochemical techniques will be
conducted with PARSTAT 4000 A which is a high
performance potentiostat. It can apply current and
potential in a wide range (4 A, £10 V).

Fig. 2. shows the experimental cell configuration
and experimental configuration of the experiment.
The experimental cell consist of quartz cell
containing 5 g of LiCl molten salt and various
concentration of SrO, tungsten working electrode and
counter electrode, and an Ag/Ag" reference electrode
with mullite membrane.

Fig. 2. (a) Cell configuration, (b) Experimental configuration.

2.2 Experimental procedures

The series of experimental procedures are
described in Fig. 3. Initially, 5 g of LiCl powder and
various concentration of SrO powder are added into
the quartz cell and the quartz cell is heated up to 923
K in the furnace. The quartz cell is maintained for 2
hours until the composition of molten salt reaches the
thermodynamic equilibrium.

After equilibrium, potentiometric titration is
conducted. The potentiometric titration is a method
to measure the O> concentration as the amount of
metal oxide increases [3]. At point where the
measured potential reaches to a plateau, the solubility
limit of metal oxide can be determined as shown in
Fig. 4.

Next, the surface of the molten salt is sampled by
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1. Addition of SrO

2. Equilibrium

RE—

3. Potentiometric
titration

4. Sampling of the
surface of molten salt

5. Evaporation of the
molten salt
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analysis
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Fig. 3. Schematic of experimental procedures.

an aspirator with glass fiber filter to prevent
absorption of precipitates. The sample is dissolved
into water and the composition of molten salt is
analyzed by inductively coupled plasma optical
emission spectrometry (ICP-OES).

E/imV
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600 |
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Fig. 4. (a) Plots of E Vs. initial oxide molality in KCI-
NaCl-BaO systems at 727 C [3].

Finally, the molten salt is vaporized by vacuum
distillation method [4] and the remaining precipitates
are analyzed by X-ray diffraction (XRD).

The above procedures are repeated with increasing
concentration of SrO from 10™*wt.% to 10"'wt.% in
LiCl molten salt to determine the solubility limit and
their thermodynamic behavior or SrO in LiCl molten
salt.

3. Conclusion

In this paper, a method to investigate
thermodynamic behaviors of SrO in LiCl molten salt
at 923 K is designed with potentiometric titration
method, ICP-OES, and XRD analysis.
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1. Introduction

Improving economy and enhancing safety of
sodium fast reactors require nuclear fuel with high
power density and low pressure drop. Therefore, it
has been proposed that an annular and bottle-shaped
fuel by [1], which can maintain outstanding heat
transfer performances and lower fuel temperature
compared to conventional solid metallic fuels. In the
case of annular nuclear fuel system including UO,
annular  pellet, enlarged Zr-based cladding,
supporting structures, etc., systematic studies have
been carried out for replacing conventional solid fuel
with annular oxide fuel in operating PWRs in Korea
[2-4]. The concepts of annular and bottle-shaped fuel
for SFR show an increase of the power density by 20%
in low-conversion ratio (burner) cores with metal
fuels. Especially, annular metal fuel can survive a
complete flow blockage of the hottest inner channel
[1]. In this study, three types of metallic fuels which
were not studied due to the difficulties of the

manufacturability were proposed to evaluate their

manufacturing requirements. The basic performance

and their manufacturing requirements with
complicated shapes have been examined. In
particular, the recent development of additive

manufacturing technology based on the 4th industry
has reduced the production limits of complicated fuel

shapes.

2. Reference Fuel Shapes

In this study, shapes for honeycomb, multi-hole

and bamboo-wife structures were derived, and the

expected performances are summarized in Table 1.

Table 1. Proposed concept of metallic fuel

Type Honeycomb Multi-hole Bamboo-wife

vy

Concept

First, it is expected that all three shapes show
excellent thermal conductivity and melting allowance,
which is expected to have outstanding fuel
performance when the gap conductance was used as
simple conduction through the sodium bond.
However, it is necessary to evaluate FCMI (Fuel
Cladding Mechanical Interaction) and FCCI (Fuel
Cladding Chemical Interaction) for application of
barrier cladding. In order to prevent swelling, the
smear density should be maintained below 75% and

element redistribution should be verified.

3. Manufacturing Requirements

For manufacturing above complicated metallic
fuel shapes, it is difficult to apply the conventional
manufacturing process such as casting. Recently, the
breakthrough of additive manufacturing technology
enables to manufacture complicated fuel shapes that
were almost impossible with conventional methods.
Among various methods, two kinds of additive
manufacturing (i.e., selective layer sintering (SLS)
and direct energy deposition (DED)) can be applied
to innovative metallic fuel as shown in Fig. 1 and
their specifications can be referred in previous
Table 2 effective

literature  [5]. summarized
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manufacturing methods of each fuel shape with the

consideration of manufacturing requirements.

Fig. 1. Typical additive manufacturing methods; (left) SLS,
(right) DED.

Table 2. Summary of manufacturing requirement

Type Honeycomb ~ Multi-hole Bamboo-wife
Conventional
Methods SLS, DED casting or SLS, DED
extrusion
Manufacturability High Low High
Raw material Powder Any Powder

Loss during Low(SLS) Low(SLS)

manufacturing  High (DED) High (DED)

Consequently, it is difficult to manufacture
complicated fuel shapes using U or TRU powder by
any additive manufacturing method. This is because
one of the key factors determining the application of
additive manufacturing to complicated metallic fuel
shapes is to handle and manufacture TRU, U and Zr
powders for supplying powder bed in SLS process
and nozzle in DED process. Therefore, the additive
manufacturing should be an auxiliary methods for

making complicated metallic fuel.

4. Summary

In order to develop innovative metallic fuels with
improved economy and enhanced safety of SFR, it is
necessary to develop powder manufacturing
technology for applying additive manufacturing

technology.
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1. Introduction

During dry storage, the spent fuel claddings could
degrade through degradation mechanisms such as
creep, hydride reorientation, and delayed hydride
cracking (DHC). Thermal analysis is crucial for a
reliable degradation analysis, because the cladding
temperature is a major factor of these degradation
mechanisms. In this regards, the new analysis
platform has been developed to evaluate the integrity
of domestic spent fuel during dry storage. For the
analysis, cladding degradation models such as creep
and DHC were developed and implemented to this
platform. Each model are developed based on well-
developed existing model and updated based on our
own experimental data. This data was mainly
produced under QA (quality assurance) program. In
this paper, the developed creep and DHC models are

introduced.

2. Integrated Platform

The schematic diagram of integrated platform for
spent fuel cladding integrity evaluation during dry
storage is described in Fig. 1. According to fuel/rod
design and power history, decay heatis calculated by
decay code such a SCALE code and fuel initial
condition before storage is calculated by FRAPCON
code. FRAPCON gives information such as fuel rod
outer diameter, rod internal pressure and material
status (hydrogen content, oxide thickness, etc). Input
for COBRA-SFS is generated from this information
and used for temperature distribution analysis. When
the cladding temperature distribution is calculated,
updated fuel outer diameter and rod internal pressure
are calculated by developed creep model and re-used
for thermal analysis of next time-step. In addition, at

each time-step, DHC occurrence is judged using

calculated temperature, geometry and rod internal
pressure. And these procedures are iterated as storage

time goes by.

- Fuel/Rod Design >

. FRAPCON Fuel initial condition
- Power history

«  Fuel rod 0.D / Internal P
‘ *  Material Status

Input
SCALE | 1 _Generator |
Decay heat L
Input for
COBRA_SFS

| Termp. Dist.

DEGRADATION
[Creep]

V=N
Fuel 0.D.
Internal P

‘ Update

DEGRADATION
[DHC/HR]

Storage Time Loop

Fig. 1. Schematic diagram of the integrated platform for
spent fuel cladding integrity evaluation [1].

More details of each degradation model, marked in

red on Fig. 1, are described in the following section.

3. Cladding degradation model

3.1 Creep

To evaluate the behaviors of post-irradiation creep
for PWR spent fuel cladding, the EPRI model which
is modified for annealing and hydrogen effect based
on EDF-CEA model-3 was used [2]. This model can
apply to the stress and temperature range of interest
in dry storage and easily modify reflecting the effect
of each parameter using our experimental data. So,
we improved with a model constant change based on
our data produced using temperature, stress, and
hydrogen content as a variable (Fig. 2). In addition,
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the irradiation hardening effect will be reflected as

soon as hot-cell test results.

[Before tuning] [After tuning]

Creep strain (%)

0 100 200 M0 400 S0 60 700 &0 %00 1000 60 80 1000
Time (hr) Time (hr)

Fig. 2. Improvement with a model constant change based

on unirradiated Zircaloy-4 creep experimental data.
3.2 Delayed hydride cracking (DHC)

The overall flow of developed DHC assessment
model is shown in Fig. 3. For the assessment, the Ky
(threshold stress intensity factor) of Zircaloy-4 fuel
cladding is key parameter and many tests and
analysis had been performed to evaluate that. Among
the prediction models, the Shi & Puls model [3]
correspond  with the behavior of existing
experimental results. So, Shi & Puls model with
modified relevant parameter values was used for Ky
prediction and would be improved by our
experimental data under QA program.

A comparison with K; (applied stress intensity
factor) and Ky was applied to determine whether the
crack on the cladding grows. In the case where the K;
is larger than the Ky, the initial crack grows at the
rates calculated in the crack growth module. More
details of DHC model was described in another

papers [4,5].

1. Ky model
DHC vent 5
(KU,>K, == DHCX

3. Crack growth rate model

K;>K;; wmp DHC crack growth ‘3 Calculate crack growth

L Ky

2.k 3. Crack growth rate

Calculate RIP [IAEA CRP Data : Zry-4(SRA}] ?z _
-

Calculate

- Assume initial crack
hoop stress ize, oxice thickness
b g

Calculate K, (Applied SIF)
[EPRI Ductile Fracture Handbook]

Fig. 3. Methodology of DHC assessment of spent fuel
cladding. [3]
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4. Conclusion

The platform integrated thermal analysis and
cladding degradation model was developed to
evaluate the integrity of domestic low burnup PWR
spent fuel. For the analysis, cladding degradation
models (creep and DHC) were developed and
adopted to this platform. Each model are developed
based on well-developed existing model and updated

based on our own experimental data.
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1. Introduction

As the amount of Spent Nuclear Fuel (SNF) in
KOREA domestic spent fuel pool
dramatically, the storage capability of the PWR SNF
is expected to saturate in 2024 [1]. The SNFs in the

pool must be transferred to the designated wet or dry

increases

spent fuel storage facility. In the issues of the SNF
treatment, handling and transport of the SNF have
been considered as an important factors. The
integrity of SNF during dry storage should be
assessed.

The spacer grid (SG) is the main structure for
securing the fuel rods from an external impact. A
typical test method for evaluating the soundness of
SG is a pendulum type impact test. In this study, we
analyzed the uncertainty factors that may occur in the
impact test and try to simulate by reflecting the
factors. We investigated the impact behavior of the

SG according to various temperature.

2. Property of Zry according to Temperature

In order to carry out the impact analysis of the
spacer grid under dry storage condition, the
temperature-dependent property of the zircaloy(Zry)
which is the spacer grid material is required. The
zircaloy properties were
MATPRO.[2] As the temperature increases, the

stress of the Zry decreases, and as the strain rate

determined by the

increases, the stress of the Zry increases as with
ordinary metal materials.

3. Uncertainty Analysis in Impact Analysis

As shown in Fig. 1, the pendulum impact tester is
divided into two parts. One is equipment to impact
the SG by the kinematic energy of the pendulum and
the other is a furnace to heat the SG itself. The
furnace is designed to have temperature deviation per

position within £10 K. Under the assumption that
all kinematic energy of the pendulum is transferred to
the SG itself, the uncertainty that could occur in the
impact test is defined as three factors: misalignment
angle (0, ¢) and coefficient of friction (COF)). In
order to analyze the impact analysis with the
uncertainly factors, each factor is represented by
three levels as shown in Table 1.

Fig. 1. Pendulum impact tester.

Table 1. DOE of impact simulation

Case 0 (A) o (B) COF (C)
1 0° 0° 0.1
2 0° 1° 0.2
3 0° 20 0.3
4 1° 0° 0.2
5 1° 1° 0.3
6 1° 20 0.1
7 2° 0° 0.3
8 20 1° 0.1
9 20 20 0.2

4. Impact Analysis for Spacer Grid

In evaluating the mechanical integrity, the strength
of SG is determined by the impact load after
buckling under successive impacts of increasing
kinetic energy. In order to simulate the impact of SG,
the commercial FE code, ABAQUS 6.14/explicit is
used. The analysis was carried out under the same
conditions as the impact test, which was performed

by increasing the pendulum angle from 27° to 32°.
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The temperature of dry storage system of a SNF
decrease at a very slow rate over its lifetime. [3]
There are various atmospheric temperature (673 K ~
298 K) during dry storage. The impact tests and
analysis are carried out at room temperature up to
673 K. Figure 2 compares the results of the impact
test specimens and analysis result by temperature. It
could be seen that the deformed shaped are similar
except for 573 K.

<373 K>

<473K> <573K> <673K>

Fig. 2. Comparison of numerical and experimental
deformation shape of spacer grid at various temperature
conditions.
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Fig. 3. Comparison of numerical and experimental
buckling strength of spacer grid at various temperature

conditions.

Figure 3 shows the buckling strength of the SG at
various temperature conditions. As expected, the
buckling strength decreases as the temperature
increases, due to softening of the SG material (Zry).
When impact is applied ideally, it shows the highest
buckling strength. It could be seen that the results of

the impact test are included in the range of the results
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for analysis in considering the uncertainty.

5. Conclusions

Impact analysis was performed to evaluate the
mechanical integrity of the SG under dry storage
condition. In order to reflect the change of the
properties for the SG material according to the
ambient temperature, the property of Zry from
MATPRO was applied to the analysis. In addition,
the main uncertainty factor was defined, and the
experiment of design for impact analysis was
established to consider the uncertainty of the test.
The impact test results are located within the range of
the impact analysis results taking into account the
uncertainty of the test. However, the range of impact
analysis results was wide and the test results were in
the lower range of the analysis results. In order to
better analyze the test results, we plan to analyze the
influence of welds on the SG itself and the dissipated

energy in the test.
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1. Introduction

Korea Atomic Energy Research Institute (KAERI)
has built a pyroprocess test facility as a mock-up to
develop pyroprocess technology. PRIDE uses a
remote handling device to operate the process
equipment installed in the work cell. The remote
handling device is equipped with a BDSM (Bridge
transported Dual-arm Servo Manipulator), a crane
and master-slave manipulator (MSM). This paper
describes the procedures for removing and repairing
a manipulator when a master-slave manipulator
failure. I will describe the development of a repair
tool that improves the procedure and time to repair a

specific fault in the manipulator.

2. Outline of PRIDE facility

2.1 Composition of PRIDE facility

Pride facility is a cell filled with an argon. The
argon cell should be able to operate the process unit
in an argon atmosphere and should not leak out. 34
master slave manipulators are installed on the front
of the cell. Inside the cell, devices for electrolytic
reduction, electrolytic recovery, and waste treatment
are installed. All operations are subject to process
operation and maintenance using remote handling
devices and tools. There are LTL (Large equipment
Transfer Lock system) and STL (Small equipment
Transfer Lock system) devices for material import

and export.

2.2 Configuration of Master Slave Manipulator

The mechanical MSM installed in the mockup
consists of three parts: a slave arm, a through tube,
and a master arm as shown figure 1. The MSM unit
has the function of sealing the inside and the outside
of the cell through a through tube installed on the
wall of the argon cell. The slave arm of the MSM
installed in the mockup is installed inside the cell.
The through tube is installed on the wall of the
mockup. A master arm is installed outside the cell.
The MSM installed in the hot cell has a one-piece
type and a three-piece type. The one-piece
manipulator can’t be separated into one body. The

three-piece manipulator can be separated three bodies.

Slave arm

Master arm

Fig. 1. Configuration of master-slave manipulator.

3. Repair of master-slave manipulator

3.1 Repair procedure of master-slave manipulator

The 3-piece manipulator can be separated into the
three parts. If the slave arm of the 3-piece
manipulator fails, the slave arm is detached from the

through tube. The separated slave arm is taken out of
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the cell. The surface of the arm and booting is
decontaminated. Repair technician repairs the faulty
part of the slave arm. The repaired slave arm is
carried into the cell. The worker connects the slave
arm to the through tube.

If the master arm fails, the worker separates the
master arm and the slave arm or only the master arm
from the through tube according to the fault location.
The slave arm is separated and taken out of the cell
and decontaminated. Repair technician repairs the
faulty part of the master arm. The coupling position
of the slave arm is adjusted to the position so that it
can engage with the master arm and is carried into
the cell. After connecting the master arm to the
through tube, the worker connects the slave arm to

the through tube.

3.2 Configuration of positioning tool to improve

process procedures

The combination of the master arm and the slave
arm has a constant home position. If the master arm
of the MSM is removed from the through tube for
repair, depending on the failure location, the master
arm is disengaged away from the home position.
Therefore, the home position of the slave is changed.
To adjust this, the slave arm is taken out of the cell
and decontaminated. The worker adjusts the coupling
of the slave arm and brings it into the cell. After
connecting the master arm, the worker connect the
slave arm to the through tube. In this paper, we
developed a positioning tool that can modify the

coupling of the slave arm without taking the slave

arm out of the cell as shown in the following figure 2.

The positioning tool is replaced with a master arm,
and is composed of 7 axes. When the slave arm is
connected to the through tube, the three axes of the
slave arm are shifted in position. The positioning tool
has a lock function for 3 axes and a coupling

adjustment function for 7 axes.

150 2018 stzstApHy I=5ts| F7staT)E] =2Q0%]

Fig. 2. Positioning tool.

3.3 Result of improvement procedure

The results of using the positioning tool are as
follows. The slave arm did not move the outside and
inside of the cell and did not have to change the
position of the coupling and decontaminate outside
the cell. This has resulted in shortening of the

working time and simplification of the procedure.

4. Conclusion

This paper describes the development of a
positioning tool that can save repair procedures, time
and effort in master arm maintenance procedures.
The failed master arm was repaired and the slave arm
was taken out of the cell due to the mismatch of the
coupling position of the master arm and the slave
arm. Using the positioning tool working time saved

at least 5 hours.
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1. Introduction

The government has proposed a high-level

radioactive waste management plan to store
temporarily high-level radioactive wastes at plant
sites in a dry storage method until an interim storage
facility or a permanent disposal facility is in
operation [1].

One of the most important results of the dry
storage system thermal evaluation is confirmation
that the fuel cladding temperature will remain below
a specified limit to prevent unacceptable degradation
during storage [2].

COBRA-SFS(Spent  Fuel
thermal-hydraulic analysis of multi-assembly spent

Storage) code for

fuel storage has been developed to analysis of spent
fuel storage [3]. Recently, The KAERI has
performed the sensitivity analysis by using the
COBRA-SFS to determine the priority of the model
development and experiment variables [4] and also
figured out and constructed a temperature
experimental facility with a model PWR spent fuel
assembly named STEP.

This paper discusses the experimental setup,

experiment carried out and initial test results of STEP.

2. Hardware Description

The equipment can be categorized in three general
groups; mechanical, electrical, and instrument/data
acquisition system.

2.1 Mechanical system

STEP consists of the assembly storage cask, the
14x14 electrically heated model fuel assembly, the
transition piece, fuel tube, the cask lid, and chamber
as shown in Fig.l. The cask comprises the
containment and pressure boundary for the STEP
equipment. The cask is fabricated from pipe with a 5
mm thick, 545.8 mm diameter inner wall, and 4,400
mm long of stainless steel. Top of the cask has a

bolted cask lid, which the bulk of various internally
mounted thermocouple leads are passed through. An
insulating blanket of 50 mm thick of ceramic wool
covered the cask to minimize the heat loss.

The model fuel assembly is designed and built to
be structurally and thermally characteristic of a
typical 14x14 commercial PWR spent fuel assembly.
With a total power range of 0~1 kW, the assembly
consists of 179, 9.5 mm diameter, independently
powered, resistance element tubular heater units. The
heater pin has a 3,800 mm heated length. Also 17
unheated 12.7 mm pins are simulating control rod
guide tubes. The transition piece and fuel tube
assembly serves the functions of supporting the
model fuel bundle assembly within the cask. The fuel
tube is a rectangular 220 mm I.D., 5 mm thick, and
3,870 mm length with stainless steel. The chamber
supports the load of a fuel tube and an assembly as
well as provides paths for electric power lines and for
gas backfill system.

Fig. 1. Single Fuel Assembly Temperature Experimental
Facility (STEP).

2.2 Electrical system
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The model fuel assembly power is fed from a 220
V AC. 5 separate electrical power supply and control
systems are needed for STEP to simulate the 5 radial
power distributions. Power is manually controlled by
controller which allowed the total assembly power to
be set to the appropriate level of 0.5 ~ 3 kW. Each
heater rods in the assembly has their respective
electrical leads terminated at a connector in power
distribution box in the chamber.

2.3 Instrumentation/Data Acquisition System.

A total of 190 separate thermocouples are mounted
on the STEP. 1 through 104 are attached on assembly
at eight different axial levels. 105 through 128 are
positioned on outer surface of fuel tube. 129 through
152 and 153 through 160 are attached on inner and
outer surface of cask, respectively. 161 through 190
are located in the center of subchannels by
supporting device. Electric transducers are installed
in the each power supply system. The -electric
transduces has specification with 50 A and 300 Volt
input as well as 1~5 Volts analog output signal.
Reading from the thermocouples and power supply
system are stored in data accusation system. DAS is
equipped with 4 Keysight 34972a data loggers and a
laptop with Agilent VEE Pro. 9.0 Program.

3. Test Operation

We measured the surface temperature of fuel rods,
a fuel tube, and a cask as well as the temperate in exit
subchannels at the steady state condition under the
1kW power supply with uniform and non-uniform
radial power distribution at an initial operation. The
powers of 5 rod group are 205 kW, 202 kW, 202 kW,
205 kW, and 206 kW as well as 0 kW, 0 kW, 333
kW, 333 kW, and 333 kW for uniform and non-
uniform power distribution, respectively. The Fig. 2
shows the axial temperature distribution of a hottest
rod as radial power distribution change. The
maximum temperature is 272C and 295C on
uniform and non-uniform radial power distribution,
respectively. The temperature increase factor, at
which is ratio of temperature percent increase to
power percent increase, is 0.135. We obtained a heat
transfer coefficient from the measured data of
temperature difference between on the surface of
rods and in the middle of a subchannel. The heat
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transfer coefficient for a hottest fuel rod is
3.48 w/m?-°C and is close to the recommended
user input value of 3.66 in the COBRA-SFS code.

Axial Temperature Profile
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Fig. 2. Axial Temperature Profile on a Hottest Rod.

4. Conclusions

The STEP is designed and constructed to
investigate the heat transfer characteristics of a spent
fuel under simulated dry storage conditions. We have
confirmed the performance of the STEP through an
initial operation. The fuel cladding temperatures will
be measured as functions of cask backfill gases. The
test data are intended to be used in evaluating
predictions of a thermal analysis computer code used
to model spent fuel dry storage systems.
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1. Introduction

The cooling performance evaluation of spent fuel
pool(SFEP) is necessary to verify for spent fuel safety
with racks configuration. The adequacy of external
cooling by SFP cooling system and of internal pool
water circulation by natural convection are analyzed
with SFP filled to full storage capacity about 20
years storage. In order to take into account the
interaction between the racks, which is not
considered in convectional Computational Fluid
Dynamics(CFD) methods, which enables to analyze
the global behavior of the cooling pool including
particularities of all racks. Thus, it is possible to
determine mass flow rates flowing through each of
the racks, and therefore the temperature distribution.
CFD results should show that maximum local water
temperature and cladding temperatures lower than
the saturation temperature, thus, localized boiling
will not occur. In CFD calculation, it is very
important to determine the analysis methodology.
Therefore, I compared the SFP licensing report of

Hanul 2 with realistic CFD analysis models and

assessed the impact of model difference.

2. CFD Model for Licensing

The analysis criteria is that each of the redundant
spent fuel pit cooling system trains, during normal
operation, is designed to remove the heat loads of
normal storage of

of 60,000 MWD/MTU and stored for 17 months up

1,062 assemblies with a burnup

to 22.6 years. At that case, the maximum normal

temperature is 66 C. The pool size of south-north,
east-west and pool water depth are 12.6 m, 8.0 m and
12.06 m, respectively. The active length of fuel
assembly is 3.658 m and cell pitch of racks are
0.2848 m.

The pool and pipes are modeled according to their
geometrical characteristics. In order to avoid a detailed
CFD model of each fuel assembly, what is impossible
from the computational point of view, equivalent racks
have been used in the CFD model. These equivalent
racks are based on the porous domain approach. A
porous domain is a fluid volume region where specific
parameters can be defined in order to obtain the same
physical behavior of the region, not been necessary a
real detailed model of the racks. The CFD code solves
the whole fluid domain, thus temperature distribution
is obtained for any point of the SFP. Figure 1 shows
the CFD model using in thermal-hydraulic licensing
reports. Decay heat from freshly discharged fuels
modeled as a two zone heat source in the center of the
racks, conservatively. Decay heat from previously
discharged fuel assemblies is applied to the balance of
the fuel racks region. Temperature contour in a
vertical cross-section of the hot fuel region is shown in
Figure 2. The plots confirm that hot fuel is safely and
reliably cooled by thermosiphon action. Cold water is
rising up in the hot fuel rack cells from the bottom and
hot water issuing out of the top of the rack cells. Local
hot spots induced by water circulation in the racks is
rapidly dissipated in the pool water resulting in a
nearly uniform temperature distribution away from the
hot racks. Maximum local water temperature and

cladding temperature for the evaluated case are 63.9 C
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and 87 C, respectively. The saturation temperature for
water at this local pressure is given as 1157C, it is

concluded that local water and cladding temperature

remains below saturation.

Coolant Outlet

Fig. 1. The CFD model for licensing.
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Fig. 2. Temperature contour of licensing model.

3. Realistic CFD analysis model

The realistic CFD model is similar to licensing
model except for the region 1 and 2 racks layout. A
schematic of the realistic model is shown in Figure 3.
At the center of the pool where racks are fully
surrounded by other racks. The Surrounding racks
are demanding coolant from the closets regions.
Since the inter rack space is not modeled, the central
rack (with higher decay heat) can be only feeded by
the rack to pool bottom space dealing with the
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surrounding racks, what makes a conservative
isolation effect. Maximum local water temperature
and cladding temperature for the evaluated case are
62°C and 857C, respectively. It is also concluded
that local water and cladding temperature remains

below saturation.
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Fig. 4. Temperature contour of realistic model.

4. Discussion

CFD results of the SFP licensing report in Hanul 2
are compared with the realistic CFD analysis models.
Maximum local water temperature of licensing
model was evaluated to be higher than the maximum
temperature of realistic model. Therefore, licensing
model is more conservative than realistic model. If
using a realistic model in the thermal evaluation of

SFPs, we can achieve more heat margin.
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1. Introduction

Safeguards is a fundamental approach to verify the
diversion of special nuclear materials (SNM), e.g.,
35U or plutonium. Traditionally He-3 based thermal
neutron detectors has been used for nuclear material
accountancy (NMA) because of its high detection
efficiency. However the He-3 gas became an
uneconomical measure as demand increased, so fast
neutron detection was focused as a substitutive
technique. This is because fast neutron detection has
potential advantages compared to the thermal system.
Therefore we have tried to design and optimize an

advanced nuclear material accounting system.
2. Comparison to the conventional system
2.1 Properties of the Conventional Thermal System

Over 50-years, He-3 based thermal neutron detec-
tion has been considered as standard for NMA. This
is because it has high neutron detection efficiency (=
50%), very low gamma sensitivity, high reproduce-
bility of results (+ 0.15%), and simple operation (=
10 mins). However information of prompt neutrons
with respect to fission event is not available because
of moderation process. This also make measurement
system to take longer time for each single event. Also
thermalized neutrons are relatively slower than
prompt neutron, so longer gate time (= 50 ps) for

coincidence accounting is required. This point can be

a source of measurement uncertainty as a result of
counting neutrons uncorrelated with fission events;
such as scattered neutrons. Therefore the thermal

system could not be appropriate for larger samples.

—— Outer moderator
(HDPE)

Outer Pb shield

Top reflector
(Graphite)
Inner moderator

+ (HDPE)
3He tubes

Inner Pb shield

Samples

Bottom reflector
H H (Ni)

Fig. 1. Well-type He-3 proportional counter modelling.
2.2 Properties of fast neutron detection

The fast neutron detection is possible to deduce
fission informative data from prompt neutrons
because no moderation process is needed M. Also
lower random uncertainty could be achieved
because of much shorter gate time (= 50 ns). There-
fore, fast system might show higher precision for
large samples even with shorter measurement time.
Nevertheless one fatal limitation is very high gamma
sensitivity which distorts neutron induced signals to
be indistinguishable from gamma induced signals.

However this can be mitigated through pulse analysis
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algorithms called pulse shape discrimination (PSD).

v
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=

Fig. 2. Well-type plastics detectors modelling using MCNP.

Table 1. Properties of EJ-299-33 Plastic Scintillator

Properties EJ-299-33 Plastics
Light Output 56
(% Anthracene)
Scintillation Efficiency
8600
(Photons/1 MeV e-)
Wavelength of
. ave engt .o 425
Maximum Emission (nm)
H : C Ratio 0.927
PSD Capable
3. Methodology

We are planning to conduct both experimental and
computational approaches for this research. For the
experiment, EJ-299-33 plastic scintillation detector
was selected, and the critical reason is its PSD
capability. In addition, plastics have geometrical
flexibility with relatively stable chemical, mechanical
properties. The optimization process will be achieved
via Monte Carlo Neutron Particle code (MCNP 6.2
version). We considered Geant4.10.2 with a specific
data card, FREYA (Fission Reaction Event Yield
Algorithm) which is a fission event generator to

model complete fission events ).
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4. Conclusion

We studied methodology for the future research
with plastics based fast neutron measurement for the
purpose of safeguards. We have designed our own
fast neutron detection system with using Monte Carlo
code, and optimization procedure is needed. Conside-
rable further tasks should be analytic comparison to
other fast systems, and categorization of diverse PSD
techniques with analysis of their performance depen-
dent of other options consisting measurement system.
There is indeed no commercial applications of fast
neutron detection for safeguards, so there are a lot of
future works. Finally this research will be highly
contributive for IAEA safeguards impregnability.
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1. Introduction

The PADIRAC™ is a lead shielded container with
a sliding shielded door, designed to move equipment,
materials or waste into or out of any Alpha, Beta or
Gamma containment while maintaining confinement
and with full protection against irradiation [1]. A
PADIRAC cask, RD 15, manufactured by La
Calheéne, is used in the ACPF hot-cell of KAERI. For
the proper use and successful operation of the cask, a
crane system is indispensable because it provides
means to accurately adjust the position and
orientation of the cask when connecting it to hot-cell
door system. In this work, we propose a customized
PADIRAC cask transport system used where no
crane service is available near the docking position

like ACPF hot-cell.

2. Design of Customized Transport System

2.1 Design Requirements

The ACPF hot-cell is located in a basement of the
Irradiated Material Examination Facility of KAERI.
Because crane service is not available for operating
the cask, a crane system installed on the ceiling of
the upper floor is used to lower the cask down
through a hatch opening and place it on the transport
system. Therefore, the transport system needs to
move the cask to the hot-cell door and provide a
proper means to adjust the position and orientation of
the cask. More specific design requirements are as
follows:

* Rail guided traveling unit

* Accurate adjustment of the position and
orientation of the cask without the use of a crane

* Sufficient structural safety

2.2 Rail-guided Travelling Unit

The rail-guided travelling unit is driven by chain
mechanism with simple structure, high reliability and
low cost. In addition, a clutch is adopted to prevent
slipping of the transport system after docking on the
hot-cell. Two (low and high) speed modes are
implemented for cautious docking after relatively
rapid travelling. The motor base is designed for easy

adjustment of the chain tension and maintenance.

2.3 Screw Elevator

As shown in Fig. 1, a double screw elevator lifts
up and down the two sliding doors, coupled with
keys, of an approximated mass of 750 kg. Each of the
screw is provided with a nut so that the position of
the door supported by the nut changes as the chain
drive rotates the vertical screws. The chain tension
can be adjusted by shifting the motor using the

slotted mounting holes.

sliding door
PADIRAC cask .

ol
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2.4 Adjustment of Cask Position and Orientation

Figure 2 shows adjustment mechanism for both a
horizontal and vertical position of the PADIRAC
cask. The vertical position and inclination of the
support table can be adjusted by using a stud bolt and
nut installed on the leg module. Hydraulic jacks are
used to facilitate the adjustment by applying
relatively small force. On the top plate of the transfer
table, a saddle for placing the shielded cask is
mounted and its orientation can be adjusted by using
four bolts. In this way, the position and orientation of
the cask can be adjusted without the use of a crane

system.

Key

Leg bracket
Stud boit
Leg support

Wheel shaft

Wheel

Fig. 2. Position and orientation adjustment mechanism.

2.5 Structural Analysis

To verify the structural safety of and find a proper
shape for the transport system, structural analysis of
a complete model of the transport system was
conducted. A maximum stress of 48 MPa was
observed in a nut housing, which was approximately
20% of the yielding stress of the material, as shown
in Fig. 3. Moreover, the maximum deflection was

approximately 0.25 mm.
3. Hot-cell Operation
Figure 4 shows the shielded cask transport system
operated in the ACPF hot-cell. After introducing the

transport system to the hot-cell, several mechanical

and electrical tests were performed to check whether
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the transport system performed at a desired level.
Several operation tests of the transport system
showed that all design goals were achieve in general,

especially accurate docking capability.

[hot-cell outside]

[hot-cell inside]

Fig. 4. The operation of shielded cask transport system.

4. Summary

In this work, we developed a customized shielded
cask transport system which is equipped with a rail-
guided travelling unit and a position adjustment unit
for the cask