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1. Research background and purpose No.3

1.1. Background

For decommissioning of Fukushima Daiichi Nuclear Power Station (hereinafter called the 1F), technology for
containing, transfer and storage of fuel debris to be retrieved in a safe and effective manner is required.

Fuel debris contains nuclear fuel material, therefore, it is necessary to consider, in particular, confinement of
radioactive materials (preventing the spread of contamination) and sub-criticality in the handling of the debiris.

When the Three Mile Island Nuclear Power Station Unit 2 (TMI-2), in the US, was decommissioned, fuel
debris was retrieved and put into specialized containers (canisters) and handled by the canister. This
effectively fulfilled requirements, such as confinement of radioactive materials, by using existing technologies
for transfer and storage of spent nuclear fuel and management of radioactive waste. This example led to
the belief that it is reasonable to use existing technologies effectively by developing canisters to satisfy
individual conditions. Based on this approach, it has been decided to focus the development of canisters for the
decommissioning of the 1F.

The plant type of the 1F is different from that of TMI-2. In addition, seawater was injected during the initial
phase of the accident, and the molten core reached the pedestal at the bottom of the reactor pressure vessel.
Therefore, the requirements for the 1F canisters are more complex and advanced compared to TMI-2.
Development of specialized canisters for the 1F is required to contain, transfer, and store fuel debris safely and
effectively.

*1.2. Purpose

In this project, fuel debris canisters applicable to the 1F conditions and technology for handling the
canisters will be developed. To do that, the information and requirements provided from the related IRID
projects (input conditions) and those provided from this project to the related IRID projects (output
conditions) will be organized and clarified by close cooperation with the related projects.

|
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—1. Research background and purpose
1.3 Previous studies and remaining issues (1/4) No.4

The process for fuel debris containing, transfer and storage, and issues therein are shown below.

<Atea classiications

( Reactor Red: Highly contaminated area, unmanned operations (remotely operated by operations from
i Example of handling flow during side- retrieval meth outside the area) . . . .
! building ample of handling flow during side-access retrieval method Yellow: Medium-contaminated area (area that is controlled, but is likely to be contaminated)
Unmanned operations (the principle is to remotely operate by operations from outside the area,
but people may enter for maintenance etc.) o .
- : Green: Less contaminated area (area with virtually no contamination), manned operations
Expanded Lifting Manipulator - . m— —
building machine Lifting machine Lifting machine
7 = e T i = T T
d =] =k =C T P lid dary lid ar
3 Debris treatment Sealing fastening System/ ,S::l::mag'ys;slem, Preparation
cell cell Gas injection Gas injection cell
d system/ system/
Canister lid fastening system leakage checking leakage checking ]
- (Implementation of surface S facility \ facility C,
Fuel debric RPV Work monitoring contamination inspection) Gas! injection \
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retrieval Port 1 Canister rylng 1 —
device 3 I
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uc Access tunnel i
Fuel debris I \ | -
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Th di d th Weigh
UC transfer Drying Canister transfer Vlns?der)é'{'?thcﬁrw?(‘; S the (|rer:g|e‘m'2ﬁ?§tlfgﬁgufsys‘em ;rgzsfer Transfer cask Transfer
PCV system apparatus system f;?ﬁ:lnlf‘njendlgse?n area with high ﬁ::sv:)aecc?lgg)mammauon transfer system rack
Inside the . . ; Inside the
reactor —> | Access tunnel |—> [Fuel debris treatment cell Sealing cell [Preparatlon cell} — premises

Black text indicates that technological Sealing cell Preparation cell (excluding drying apparatus
development is not required based on

past results, etc.

Blue text indicates study has been
completed

Brown text indicates the items the study
of which will be concluded in this
subsidized project (and succeeded in
the project at the actual site).

Red text indicates the items that need to
be continuously studied. (To be studied
in a succeeding subsidized project or
suggested to be so)

Numbers in parentheses indicate the
chapters that describe the preceding
subject matters in detail.

Note: Safety design and handleability
from "inside the reactor to debris
treatment cell" will be studied in
the “Project of further increasing
the scale of fuel debris retrieval”

Note: RPV (abbreviation for reactor
pressure vessel)
PCV (abbreviation for primary
containment vessel)
UC  (abbreviation for unit can)
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Materials
Hydrogen
Fire prevention

Handleability

Improvement in storage

workability

Inside the premises

Subcriticality can be maintained by the geometrical shape of Subcriticality can be maintained by the geometrical shape of the canister and the arrangement inside
canister the transfer cask
Canisters can be naturally cooled using normal in-cell Each transfer cask can be naturally cooled by Each transfer cask can be naturally cooled by
ventilation normal building ventilation the outside air
Confinement using the sealing material of canister (6.2) Confinement using the sealing material of canister Confinement using the sealing material of
) . (6.2), study of filter (6.2) and preparation cell. ) §
/study of filter (6.2) /and sealing cell. (Gas is released in a controlled manner) canister (6.2), study of filter (6.2) and transfer
(Gas is released in a controlled manner) cask (Gas is released in a controlled manner)
Shielding in sealing cell Shielding in preparation cell Shielding in transfer cask

Ability of withstanding accidents during
transfers
cask (6.2) (Designed to be encapsulated during fall)

Study to maintain safety function against damage caused by drop from up to 9m/ drop of canister within transfer

Safety function can be maintained against aging (As a prerequisite, the corrosion of the metal is studied. Also, as the neutron flux density is small, irradiation does not
affect the material)

= Study on the vent diameter used for release of hydrogen from the canister’s vent hole with filter to the cell (6.2)/the = Drying for sealing the canister/ transfer cask
cell can control the hydrogen concentration to the lower explosion limit or lower by ventilation. for up to 7 days (6.3)

= Study on the reduction of water content of fuel debris by early drying of fuel debris, as hydrogen countermeasures = Study of method to predict hydrogen
during sealed transfer. (The top priority in debris treatment cell is the drying timing) (6.3) generation at the time of transfer (by

= Study of hydrogen concentration measurement inside transfer cask to ensure that the hydrogen concentration is 4 evaluation formula) (6.3)
vol.% or less at the time of transfer (6.4). = Study on recombination catalyst (6.3)

Ability of maintaining the inside of sealing cell/ preparation cell/ transfer cask at an inert atmosphere
Ability of remote transportation and closing a lid Ability of remote transportation Ability of storage in transfer cask

The storage work efficiency can be improved by expanding None
the inner diameter of the canister




~1. Research background and purpose

1.3 Previous studies and remaining issues (2/4)
The process for fuel debris containing, transfer and storage, and issues therein are shown below.

<Area classification>
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~1. Research background and purpose

1.3 Previous studies and remaining issues (3/4)

The table below shows the results of the study on safety design of fuel debris canister conducted up to FY 2018, and the remaining

issues to be studied.

Safety design

No0.6

Canister specifications

Suspending

part
. k Vent plug
(Including
filter)

Subcriticality

Cooling Heat removal

Catalyst Confinement
Confinement
i Shielding
i Canister lid
Structure
¢22$ mm
N
| rd
l ) Material integrity
i Canister body
I
|
: Others
| \ (Maintaining the
[ Buffer structure shutdown,
o l L cooling and
confinement
functions)

(Canister Material: SUS316L)
Hydrogen

Figure: Structural plan for canister
(Provisional structural plan set in FY 2018)

Fire prevention

(9220 mm) based on the subcriticality maintenance
evaluation method considering the fuel debris particle
size and water content, so that the canister itself can
maintain subcriticality.

= No problem.

= Afilter and an outlet to prevent hydrogen retention

(vent plug) are installed to prevent the spread of
contamination during actual operation.

= No problem.

= The integrity was confirmed by conducting element

tests for lid, body, and buffer structure against the
impact load during the drop on the canister inside the
transfer or storage cask, and during the tumbling or
dropping while handling the canister.

= The validity of the canister material (SUS316L

material) was confirmed assuming the water quality
environment of 1F and the handling process, etc., of
the canister.

= Hydrogen generation amount : The validity of the G-

value was confirmed through gamma irradiation test
considering the 1F water quality (iodine, etc.). In
addition, the effect of alpha rays was confirmed
through a hydrogen generation test using spent
nuclear fuel.

= Catalyst : Identification of catalyst candidates

capable of hydrogen recombination in a canister
environment (presence of low temperature, high
humidity and dose).

= As aresult of the drying element test conducted for

porous bodies that may exist as a form of fuel debris,
the phenomenon of equilibrium moisture content not
reaching zero (drying stops with water remaining)
was confirmed.

= No problem.

Study up to FY 2018 Issues to be studied (in F and FY 2020)

= The inner diameter of the canister was determined

+ Study of sealing material/ filter (except during storage)
(Studied under the project of “development of storage technology”)

* Itis necessary to confirm the structural integrity when the entire
canister is integrated.
(Studied under the project of “development of storage technology”)

+ Study of method to predict hydrogen generation suitable for fuel
debris condition in 1F.

* Collection of detailed data on catalyst performance and evaluation
of effectiveness when the catalyst is installed inside a canister.

(Studied under the project of “development of transfer technology”)

+ Study on vent diameter

(Studied under the project of “development of storage technology”)

*It is necessary to develop a drying method that keeps the
equilibrium moisture content at or below the target moisture
content within the target time. In addition, it is necessary to set the
basic specifications of drying apparatus considering
maintainability, etc.

* As the purpose of drying fuel debris is to reduce the amount of
hydrogen generation, a technology for measuring hydrogen
concentration is required as a means of confirmation.

(Studied under the project of “development of drying technology
and systems”)
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~1. Research background and purpose

1.3 Previous studies and remaining issues (4/4) No.7

The table below shows the results of the study on the fuel debris canister specifications up to FY 2018,
and the remaining issues to be studied.

Handleability/ Canister specifications
rationalization Study up to FY 2018 Issues to be studied (In FY 2019 and FY2020)

= Study on the structural plan for the lid fastening
device and hanging jig required for remotely handling -
the canister

= Remote lid closing and
remote lifting of canister

(Decision on acceptance or rejection based
on the actual fuel debris results)

= Increasing the inner = As a mitigation measure, the conditions that allow the
diameter of the canister inner diameter to be expanded (9400 mm) were set.

|
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2. Project Goals No.8

The indicators for determining achievement of target at the end of FY 2020 are as follows.

1. Investigation and research plan of containing, transfer, and storage of fuel debris

The latest study status and findings of related projects and actual projects have been collected, overseas safety-related
technical requirements have been additionally analyzed and organized based on already obtained information, and
General . . .
have been reflected in the research plan along with the opinions of experts.

(Not subject to TRL evaluation)

2. Development of containing technology for fuel debris

The structural integrity of the canister as per the tentatively set specifications and structural plans has been confirmed

@ Study of specifications using structural verification tests or analysis.
and structure for the The specifications and structural plans for the canister have been proposed based on the results of structural integrity
canister verification.

(Target TRL at the end of the project: Level 6)

3.Development of transfer technology for fuel debris

A method to predict hydrogen generation suitable for the fuel debris condition has been proposed.
The transfer condition plan has been presented based on the evaluation results of the proposed method to predict
hydrogen generation.

@ Study on method to
predict hydrogen

generation (Target TRL at the end of the project: Level 6)
The resistance to chloride ion, which is a candidate catalyst and a typical toxic substance, etc., have been evaluated.
@study on hydrogen The flow inside the canister has been evaluated, and the validity of hydrogen measures using catalyst, etc., has been
measures evaluated.

(Target TRL at the end of the project: Level 6)

4. Development of drying technology and systems

@ Study on the basic

specifications of drying The first draft of the basic specifications for the fuel debris drying system has been proposed.

(Target TRL at the end of the project: Level 4)

apparatus

@ Study on hydrogen Selection of candidates for hydrogen concentration measurement technology applicable to the canister has been
concentration completed.
measurement technology (Target TRL at the end of the project: Level 3)

» Participation in and cooperation with fuel debris and waste sorting technical surveys upon request.
(Not subject to TRL evaluation)

=
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3. Implementation items, their correlations, and relations with
other research

3.1 Implementation Items
This subsidy project worked on the following technological development issues related to transfer and storage
engineering of fuel debris in 1F.

(1) Investigation and research plan of containing, transfer and storage of fuel debris

To collect the latest study status and findings of related projects and actual projects, perform additional analysis and
organize overseas safety-related technical requirements based on already obtained information, and to reflect this in
the research plan.

9

(2) Development of technology for containing of fuel debris
To maintain and confirm the safety functions (criticality prevention and confinement) during evaluation events with
the entire canister in an integrated state, through a structural verification test using a full-scale canister.

(3) Development of technology for transfer of fuel debris

» Study on method to predict hydrogen generation

To analyze the existing methods to predict hydrogen generation and the factors that impact the generation, etc., and
to predict the amount of hydrogen generated by acquiring data by conducting tests, if necessary.

» Study on hydrogen measures

As catalyst-based hydrogen measures, acquire performance data for the candidate catalyst in consideration of the
canister environment and confirm the effectiveness considering the diffusion of hydrogen inside the canister.

l D Olnternational Research Institute for Nuclear Decommissioning
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3. Implementation items, their correlations, and relations with
other research

3.1 Implementation Items

No0.10

(4) Development of drying technology and systems

- Study on the basic specifications of drying apparatus

To propose a sample drying system arrangement for drying fuel debris, considering the basic concept of drying
apparatus and its maintenance, by organizing the safety requirements of the drying system itself, identifying the
applicable candidate technologies, and by collecting drying behavior data using a full-scale test device.

- Study on hydrogen concentration measurement technology

To ensure that the hydrogen concentration in the transfer cask does not exceed the lower explosion limit during the
expected transfer period before allocating the transfer cask, investigate the hydrogen concentration measurement
technology, and identify and propose the applicable candidate technologies for the canister.

' D Olnternational Research Institute for Nuclear Decommissioning
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-3. Implementation items, their correlations, and relations with other research

Safety (overall)

Fuel debris transfer and storage system

Environment, physical properties,
eic

Containing, transfer and

Safety requirements

storage plan for fuel debris

Fuel debris quantity setting
Storage location candidates,
etc.

Review of criteria

PA 4

/

s

Setting and reviewing of

transfer and storage methods,

and storge location Note 1

Physical properties and
characteristics of fuel debris

£

Setting criteria for
safety requirements

Setting and reviewing of

‘l/ Process

transfer and storage contents
Note2

A4

\

Reflected in retrieval method
and process settings
Requirement setting

Setting functional
requirements

Setting and reviewing the

process for transfer and

storage systems Note 3

Operational
requirements for fuel
debris retrieval

ompatible with retriev.

* Note 1:

No.11

Setting basic storage policies such as wet
storage and dry storage in new facilities

- Note 2:

Specific storage methods such as dried-
and-vented storage and dried-and-sealed
storage:
Related technology development:
Hydrogen generation amount evaluation,
Hydrogen measures

- Note 3:

Processes such as drying that are required
for transfer and storage
Related technology development:
Drying apparatus, Hydrogen
measurement technology

- Note 4:

Safety evaluations

Related technology development:
Structural evaluation, Hydrogen
generation amount evaluation

- Note 5:

lote 5

requirements No

Yes
Safety (safety evaluation of (bnsfer and storage systems)

Safety evaluation and review at
the time of trahrﬂ%fgr and storage
ote

3

1D

ompliance with safet

valuation standard

No

Proposed containing,
transfer and storage plan
for fuel debris

Go up for “Setting and review of transfer
and storage contents”, and go down for
“Review of overall safety criteria”

If it is both the cases, go up and down

- Note 6:

Note 5

When studying the overall safety by
temporarily setting the criteria, the criteria
for overall safety may be reviewed as
necessary by enhancing knowledge
through R&D and incorporating the
progress of the study
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—3. Implementation items, their correlations, and relations with

other research
3.2 Relation of Implementation Items (1/2)

3

(Target process) 2 - (3) Development of Technology for Containing, Transfer and Storage of Fuel Debris

Iltems/ Year

Stage 2 (Period until the start of fuel debris retrieval)

Stage 3 — Period (1)

2017 | 2018 | 2019

2020

2021

After FY 2022

Major events in the
current mid-and-long term
roadmap

[Development of
Technology for Containing,
Transfer and Storage of
Fuel Debris]

1. Investigation and
research/development plan
of containing, transfer, and
storage of fuel debris

2. Development of
technology for containing
of fuel debris

3. Development of
technology for transfer of
fuel debris

4. Development of drying
technology and systems

Maintaining and managing the stable state of the plant

V Confirmation of fuel debris retrieval method for the first Unit

Engineering for containing, transfer and storage

Drafting of plan

IV Modification of Blan based on related projects, etc.

Setting the basic speci

\A

Optimizing the
canister
specifications

Clarifying the
'safety
requirements

r Drafting of test plan

\

fications of canisters
1

Study on transfer methods
as

\:Dfevelopm,entvof drying technology
Development of evaluation technolo

A

Implementation and evaluation of structural verification test

Test, analysis and investigation for clarifying the transfer conditions

for treatment used in storage

V Start of fuel debris retrieval in first Unit

L

/1

[Development of technology

of retrieval of fuel debris and
reactor internals] etc.

for further inCreaSing the scale —

1D

: Onsite operations (includes engineering) |

: R&D

No.12
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3. Implementation items, their correlations, and relations with

other researches
3.2 Relation of Implementation Items (2/2)

Note)

No0.13

Fuel Debris Characterization Project*2

[Information provided to the Canister
Project Team]

*Knowledge of fuel debris shape
*Knowledge of fuel debris properties
*Knowledge of basic physical properties
of fuel debris

* Knowledge of thermal properties of fuel
debris

*Knowledge of chemical properties of
fuel debris

Waste Project *3

[Information provided to the Canister
Project Team]

* Information of canister related to
transfer and storage

International Research Institute
for Nuclear Decommissioning
(IRID)

[ Project of further increasing the
scale of fuel debris retrieval *1

[Information provided to the Canister Project
Team]

Canister Project 4

Constrained conditions while handling fuel
debris

[Information provided to related project

teams]

(1) Study of safety requirements,
specifications and storage systems for
the transfer and storage of fuel debris
canisters

*Details of inspections for safety assessment

(2) Study of fuel debris containing method

*Canister specifications

*Conditions of structure, weight, dimensions,

etc.

*Basic canister handling method

*Canister handling device” specifications

*Handling method of canister handling

devices”

* Canister lid fastening device, canister

suspending device, etc

= Conditions for dimensions and weight limitations
Fuel debris containing location and
procedures

= Canister installation location

= Canister lifting information

Fuel debris collecting method

Knowledge of fuel debris cutting, particle size, etc.
=Collection method (for example, pump suction)
Handling procedure of special tools
Information on criticality control

* Constrained conditions to maintain
subcriticality

*To be used for maintaining subcriticality
*Neutron absorbent

Investigation of sorting technology for fuel
debris and waste

*To be participated and cooperated

I

*1: Project of further increasing the scale of fuel debris retrieval: Development of technology for further increasing the scale of retrieval of fuel debris and
reactor internal structures*
*2: Fuel debris characterization project: Development of technology for analysis and estimation of fuel debris characterization

*3: Waste Project: Research and development of treatment and disposal of solid waste
*4:Canister Project : Development of technology for containing, transfer, and storage of fuel debris

Consistent results should be obtained by sharing information provided from
IRID’s related projects as well as information delivered by this project, working
in cooperation and coordinating with those projects.

1RID

*This project was called as Development of Technology for Retrieval of Fuel
Debris and Internal Structure, when the project started. According to the
development plan of decommissioning research in FY 2020 disclosed at
the 75t Secretariat Team Meeting for Countermeasures for
Decommissioning and Contaminated Water Treatment, the project name
was changed to Development of Technology for Further Increasing the
Scale of Retravel of Fuel Debris and Internal Structures.

Olnternational Research Institute for Nuclear Decommissioning



4. Implementation schedule — _
Development of Technology for Containing, Transfer and Storage of Fuel Debris N .14

FY 2019 FY 2020
Items Remarks
First half Second half First half Second half
Investigation

4.1 Investigation and research plan of containing, transfer P-Ian Investiﬂation P-Ian
and storage of fuel debris . e
Draftm% of structural verification test plan

4.2. Development of containing technology for fuel debris S : : )
Demﬂmnﬂ the canister (canister for testing)
Prototyping the canister (canister for testing)
Including material procurement
Implementation of structural verification test
Evaluation o' s!ructural verification test

) . m Including pre-analysis of confirmation
Study of canister specifications and struc ua test

Study of implementation items necessary for setting the transfer conditions plan
| i ;
Implementation of hydrogen generation test
Mn method 10 predict hydrogen generation

4.3 Development of transfer technology for fuel debris
(1) Study on method to predict hydrogen generation Stu io i i
stimation of hy rOﬁenerated in canister

Study of transfer conditions
=

Study of catalyst

Detailed study of flow characteristics inside the canister
Incorporate the catalyst study results

4.3 Development of transfer technology for fuel debris
(2) Study on hydrogen measures | )
Study on catalyst allocation
(Catalyst performance)
Study on basic conditions

L ]
Collection of drying behavior data (including preparation of test equipment)

4.4 Development of drying technology and systems
Basic plan for de system (Study on maintenance plan/ devices and systems/ equipment configuration)
Basic plan for drying system !Stuay on Easm spem!lcations of devices)

(1) Study on the basic specifications of drying apparatus
.

Study on required technical

4.4 Development of drying technology and systems W appllc.abll.lty Bl '

(2) Study on hydrogen concentration measurement Investigation of the hydrogen concentration measurement technology

technology I Feedback on Erogress and results
. [

. Actual

= .
4.5 Evaluation summary
S . : Plan



5. Project Organization Chart (as of the end of March 2021) No.15

) ) International Research Institute for Nuclear Decommissioning
Tokyo Electric Power Company Holdings, Inc. (Head Office)

@) Development of overall plan and technical management
O Technical management, including technical development progress

Toshiba Energy Systems and Hitachi-GE Nuclear Energy,

Mitsubishi Heavy Industries, Ltd. . )
Solutions Corporation Ltd.

Relevant projects

(2) Ihvestigatidh and establishment of research plans for containing, transfer and storage of fuel
debris
(2) Development of containing technology
(3) Development of technology for transfer of fuel debris _

. Development of Technology for Further Increasing the
(4) Development of drying technology and systems Retrieval Scale of Fuel Debris and Reactor Internals
(5) Evaluation and summary

Development of Technology for Analysis
and Characterization of Fuel Debris

R&D for Treatment and Disposal of Solid Waste

MHI-NS Toko Corporation . .
||« Investigation of technological — * Investigation of the canister lid test
development structure
» Study on the canister structure
|| Sanmec Co.,Ltd.
Soltec » Manufacturing of the test canister
||+ Study on catalyst performance for
measures against hydrogen gas generation Ceres Inc. )
+ Drying test (test data acquisition) — « Verification test of the canister
structure
MHI-MS ) -
| St?l.tlté?all’gg c%agrugiﬁgefﬂ%?g?unss and | GIIEobalﬂ Nuclear Fu]zell_]-Japan Co., Ltd.
* Drying test (study opgest plan)  Evaluation test of hydrogen generation
MHI-NS: MHI-NS Engineering Co., Ltd.
NDC
+ Evaluation on hydrogen volume for Soltec: MHI Solutions Technologies Co., Ltd.
—| measures against hydrogen gas ) o . .
generation MHI-MS: Mitsubishi Heavy Industries Machinery Systems Ltd.

NDC: Nuclear Development Corporation .
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6. Implementation Details
6.1 Investigation and research plan for containing, transfer, and storage No.17
of fuel debris

@ Purposes and goals
The latest information of related projects and the progress of the on-site operations will have to be collected and reflected
to the plan so that the effective collaboration between the development tasks can be achieved. In addition, relevant
information will have to be sought internationally so that the development tasks can be streamlined effectively.

@ Comparison with existing technology (as necessary)
A comparison will be performed for each development task as needed basis, which is not mentioned in this section.

@ Action items and results (estimated and actual)

a. Fine tuning of research plans based on the latest technical trends

The research plans were fine tuned based on the latest information (including the progress of development) and
knowledge from other projects, such as Development of Technology for Further Increasing the Scale of Retrieval of Fuel
Debris and Internal Structures, Characterization of Fuel Debris, and Waste Management, and the latest trends and
information about the coordination of the on-site operations by TEPCO Holdings and coordination on permission and
authorization, obtained in joint meetings and the like so that the development tasks would be performed toward the goals
effectively linked with the goals of other projects and the outcomes of them would be applicable to on-site operations.

In FY2019, for example, the plan of fuel debris drying tests was developed based on the latest planning drawing of the unit
provided from the project “Development of Technology for Further Increasing the Scale of Retrieval of Fuel Debris and
Internal Structures.” In addition, development tasks in FY2020 were systematically performed according to the plans
formulated based on information exchanged with TEPCO Holding.

b. International research on relevant information
To seek information useful for effective planning of development tasks in FY2019, documents on TMI-2 fuel debris drying
obtained and examined before were re-examined. (Details are described in Section 6.4, “Development of drying technology
and systems: (1) Study of the basic specifications of the drying apparatus”) There is no additional need of investigation in
FY2020.

|
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Implementation Details
1 Investigation and research plan for containing, transfer, and storage of fuel

6.
6.

No0.18

debris

@

®

Contribution of outcomes to relevant study areas
The outcomes of investigation and research will be incorporated into each
development tasks of this subsidized project.

Analysis with respect to the on-site applicability

The applicability of the intended outcomes of each development task in on-site
operations will be evaluated individually and separately. This section does not
mention anything about the applicability.

Goal achievement level

Technical requirements for safety assurance imposed in other countries were
additionally analyzed and organized into documents based on the information
already obtained and the latest information on the progress of other projects
including those conducted at the actual site and knowledge obtained in them that
were additionally collected. The originally set goal that was to fine tune the plan of
each development task based on the results of investigation and research along
with advice from experts.

Issues to be addressed
Each technology will be evaluated as needed basis, which is not mentioned in this
section.

|
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g. Implementation Detalils No.19

.2 Development of technology for containing of fuel debris
- Prototyping of full-scale canister and structural verification test -

@ Purposes and goals

The specifications and structural design of the canister are to be proposed.
For this purpose, the plan of the specifications and structural design of the canister that was
temporarily adopted in FY2018 is to be reviewed if necessary, and full-scale models of the canister
will be prototyped. In addition, the full-scale prototype canisters will be subjected to structural
verification tests to evaluate their safety functions (such as confinement and criticality prevention) in
the evaluation events.

Further, the applicability of the method to simulate and analyze the structural integrity of the
canister in various events is to be examined by comparing its calculation results with the results of
the structural verification tests.

@ Comparison with existing technology (as necessary)

There will not be any issues on the final design of the mechanism to fasten the lid of the canister
since the design of the canister lid developed in FY2018 uses fixing bolts and it is within the
applicable range of existing technology.

Meanwhile, the simple installation structure is a method of fastening the lid by turning the lid.
Although it has a proven track record in ultra high-pressure vessels, there are concerns about the
structural integrity of the entire canister (an integrated state with the lid structure, body, buffer
structure, etc.) in the event of dropping, tumbling, etc. It is necessary to ensure the structural
integrity based on the handling of canisters in 1F.

|
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6. Implementation Details
6.2 Development of technology for containing of fuel debris
- Prototyping of full-scale canister and structural verification test -

@ Implementation items and results (Estimated and actual)
a. Drafting of structural verification test plan (1/2)
(i) Selection of events to be tested
It was decided to extract events from each operation of the latest canister handling flow (side-access retrieval method, dry storage,

storage in metal casks) as the subject of the event selection.
Among the identified design events and evaluation events, the events of the canister dropping in the vertical position, the canister

dropping in the inclined position, and the canister dropping on top of another canister in the vertical position, which are considered to

have a large impact on the structural strength, were selected as the events for which the structural verification test will be performed.
The dropping height was set in consideration of the dimensions of the building and transfer cask. The oblique angle was set to 60°,

which has a large impact based on the preliminary analysis.
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Figure. Approach to setting of the dropping height
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6. Implementation details NO.21

6.2 Containment technology development: Prototyping full-scale canister

models and structural verification tests
@ Action items and results (estimated and actual)

a. Structural verification test planning (2/2)

(ii) Test cases and test systems
A total of six structural verification test scenarios were developed for the three events by combining the test conditions and the
structures of full-scale canister models (test samples).
The construction of the test systems illustrated below was planned to reproduce events that may occur in operations at the 1F and
to be used for structural verification tests.

Release device Release device

Crane Crane

Table: Test cases (plan)

Full-scale
canister sample

Full-scale canister sample

Measuring device cable

o Structures of full-scale canister models (test
Test conditions
samples)

Event \ain test Measuring
vents ain test purposes .
Drop test | . Number Lid Body inner | Air supply T device cable
A Tiltangle ; ; of
height of tests | structure | diameter | mechanism
samples
» - The main test purpose is to check the Mea_surmg Mea_lsurlng
Simple impact of the impact load caused by device device
1 mounting 400 mm None 1 the canister collision into the floor in
Dropping structure a vertical position on its body
the canister 3 (measuring a change in its inner
X R 9m 0 1 h y
in a vertical diameter) and to validate the buffer . h . . . . . . .
it STIEG ((rel v i) e eifiset &% (a) Dropplng the cgr_nster ina (b) Dropping the canister in an inclined
2 Bolt 220mm None 1 preventing the contents of the vertical position position
structure canister from colliding against the .
inner surface of the lid) Guid Release device
ulae .
_ - The main test purpose is to evaluate (Same dimensions as those Full-scale canister sample
Simple the impact of the canister dropping in (being dropped)
3 T mounting 400 mm Yes 1 an inclined position (including the of the basket)
the czgist%r structure impact of the canister collision into Platform
X o the floor in an inclined position) on its
inan 9m 60 1 X ©
inclined lid, bom_)m,and al_r_supply ; Crane
e mechanism, specifically, the sealing
4 poSition Bolt 220mm Yes 1 performance of the lid and the Measuring device
structure integrity of the air supply mechanism Full-scale g
after the drop test. canister sam p|e
. The test purpose is to check the (being hit) 7m Measuring device cable
Simple impact of the impact load caused by
5 . mounting 220mm None 2 dropping a canister on another \\4
Dropping a X A 3 P A N
! structure canister in a vertical position on their
canister on ; b b
o podys (measunng achangg in their
; : 7m 0° 1 inner diameters) and to validate the
canister in a N . S
N buffer structure (including validation
vertical X
iti of measures to prevent deformation . A ) N A .
6 DOSIOY strﬁgtlfjre 400 mm None 2 of the lift hook and to prevent the (c) Dropping a canister on another canister in a vertical position
buffer structure from interfering the . .
lift hook) g Figure: lllustration of the test system for the

structural verification of full-scale canister samples
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6. Implementation Details

6.2 Development of technology for containing of fuel debris
- Prototyping of full-scale canister and structural verification test -

@ Implementation items and results (Estimated and actual)

b. Designing the canister (canister for testing) (1/4)

(i) Canister specification plan

No0.22

The design conditions/ design policy for canister were re-organized, and the canister specification plan was set considering the latest
canister handling flow and the status of study of project of further increasing the scale of fuel debris retrieval, etc.

Lid

+Two types of lids were designed as remotely operable structures: a simple installation structure that can be
opened and closed by turning the lid, and a bolt structure that has a proven track record in remote controlled
operation in TMI-2, etc.

*The structure does not cause detachment of the lid or damage leading to a large amount of leakage and
does not generate continuous leakage from the seal even when it receives an impact load such as a drop in
the vertical position.

Vent mechanism

The diffusion evaluation was conducted considering the coupler and filter for the amount of hydrogen
generated based on actual measurements (assumed that the amount of hydrogen generation is reduced
lower than actual measurements in the presence of water since it is dried), and setting of the coupler inner
diameter was determined. Additionally, on basis of risk evaluation for vent opening/closing during handling
canisters, a regular opening coupler was adopted.

Air supply mechanism

* When fuel debris is dried in the unit can, the air supply mechanism is not installed in the canister, but when
fuel debris is dried in the canister, it was decided to install air supply mechanisms at two locations (couplers
for air supply) on the body flange. A coupler that is normally-closed is installed in each air supply mechanism
so that hot air flows from the bottom to the top of the canister in the order of air supply coupler (air supply port)
= piping = inside the canister = air supply coupler (exhaust port). To prevent clogging, it was decided to
install a filter on the system side equipment and not on the air supply coupler.

Body

+Two types of bodies were designed, inner diameter of 220 mm, which can maintain subcriticality, and 400
mm, which has an expanded inner diameter for improved workability.

The internal height of the canister was set taking into account the catalyst case thickness (20 mm
(temporarily set)) and height of two unit cans it will store (400 mm per can), in addition to considering a
margin on the thermal expansion of the unit cans, the manufacturing tolerance, and the total dimension of the
height when the unit cans are stored at an angle.

+ Atapered portion is provided at the joint between the flange and the body, and the bottom plate to relieve
stress when an impact load is applied.

Material

It was decided to use SUS316L in consideration of SCC resistance, procurement, workability,

Note 1: In the cross-sectional view, the components
are color coded for identification.

TRID

Figure. Canister specification
lan Note 1

(Structural plan with bolt structure/ inner
diameter 220 mm/ air supply mechanism)

Suspending part

+A structure that allows lifting without being affected by the shape of the storage space (square prism,
cylinder, plate (drilled hole) ), by providing a groove inside the lid of the canister for lifting and making
the suspending device smaller than the outer diameter of the canister lid.

+A structure where the buffer structure does not enter the suspending part by not installing the
suspending part that was earlier installed in the center of the upper surface of the lid.

Seal

To ensure the confinement function at the storage facility during storage, elastomer
gasket (EPDM: ethylene propylene diene rubber) was used prioritizing on the storage
efficiency (minimization of lid outer diameter), lid fastening workability, and applicability to
a simple installation structure.

Method of sealing the port between cells and the canister

+To prevent contamination as much as possible at the boundary between cells, a sealing
structure is to press the upper end plate of the canister against the seal part of the port
between cells.

+ To prevent contamination as much as possible during handling of the canister including
fastening the lid between the port cells, an inner lid of the canister body(with a hydrogen
venting filter) is installed on the canister.

Filter

- The hydrogen release was evaluated by using a method for hydrogen diffusion evaluation, and it was
confirmed that the hydrogen concentration was less than 4 vol% when using a wire mesh type SUS316
filter having a mesh diameter of 0.3 pm . In addition, the structure is less affected by clogging as the
filter diameter is increased to enlarge the surface area of the flow.

Catalyst

+ Installation space is created, assuming that catalyst is placed at the lower of
the inner lid.

Buffer structure

+ A structure with a buffer structure installed to prevent collision of stored
items with the inner surface of the lid due to shooting up during drop events,
and to reduce deformation of the body of the canister. The DOE (skirt) type
was selected because of its good manufacturability.




~ 6. Implementation Details

6.2 Development of technology for containing of fuel debris No.23

® Implementation items and results (Estimated and actual)
b. Designing the canister (canister for testing) (2/4)

(it) Canister structural plan
Eight types of structural plans were selected for the canister: two types of lid structures (simple installation structure and bolt
structure), two types of inner diameter of body (220 mm and 400 mm), and with/ without air supply mechanism.

Lid (simple installation structure)

-

Air supply mechanism
Body

Unit can

Fuel debris

Main dimensions
*Outer diameter: About 0.
=Inner diameter: About 0.
*Height: About 1 m

Buffer structure

|}

Bolt structure Note 1
Simple mounting structure Note 1 (Inner diameter of body is 220 mm/ with air supply mechanism)

(Inner diameter of body is 220 mm/ without air supply mechanism) Fiaure. Real-size canister structural plan

I
IRI D Note 1: In the cross-sectional view, the lid, body, unit can, fuel debris, etc. are color coded for identification of the components rch Institute for Nuclear Decommissioning




6. Implementation detaills
6.2 Containment technology development: Prototyping full-scale canister models and

structural verification tests
@ Action items and results (estimated and actual)

No.24

b. Designing the canister (canister for testing) (3/4)

(iii) Structural analysis evaluation (1/2)

1) Analysis model and evaluation item

To evaluate the structural integrity of the canister, the following events were taken into consideration as those that cause the strongest impact on the
structural strength of the canister among various events: a canister falling from a height of 9 m in a vertical position, falling from a height of 9 min a
60° inclined position, and a canister falling from a height of 7 m and crashing onto the top of another canister in a vertical position. Then, models to
simulate these events were created, and how the impact load caused in those events affects the canister was evaluated using general purpose finite
element method analysis software, LS-DYNA. The simulation models were created based on the shape and dimensions of the canisters, and the
impact load caused by the collision was calculated and given based on the theoretical terminal speed of a free fall as a collision velocity

(e.g.,./ 2gh =13.3 m/s for a fall from a height of 9 m).

Lift

Canister

9m

A 4

Lift

é Canister.

> Uzl

Dropping the canister in a

=

=

foo

0 -

Dropping a canister on another canister in a vertical position

Dropping the canister in an inclined

vertical position
Lift

Canister

Basket

A

m __1_ |:>
Transfer cask ¥

Or
Storage cask

E— Canister

position

=

1RID

Figure: Conceptual image of M ———
evaluation events

<Evaluation item>

(a) Confinement performance (effective plastic strain)
The calculated values of strain must prove that there is no risk of fracture in the joint of
the lid and the body. (They must be less than the fracture equivalent plastic strain, for
example, 30% for SUS316L.)

(b) Confinement performance (seal gap displacement)
A seal gap displacement must be within a range where proper compression dimensions
are maintained for the O-ring (0.8 mm for the top and 0.9 mm for the side). The

occurrence of an instant gap opening and closure is permissible as the duration of
leakage is minimal.

Displacement

Displacement
0.565mm I—IMore than 0.8 mmI 'I

- —Q——tri—,

O-ring compression O-ring compression dimension: O-ring compression
dimension: 0.8 mm 0.235 mm dimension: 0 mm
(The gap is tightly filled, and (The gap is loosely filled, and (The gap is not filled, and
there is no leakage.) there is arisk of leakage.) leakage occurs.)

Figure: Relationship between seal gap displacement and risk of leakage (O-ring [top])

(c)Measures to maintain sub-criticality (maximum permissible change in the inner
diameter of the body)
The deformation of the body of the canister (change in its inner diameter) must be within a
range (245 mm or less, target is 232.5 mm or less) so that the geometric shape can
maintain sub-criticality.
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6.2 Containment technology development: Prototyping full-scale canister
models and structural verification tests

@ Action items and results (estimated and actual)
b. Designing the canister (canister for testing) (4/4)

(iif) Structural analysis evaluation (2/2)
2) Summary of structural analysis
As a result of the structural analysis evaluation, it was confirmed that all types of proposed structure design of a canister were
robust enough to maintain their safety functions (such as confinement and criticality prevention) after being subjected in various
events. In some test cases, a risk of the occurrence of an instant gap opening and closure was predicted at the
O-ring seal. Despite such cases, the confinement performance will be maintained because the duration of
the gap opening is so short that leakage can be minimally suppressed.

Lid
Table: Summary of structural analysis results
SPiemonning St Effecuve
- plastic
Events SEVEY Evaluation items of structural i di "7 i di 0 | di 22 | di 4 .
functions analysis nner diameter: 220 mm nner diameter: 400 mm nner diameter: 220 mm nner diameter: 400 mm strain
233501
ELTIER
SR
e Rh L)
Effective plastic strain o O (0] o O o O y———
Dropping Confinement LRETER
the canister lo) o o o o o o 1.8
in a vertical Sl g 1.0ieind
position E.EET4-13
Maintaining . . A TR
Sulberieatfivy Body inner diameter change (o) (o] (o] (o) (o] o o m:n:ﬁ-:u:]
Effective plastic strain o o o (o} o o o BOdy

Dropping
the canister
inan Seal gap
inclined

Confinement

Maintaining

sub-criticality Body inner diameter change

O (e] O (e} (0] o (e] %

Buffer structure
(Enlarged view)

Effective plastic strain

Dropping a
I el Confinement

Seal gap

Maintaining
sub-criticality

(@]
o
(@]
o
(@]
o
(@]
o
(@]

Body inner diameter change o o o o o o o Figure: Contour figure of effective

plastic strain
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Implementation detalls N0.26

6.2 Containment technology development: Prototyping full-scale canister

models and structural verification tests
@ Action items and results (estimated and actual)
c. Prototyping the canister (canister for testing)

(i) Structure and prototypes of the canister (canister for testing)

A total of 8 units of full-scale canister models (canisters for testing) were prototyped with 6 different specifications. The specifications were
configured to be the same as those of the canisters planned to be used in the actual site with respect to dimensions and structure based on the
structural verification test plan and the result of the canister (canister for testing) design work. As to the contents of the canister (such as the unit
can and fuel debris), simulants that simulated the external dimensions and weight of them were made. In addition, a cable entry flange was
attached in each canister sample at a position that causes the minimum effect on the canister strength to guide the cables of a straln gauge and
accelerometer installed inside the canister. ) ‘

Table: Comparison between the canisters planned to be used at the actual site
(assumed conditions) and the canisters for testing

Dimensions of the canisters
planned to be used at the actual site Canister (test sample) Basis of condition setting
assumed fuel debris removal plan

Based on the maximum dimensions among those
®210mm(PLAN-A.C) used in each PLAN of the project “Development of

Inner

dzlgglrent%r: ®200mm(PLAN-B) p2imy Technologies for Retrieving Fuel Debris and
Outer Internal Structures”
diameter
Inner
diameter: ®390mm(PLAN-B) ®390mm
400 mm
. Based on the maximum dimensions among those
Unit can Inner 200 mm (PLAN-A) g Aot 0
(or canister content diameter: 325 mm (PLAN-B) 400 mm Bl e e e fithelpIoiectib ey elopmentct
simulants) 220 mm 400 mm (PLAN-C Technologies for Retrieving Fuel Debris and
Height 400 mm (PLAN-C} Internal Structures”
Inner | TH
diameter: 400 mm (PLAN-B) 400 mm Cable entry flange Lo gmde
400 mm the cables of the sensors

installed inside
Body ~

Buffer structure

Based on the first and second largest units in unit
4 (PLAN-A) weight among those used in each PLAN of the
2 (PLAN-B, C) project “Develof 1t of Technologies for
Retrieving Fuel Debris and Internal Structures”

Number of samples

Bottom plate

50%

(A canister content simulant with . . .
More conservative conditions were applied to

Filling rate 30% aweight equivalent to that of UO, X

that fills 50% of the canister’s ensure the structural strength of the canister.
Euel debris capacity was made.) ’
(qr canister content 2.5%106 )
simulants) Up to 11 x 1076 kg/mm3 11x10-kg/mm? e ) ¢

R (The minimum value is of concrete (A canister content simulant with More conservative conditions were applied to (b) Lid ('nner S|de) Q_‘
Density h A % 5 A A .
density, and the maximum value is a density equivalent to that of  ensure the structural strength of the canister.
of UO2 density) UO2 a6 made) (c) Appearance of a fully assembled

canister sample
Figure: External appearance of a full-scale canister
model (canister for testing)
. .-‘ . u (A sample model with the bolt structure, an inner diameter of 220 mm, and without air supply mechanism)

Cable entry flange to guide the cables of

15 SEnEers M) sk No Yes Prepared to guide the cables of a strain gauge and

accelerometer =
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6.2 Containment technology development: Prototyping full-scale canister

models and structural verification tests

® Action items and results (estimated and actual)

d. Performing structural verification tests (1/3)
(i) Test results (typical examples: drop tests in vertical and inclined positions)

None of the canister samples showed a problem of the lid having come off the body or cracks in the lid or the body (including the flange, body, and
bottom plate) that ran through the thickness of those parts and created a leakage path after the tests. Leakage rates were below the acceptance
criterion. There was no noticeable deformation in the body either. There was a case where the lid could not be removed after a drop test in an
inclined position. The sample canister that showed this problem was with the simple installation structure, an inner diameter of 400 mm and a
ventilation mechanism. The cover of the air supply mechanism was bent and came to contact with the elbow. However, there was no damage in the
piping.

Lid

Shell cover
flange

Body

Air.supply mechani
4 )

!i‘

Bottom
plate

Buffer
structure

Buffer structure (bottom part)

Whole canister

. o o
(90° side) Whole canister (45° side)

After a free fall test Buffer structure (bottom part)

Avideo recorded by a high-speed camera
(after collision with the maximum deformation)

A video recorded by a high-speed camera After a free fall test
(after collision with the secondary collision)

Figure: Result of the drop test of the canister with the bolt structure, inner diameter of 220 mm,
and without air supply mechanism in a vertical position (external appearance after the test)

Figure: Result of the drop test of the canister with the simple installation structure, inner
diameter of 400 mm, and air supply mechanism in an inclined position (external appearance
after the test)
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6.2 Containment technology development: Prototyping full-scale canister models
and structural verification tests

@ Action items and results (estimated and actual)

d. Performing structural verification tests (2/3)
(if) Test results (typical examples: test to drop a canister on another canister in a vertical position)
None of the canister samples showed a problem of the lid having come off the body or cracks in the lid or the body (including the
flange, body, and bottom plate) that ran through the thickness of those parts and created a leakage path after the tests. Leakage rates
were below the acceptance criterion. There was no noticeable deformation in the body either.

Buffer
structure

Whole canister (180° side)

- = —— Buffer structure (bottom part)
Avideo recorded by a high-speed camera (after collision with the maximum deformation)

After a free fall test

Figure: Result of the test (external appearance of the canister after the test) of dropping a canister on another canister in a vertical position.
(The canisters used in the test were with the simple installation structure, inner diameter of 220 mm, and without air supply mechanism.)

|
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6.2 Containment technology development: Prototyping full-scale canister models and

structural verification tests
@ Action items and results (estimated and actual)

d. Performing structural verification tests (3/3)

(ilf) Summary of test results

As a result of the structural verification test, it was confirmed that all canister samples were robust enough to maintain their safety
functions (such as confinement and criticality prevention) against the impact loads caused in the drop tests. In some test cases, an
instant gap opening and closure may have occurred at the O-ring seal. Despite such cases, the confinement performance will be
maintained because the duration of the gap opening is so short that leakage can be minimally suppressed. On the other hand, there
was a case where the lid could not be removed after a drop test in an inclined position. The sample canister that showed such
problem was with the simple installation structure. This result has raised the need for continuous engineering efforts on the lid
mounting method. Table: Summary of test results (all test cases)

Test results
Drop test in a vertical position Drop test in an inclined position Test to drop a canister on another canister in a vertical position

Simple Simple
Simple Simple mounF:in mounting Bolt Bolt
Safety functions Check items in tests mounting Bolt mounting Bolt 9 structure . Inner diameter:
) ) structure ) Inner diameter:
structure Inner diameter: structure Inner diameter: ) Inner diameter: 400 mm
) . Inner diameter: 400 mm . \
Inner diameter: 220 mm Inner diameter: 220 mm 220 mm . . Canister being
220 mm , . Falling canister .
400 mm 400 mm ) ) Canister being hit
Falling canister .
all
Leak test (e} (e} o o o (o] (o] (o]
Visual inspection (@) (@) (@) (@) (®) (@) (@) (0]
Strain time history measurement
Confinement (Check plastic deformation around O-ring sealing o o AN e ) @) @) o
surfaces)
(Check instant gap opening and closure at the O-ring A A
Thereis arisk of an Thereis arisk of an
Seal) o o instant gap opening instant gap opening o o o o
(Measure the relative displacement of the lid to the body) and closure. and closure.
Criticality Dimension check
(Measure the inner diameter of the body) > = S 2 S S S S
X
(Basic function) Removal of the lid () () () o o o o

Unableltizpfen the

Note 1: Though missing data occurred in strain time history measurement, it was concluded to pose no problem because the confinement performance was proven to be maintained based on other test results, such as leak

tests.

Note 2: At present, the event of the canister falling is considered to be one of the evaluation events. It is our basic stance that the problem of the lid not being able to be opened due to a drop impact should be solved by
preventing a falling by devising equipment and/or processes. In case of the occurrence of such a problem, there should still be a method to open the canister, such as cutting. The canister design can be changed,
such as adding a buffer structure to the lid, to be prepared for cases where the occurrence of the canister falling cannot be avoided by devising equipment or processes. However, it will be a more reasonable

solution to address this problem by devising equipment and/or processes, such as applying a buffer material on the floor surface and limiting the canister lifting height.



6. Implementation details NO.30

6.2 Containment technology development: Prototyping full-scale canister models and

structural verification tests
@ Action items and results (estimated and actual)

e. Evaluation methods used in the structural verification tests (1/8)

(i) Method used in the structural analysis
A structural analysis (post-test analysis) that simulated the test conditions of the structural verification test was performed, and the result of the
analysis was compared with the result of the test to evaluate the validity of the post-test analysis. It was conducted to evaluate the certainty of the
analysis method (including analysis code, analysis model, and analysis conditions) that can simulate the structural integrity of the canister.
The floor of the model used for the post-test analysis was configured to simulate the properties of the floor of the actual test facility, and the
position of the canister during falling was set to be the same as that at the time of collision that had been recorded by a high-speed camera in the
test. A theoretical value was used for the collision velocity since collision velocities were nearly equal to theoretical values in all test cases.

(Drop test in a vertical position, the test sample was a canister with the simple installation structure, inner diameter of
400 mm, and without air supply mechanism.)

Filter _ <Analysis code> | <Initial conditions>
Lid  General purpose finite element method analysis
software: |
LS-DYNA | Position
Inner lid . Concrete block y ) Collision during
| (13.3 m Iong x 10 m wide X 2 m thiCk) Test conditions Test piece velocity ((‘Ii::;rs]i%n
<Materials> | angle)
. Additional steel plate Simple mounting
Canister content Part Material | Temperature | (3mlong X 1.5 m wide X 0.02 m thick) | Strgquret 13.3mls 07°
simulant . Dropina nner diameter:
C t SUS316L
anister | . vertical 400 mm
Metal filter SUS316 Room | Canister position Bolt structure
Cable entry ) temperature | Inner diameter: 13.3m/s -2.9°
Canister content o 220 mm
Body flange simulant $45C (25°C) |
Lid fixing bol SUS630 | Simple mounting
id fixing bolt . structure o
| Drop in an Inniro%ieri:ln:ter: 13:3mis o7
<Other conditions to be considered> | inclined
+ Gap between the lid and the flange in an . position Bolt structure
axial direction | Inner diameter: 13.3m/s 60.8°
(Use actual measurements of test samples) . 220 mm
+ Eccentricity of the lid in a radial direction | Floor made of a rigid material Simple mounting
se actual measurements of test samples ropping a structure .
AU t fIb urem ht f test | | Base steel plate Dropping & nture 11.7mis 0
Buffer structure « Amount of bouncing of the canister content . P f nner diameter:
simulant | (7.5mlong X 4.5mwide X 0.05 m thick) cai?;gﬁ; . 220 mm
(Use a theoretically calculated value) | vertical Bolt structure
: . H iti Inner diameter: 11.7m/s 0°
Ei Analvsi del | : Figure: Analysis model position 400 mm
igure: Analysis model (test sample) | (test sample and drop test floor) <Contaci conditionss

Friction coefficient: 0.3

— |
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No.31

6.2 Containment technology development: Prototyping full-scale canister models and

structural verification tests

® Action items and results (estimated and actual)

e. Evaluation methods used in the structural verification tests (2/8)

(ii) Results of the analysis of test sample movement in the drop test (1/3)
Among the parameters that describe the movement of a test sample in a drop test, those that are related to the evaluation of energy
used for the deformation of the test sample were compared to evaluate the reproducibility of the movement in an analysis model.

1) Canister drop test in a vertical position (typical example: a canister with the bolt structure, inner
diameter of 220 mm, and without air supply mechanism)

The following hypotheses were used: the kinetic energy of the canister right before the
collision is all converted into the strain energy of the buffer structure in its most deformed
state, and then it is converted into energy absorbed by the buffer structure due to its
deformation and the kinetic energy of the canister’'s bouncing movement. The validity of
the analysis of the load acting on the test sample was examined by comparing_the amount
of the deformation of the buffer structure &’ and the bouncing velocity v' obtained from the
analysis with those obtained from the test.

Right before collision In the most

deformed state

Right before bouncing

v=0

5
W’:f Fdx
0

E: Kinetic energy right before collision
h : Drop height

v: Collision velocity

W' Strain energy of the buffer structure

F Load acting on the buffer structure (test sample) & Amount of the deformation of the buffer structure right
x: Amount of the deformation of the buffer structure after the canister’s bouncing
& Amount of the deformation of the buffer structure  v': Initial velocity of the canister’s bouncing movement

in its most deformed state E": Kinetic energy of the canister’s bouncing movement
W: Energy absorbed by the buffer structure

E=W=W +E'
Figure: Canister movement in a vertical drop test

1RID

The amount of the deformation of the buffer structure and the velocity of bouncing right after the
occurrence of its most deformed state, both of which are associated with the movement of the test
sample in the drop test, were compared between those obtained from the test and from the
analysis. Difference in the maximum bouncing velocity was approximately 2% between the results
from the test and analysis, which suggests that the analysis accurately simulates the movement of
the test sample in the drop test in a vertical position.

e Bouncing velocity

Comparative item Test results Ui @ (PO Difference
test analysis

Maximum bouncing velocity

after the most deformed state WS LB ke RS LG ke 20
¢ Amount of the
deformation of
the buffer
structure
51mm

Figure: Comparison of the height of the buffer structure in its
most deformed state between the test and post-test analysis
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No0.32

6.2 Containment technology development: Prototyping full-scale canister
models and structural verification tests

@ Action items and results (estimated and actual)

e. Evaluation methods used in the structural verification tests (3/8)
(ii) Results of the analysis of canister movement in the drop test (2/3)
2) Canister drop testin an inclined position (typical example: a canister with the simple installation
structure, inner diameter of 400 mm, and air supply mechanism)

When the canister is dropped in an inclined position, the buffer structure absorbs the
kinetic energy in the primary collision, and then the test sample turns to the inclined

direction (rotational movement). It was hypothesized that the rotational kinetic energy

of the test sample right before the secondary collision produced by this rotational
movement would be the collision energy of the lid section against the floor.

The validity of the analysis of the energy transferred to the test sample was
examined by comparing the angular velocity and collision angle obtained from the
analysis with those obtained from the test.

Between the primary and Before the secondary collision

secondary collisions

Before the primary collision

E =mgh 2

1 S5
=-mv szFdx
2 0

w :Angular velocity
: Inertia moment
6 : Secondary collision angle

Load acting on the buffer
structure (test sample) I

E :Kinetic energy right before collision  F:
h :Drop height

v :Collision velocity X :
W : Strain energy of the buffer structure

Amount of the deformation of

the buffer structure

&:  Amount of the deformation of
the buffer structure in its most
deformed state

K : Rotational kinetic energy

E-W=K

Figure: Canister movement in a drop test in an inclined position

TRID

The angular velocity of the test sample right before the secondary collision and the angle of
the secondary collision, both of which are associated with the movement of the test sample
in the drop test in an inclined position, were compared between those obtained from the
test and from the analysis. Difference in the angular velocity was approximately 0.5%
between the results from the test and analysis, and the angles of secondary collision were
also nearly equal, which suggests that the analysis accurately simulates the movement of
the test sample in the drop test in an inclined position.

* Angular velocity before the secondary collision

Comparative item Test results RESILLS 6f pqst- DT EER
test analysis ce

Angular velocity before the
secondary collision

20.5 rad/s 20.6 rad/s 0.5%

* Secondary collision angle

Figure: Comparison of the secondary collision angle between the test and
post-test analyses
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6.2 Containment technology development: Prototyping full-scale canister models and structural

verification tests _
@ Action items and results (estimated and actual)

e. Evaluation methods used in the structural verification tests (4/8)
(ii) Results of the analysis of canister movement in the drop test (3/3)
3) Result of the test of dropping a canister on another canister in a vertical position (typical example: canisters
with the simple installation structure, inner diameter of 220 mm, and without air supply mechanism)

The following hypotheses were used: the kinetic energy of the canister right before the
collision is all converted into the strain energy of the buffer structure in its most deformed
state, and then it is converted into energy absorbed by the buffer structure due to its
deformation and the kinetic energy of the canister’'s bouncing movement. The validity of
the analysis of the load acting on the test sample was examined by comparing_the amount
of the deformation of the buffer structure 6’ and the bouncing velocity v' obtained from the
analysis with those obtained from the test.

The amount of the deformation of the buffer structure and the velocity of bouncing right after the
occurrence of its most deformed state, both of which are associated with the movement of the test
sample in the drop test, were compared between those obtained from the test and from the
analysis. Difference in the maximum bouncing velocity was approximately 6% between the results
from the test and analysis, which suggests that the analysis accurately simulates the movement of
the test sample in the drop test in a vertical position.

* Bouncing velocity

Comparative item Test results REELIIE @i pqst- Difference
test analysis

Right before collisign In the most deformed state Right before bouncing
Maximum bouncing velocity
after the most deformed Max.: 1.35 m/s Max.: 1.43 m/s 6%
state
0 * Amount of the deformation of the buffer structure
V=
E' =-mv'?
5
0 fv’ Dropped canister
test sample

i
!

!

I

!

!

!

!

!

!

_ !

W’=f8,Fdx 2 I
W= | Fdx o |
|

!

!

!

!

!

!

!

!

!

I

64.2 mm
E Kinetic energy right before collision F Load acting on the buffer structure (test & Amount of the deformation of the buffer
h : Drop height sample) structure right after the canister’s bouncing
v: Collision velocity x: Amount of the deformation of the buffer ~ v": Initial velocity of the canister’s bouncing
W Strain energy of the buffer structure structure movement
& Amount of the deformation of the buffer ~ E’: Kinetic energy of the canister’s bouncing
structure in its most deformed state movement
W* Energy absorbed by the buffer : :
structure E=W=W +E' Canister test sample hit
by the dropped test
sample
Flg ure: Canister movement in a vertical d rop test
Dropped canister test  Canister test sample hit by
sample the dropped test sample {} 123 mm
_— e Figure: Comparison of the height of the buffer structure in its most

‘ Rl D deformed state between the test and post-test analysis
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No0.34

6.2 Containment technology development: Prototyping full-scale canister models and

structural verification tests

@ Action items and results (estimated and actual)
e. Evaluation methods used in the structural verification tests (5/8)
(iii) Result of the evaluation of the certainty of analysis related to safety functions (1/4)
1) Canister drop test in a vertical position (typical example: a canister with the bolt structure, inner
diameter of 220 mm, and without air supply mechanism)

The relative displacement of the lid to the flange in an axial direction, which relates to the
confinement performance of the canister, was compared between those obtained from the
test and from the analysis. The maximum difference in the relative displacement of the lid
to the flange in an axial direction is approximately 14% of the acceptable value.

¢ Relative displacement of the lid to the flange in an axial direction

Comparative item Test resultis Results of pgst-test DI Acceptable
analysis value

Relative displacement of the lid

to the flange in an axial v 0.'17 mm v 0.'28 mm
R Residual Residual 0.11mm 0.8 mm
displacement: No displacement: No
1
Point at 60° angle Analysis results
. Test results
e 05
E
2 [ -
g 0 —4 |‘\¢r;-‘.b-r-_,“,~ R e e ——————— ———
[}
[S]
8
o
L 05
(]
-1
0.000 0.005 0.010 0.015 0.020
Time [s]

Figure: Comparison of the relative displacement of the lid to the flange in
an axial direction between the test and post-test analyses

TRID

Changes in the inner diameter of the body and its strain, which relate to the criticality prevention
performance, were compared between those obtained from the test and from the analysis.

A significant difference was not found in changes in the inner diameter of the body between the
results of the test and of the analysis. Strains in the central part of the body in a circumferential
direction also showed similar results between the test and analysis. These results suggest that the
analysis can be used to evaluate the ability to maintain the criticality prevention performance.

1 *Inner diameter of the body

Comparative item Test results Resul;glfy[;?sst-test Acceptable value

Inner diameter of the Max.: 223 mm Max.: 220 mm

body

245 mm or less
(Target: 232.5 mm or less)

No significant
difference

e Strain of the body

1000 _
Point at 45° angle Analysis results
—Test results
500
= !
I: /U‘n A \ 1l \ ] ‘i‘ 1‘%;*’”& .‘&‘ ‘w} e Ay m
.E 0 “b\' { Iy\. v"l'nw !j \ A‘% \s‘ww
a {
-500
-1000
0.000 0.005 0.010 0.015 0.020
Time [s]

Figure: Comparison of the strain of the body in a circumferential
direction between the test and post-test analyses
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No0.35

6.2 Containment technology development: Prototyping full-scale canister models and

structural verification tests
@ Action items and results (estimated and actual)

e. Evaluation methods used in the structural verification tests (6/8)
(iii) Result of the evaluation of the certainty of analysis related to safety functions (2/4)
2) Canister drop test in an inclined position (typical example: a canister with the simple installation
structure, inner diameter of 400 mm, and air supply mechanism)

The relative displacements of the lid to the flange in an axial direction and in a radial direction, which relate to the confinement
performance of the canister, were compared between those obtained from the test and from the analysis. The maximum differences in the
relative displacement of the lid to the flange were approximately 44% of the acceptable value in an axial direction and approximately 11%
of the acceptable value in a radial direction. The wave forms and the timings of displacement peak occurrence in the test result and post-
test analysis result well accord with each other, which suggests that the post-test analysis accurately simulates the movement of the lid in
both axial and radial directions. The margin for the acceptable value is small, therefore it will be necessary to set a reasonable margin
when analysis evaluation is performed.

¢ Relative displacement of the lid to the flange in an axial

direction

Comparative item Test results Re=H [DOSHES! Difference Gocenils Comparative item Test results RIS pc_Jst-test Difference Gouehibls
analysis value analysis value

Relative

displacement of Max. 1.64 mm Ma:ggslif.?;m Ma’;é:e;ﬂiigl’“"‘
the lid to the Residual displacement: di . " .
flange in an axial 0.9 mm isplacement: 0.7 displacement: -0.2
direction mm mm
2 .
Point at 25° angle
g 1 I A -
£ VA
- )
s 4 |
[} o
5}
8
7]
a -1
-2
0.000 0.020 0.040 0.060 0.080
Time [s]

Figure: Comparison of the relative displacement of the lid to

0.8 mm

Analysis results

— Test results

0.100

¢ Relative displacement of the lid to the flange in a radial

direction

Relative

the flange in an axial direction between the test and post-test

TRID

analyses

displacement of Max.: 1.54 mm Maé‘ 1.':3 m Ma;': 9309 o
the lid to the Residual displacement: . __esidua - . Residua - 0.8mm
flangein a radial 0.6 mm S m e o m"':'"' g
direction
2
Point at 180° angl‘e Analysis results
i Test results
£ W
= ‘ |
c . ¢ p " i\ &
A, \ | | L L\
g 0 : 4 =] \ v\ ',y‘ S
) il
Q
<
7
2
-2
0,000 0,020 0,040 0.060 0.080 0,100
Time [s]

Figure: Comparison of the relative displacement of
the lid to the flange in a radial direction between the
test and post-test analyses

Changes in the inner diameter of the body and its strain, which
relate to the criticality prevention performance, were compared
between those obtained from the test and from the analysis. A
significant difference was not found in changes in the inner
diameter of the body between the results of the test and of the
analysis. Strains in the central part of the body in a circumferential
direction also showed similar results between the test and analysis.
These results suggest that the analysis can be used to evaluate
the ability to maintain the criticality prevention performance.

¢ Inner diameter of the body

Com_paratlve Test results eSS i pqst- Difference Acceptable value
item test analysis
No

Inner
diameter of
the body

425 mm or less

Max.: 402 mm Max.: 403 mm significant (Target: 412.5 mm or less)™

difference

o Strain of the body Note 1: This target value is temporary because a dimension that can maintain

sub-criticality for 400 mm canister is not known yet

2000 -
Point at 135° angle Analysis results
Test results
1000
—_ |
= d ‘ i)
£ aminad sl Liub bl ol naiadt A0 IV P ﬁ
s 0 9 .,,,,‘rvul;’ﬁnw‘wv‘ww 1 r{-ﬁ'}%&'&; 11Fy|
7] I, |
-1000
-2000
0.000 0.020 0.040 0.060

Time [s]
Figure: Comparison of the strain of the body in a
circumferential direction between the test and post-test
analyses
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No0.36

6.2 Containment technology development: Prototyping full-scale canister models and

structural verification tests

@ Action items and results (estimated and actual)
e. Evaluation methods used in the structural verification tests (7/8)
(iii) Result of the evaluation of the certainty of analysis related to safety functions (3/4)
3) Result of the test of dropping a canister on another canister in a vertical position (typical example: canisters
with the simple installation structure, inner diameter of 220 mm, and without air supply mechanism)

The relative displacement of the lid to the flange in an axial direction and the strain of the
lid fixing bolts in an axial direction, both of which relate to the confinement performance of
the canister, were compared between those obtained from the test and from the analysis.
The maximum difference in the relative displacement of the lid to the flange in an axial
direction is approximately 14% of the acceptable value.

e Relative displacement of the lid to the flange in an axial direction

Comparative item Testresults Results of post-test analysis Ac‘\:/?ljlzzble

Max. in the dropped sample:
0.04 mm

Max. in the dropped sample:

0.27 mm Dropped sample: 0.23
mm

Relative displacement of the lid to the

flange in an axial direction Residual displacement: No

Max. in the sample being hit:
0.06 mm
Residual displacement: No

Residual displacement: No
Max. in the sample being hit:
0.02 mm
Residual displacement: No

Sample being hit: ~0.03 Q0w

mm

Point at 300° angle of the dropped canister test sample Point at 300° angle of the canister test sample being hit

Analysis
results
Test results

Analysis results

Test results
05 05

4.5

Displacement [mm]
Displacement [mm]

-1
0.000 0.030 s
0.000

0.005 0010 001s 0020 0025
0010 0015

Time [s]

0005 0020 0025

Time [s]

Figure: Comparison of the relative displacement of the lid to the flange in an axial
direction between the test and post-test analyses

TRID

0.030-

Changes in the inner diameter of the body and its strain, which relate to the criticality prevention
performance, were compared between those obtained from the test and from the analysis.

A significant difference was not found in changes in the inner diameter of the body between the results
of the test and of the analysis. Strains in the central part of the body in a circumferential direction also
showed similar results between the test and analysis. These results suggest that the analysis can be
used to evaluate the ability to maintain the criticality prevention performance.

* Inner diameter of the body

Comparative item Test results ResuI:‘glfy;;ti)sst-test Acceptable value

Max. in the dropped sample:

222 mm ¥ ZAD I 245 mm or less
Inner diameter of the body . " . (Same value for both No significant difference i
Max. in the sample being hit: (Target: 232.5 mm or less)
223 mm samples)

e Strain of the body

Point at 180° angle of the dropped canister test sample

Point at 180° angle of the canister test sample being hit

1000 1000
Analysis results Analysis results
Test results Test results

500 500

= T ; i

= o MONAS A vT———y S o N i

£ o AW WA UMt £0 PR A s

7 &

500 -500

-1000 1000

0.000 0.005 0.010 0.015 0.020 0.000 0.005 0.010 0.015 0.020
Time [s] Time [s]

Figure: Comparison of the strain of the body in a circumferential direction between
the test and post-test analyses
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6.2 Containment technology development: Prototyping full-scale canister models and

structural verification tests

@ Action items and results (estimated and actual)

e. Evaluation methods used in the structural verification tests (8/8)
(iii) Result of the evaluation of the certainty of analysis related to safety functions (4/4)

4) Summary of evaluation results
The relative displacement of the lid to the flange, which relates to the confinement performance of the canister, was compared
between those obtained from the test and from the analysis. It was confirmed that the maximum displacements and residual
displacements from the two methodologies roughly accord with each other with a difference of 0.6 mm or less. However, it will be
necessary to set a reasonable margin due to small margins for the acceptable values, when analysis evaluation is performed.
Changes in the inner diameter of the body and its strain, which relate to the criticality prevention performance, were compared
between those obtained from the test and from the analysis. It was confirmed that the said values from the two methodologies roughly
accorded with each other and the analysis could be used for the structural verification.

Table: Summary of the validity evaluation of structural analysis (comparison of test and analysis results)

: : L : L L Dropping a canister on another canister in a
Drop in a vertical position Drop in an inclined position ) "
vertical position

" : Evaluation method Simple mounting Simple mounting Simple mounting
functions analysis results structure £l SiniE structure £l similie structure

Safety Comparison items between test results and

Bolt structure
" Inner diameter: . Inner diameter: . Inner diameter:
Inner diameter: Inner diameter: Inner diameter:
220 mm 220 mm 400 mm
400 mm 400 mm 220 mm

Dropped sample: Dropped sample:

0.08 mm
Max. value 0.09 mm 0.11 mm N0'23 e (No residual
Relative displacement of the lid to the flange s U o -0.35 mm 0.28 mm (W resii displacement)
. o ' (Residual (No residual (No residual displacement) A
in an axial direction ) : B (0.6 mm) (0.2 mm) 1 oo i Sample being hit:
. displacement) displacement) displacement) Sample being hit: 0.06 mm
Confinement -0.03 mm (no residual No residual
displacement) ( 0 residua
displacement)
Relative displacement of the lid to the flange L _value 0.09 mm 0.00 mm™
; o : (Residual - -
in aradial direction . (0.6 mm) (0.4 mm)
displacement)
I S - Lo No significant No significant
Inner diameter of the body MR vglue e §|gn|f|cant NS .S|gn|f|cant NS _S|gn|f|cant NE ;lgmflcant difference on both difference on both
L comparison difference difference difference difference
Criticality samples samples
prevention Occurrence ) . ) ) . )
. Roughly accord with  Roughly accord with  Roughly accord with  Roughly accord with  Roughly accord with  Roughly accord with
Strain of the body tendency
comparison each other each other each other each other each other each other

Note 1: The result of comparison on this item will be used for reference purpose only as the bolt structure has no sealing function in a radial direction.
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6.2 Containment technology development: Prototyping full-scale canister models and

structural verification tests
@ Action items and results (estimated and actual)

f. Study of the specifications and structural design of the canister (1/2)

(i) Proposal of the specifications and structural design of the canister

As a result of the drop tests and structural analysis, it was confirmed that all types of canister structure design that had been developed and proposed were
robust enough to maintain their safety functions (such as confinement and criticality prevention). Therefore, it was concluded that the proposed specifications and
structural designs did not have to be changed. As to the cover of the air supply mechanism, however, it was decided to be removed taking into account the risk of
it causing damage in the piping when heavily deformed and the need of visual inspection.

The following two methods are proposed as the final design of the lid: the “simple installation structure” that uses a threaded lid that allows it to be opened and
closed by turning itself and the “bolt structure” that uses fixing bolts as a popularly used fixing method and has a proven record in remote control at TMI-2 and
other facilities.

Lid <D

Z (simple _:-/3' o
installation ] 7 ;
structure) ! 0

Lid (bolt structure)

Air supply mechanism
Body

Unit can

Fuel debris - .
Main dimensions

* Outer diameter: approx. 0.3 m
e Inner diameter: approx. 0.2m |
* Height: approx. 1 m :

Buffer structure

Bolt structure™

Simple mounting structure™ ) L -
(Inner diameter of 220 mm and with air supply mechanism)

(Inner diameter of 220 mm and without air supply mechanism)
Figure: Proposed structure of a canister (typical example)

. . . . . . L for Nuclear Decommissioning
Note 1: In the cross-sectional view, the lid, body, unit can, fuel debris, etc. are color coded for identification of the components.
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6.2 Containment technology development: Prototyping full-scale canister models and
structural verification tests
@ Action items and results (estimated and actual)

f. Study of the specifications and structural design of the canister (2/2)
(ii) Proposed structural design of a canister
A total of 8 plans are proposed for the design of the canister. Those are the combinations of the following three
options: type of the lid structure (simple installation structure or bolt structure), inner diameter of the body
(220 or 400 mm), and with or without air supply mechanism.

Vent mechanism

) Lid €00 e
&AL . ¢a. d Fr- ‘] 9| .SI | e 5 .‘.l‘:. .

. A i Hot air |
| eaig | BOCY " Bhausy a0
| _e30 ]z i 2400 2400
‘1 " a 2 5 Air supply 4 :'; =N
s £ ~' mechanism &
Hot air drying
(Air supply)
| > U
0 ! - : W Buffer ] A R R A L
" ! J | | ' | " || ) : t ! 1§ A 1 t r
: ! 1 1 | { ' Y | ' | structure ¢ s : - T - { : 1 ! 0 T .
[T ¢ 4 T ¢ g Y114 ] | 8] [T l I
. ! ! ! ’ ’ T . . ~ Lo o ' | - | T -' - ¥ ¥ o . T .
Inner diameter: 220 mm Inner diameter: 400 mm Inner diameter: 220 mm Inner diameter: 400 mm Inner diameter: 220 mm Inner diameter: 400 mm Inner diameter: 220 mm Inner diameter: 400 mm
Simple mounting structure Simple mounting structure Bolt structure Bolt structure
(without air supply mechanism) (with air supply mechanism™ 2) (without air supply mechanism) (with air supply mechanism™ 2)

Figure: Proposed structural design of a canister (total 8 types)

Note 1: The air supply mechanism is used as air supply and exhaust piping when fuel debris and other removed materials are dried by hot air after being packed in the canister. The proposed process flow of handling them specifies the
method to dry them in unit cans as the main process.

Note 2: It was decided not to use the cover of air supply mechanism taking into account the risk of it causing damage in the piping when heavily deformed and the need of visual inspection.
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6.2 Containment technology development: Prototyping full-scale canister models and
structural verification tests

@ Contribution of outcomes to relevant study areas
The proposed specifications and structure design of the canister are expected to contribute to facilitating the design
and prototyping of the canisters applicable to operations at the 1F. They are also expected to contribute to the design
of facilities related to the canister, such as the extended building, storage facility, and handling devices.

® Analysis with respect to the on-site applicability

The proposed specifications and structure design of the canister have been developed and evaluated taking into
account how it will be handled in the process from packaging to storage at the 1F and events that may occur on them
during the process. Therefore, there should not be any issue in on-site applicability.

It must be noted that measures to prevent the fall of the canister or to limit its lifting height need to be taken by
devising equipment and processes if the canister design with the simple installation structure is used in operations at
the actual site because there was a problem of a lid with the simple installation structure not being able to be opened
after a drop test in an inclined position.

® Goal achievement level
It can be concluded that goals have been achieved since the following criteria were met:
» The structural integrity of the hypothetically proposed specifications and designs of the canister must have been
verified by structural verification tests or analysis.
» The specifications and designs of the canister must have been proposed based on the result of structural
integrity evaluation.

|
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6.2 Containment technology development: Prototyping full-scale canister models and

structural verification tests

@ Issues to be addressed
Issues to be addressed toward the final design of the canisters used in operations at the 1F were listed based on the
specifications and designs of the canisters proposed in this subsidized project.

Table: Issues to be addressed toward the use of the designed canisters in operations at the 1F

“ Issues When to work Concrete actions Remarks
ont

Containment of fuel debris Development The proposed specifications and designs of the canisters were developed based on the assumption that they would contain fuel Being studied in
in a powder, slurry, or debris in a particle or lump form with a size of 0.1 mm or more. Therefore, the specifications and designs may need to be changed the succeeding
sludge form if the canisters need to contain fuel debris in a powder, slurry, or sludge form. subsidized
project
2 Performance assessment  Development Fuel debris in a powder form may get airborne inside the canister during various operations and handling (such as drying) if it is Being studied in
of canister filters mixed into the canister along with those in a particle or lump form. Such airborne powder may cause the degradation of the filter's  the succeeding
hydrogen gas exhausting performance and filter clogging. The influence of fuel debris in a powder form on the filter performance subsidized
(such as clogging and performance degradation) will need to be investigated. project
3 Drying fuel debris and Development The air supply mechanism will be used to supply and exhaust drying air when the method to dry fuel debris while it is in the
other removed materials or final design canister is used. There is a concern that the process time of this method may be longer than that of the chamber method (drying
while they are in the fuel debris while it is in the unit can).
canister When the process time of the in-canister drying method is found to be unacceptably long as a result of the drying apparatus
performance test, the design of air supply mechanism will need to be changed.
4 Verification of the Development The evaluation of the performance of exhausting hydrogen gas generated by the radiolysis of water is performed by calculation
calculation-based or final design based on Fick’s first law, which is the basic law on the diffusion of substances. It is desirable to verify the result of the calculation
evaluation of hydrogen by element tests or the like.
gas exhaustion
performance
5 Investigation on the port Final design A design plan to add an inner lid to the main body of the canister was proposed as a measure to suppress the contamination as
between cells (equivalent much as possible during handling of the canister from the port between cells to the fastening of the lid. It will be necessary to
to a double door) develop the specifications of the port between cells (equivalent to a double door) and its detailed design by reference to the
double door technology used in existing products and developed in other subsidized project.
6 Simplification of the Final design A conservative approach was taken in the development of the proposed specifications and designs of canisters because the
canister or operation properties of fuel debris were not well known and the development and design of canister handling facility and equipment had not

reached a detailing phase. Production costs will also need to be considered in the final design of the canisters. For example, the
buffer structure may be eliminated if the falling accident of the canister can be avoided by devising canister handling equipment.
Simplification of the canister will be possible by reexamining the requirements for the canister and devising alternative ways to
handle it.

|
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6.2 Containment technology development: Prototyping full-scale canister models and
structural verification tests

Summary

As part of the containment technology development, planning of the structural verification
test, design and prototyping of canisters (test samples), and the structural verification test
and the evaluation of the test results were performed based on the safety requirements for
the canister.

In addition, the results of the structural verification tests were compared with the results
of the structural analysis with respect to the movement of the test sample during a drop
test, the relative displacement of the lid with respect to the flange and changes in the inner
diameter and strain of the body, all of which relate to the maintenance of safety functions,
to evaluate the applicability of the analysis. Both results showed reasonable agreement
with each other, which suggested the applicability of the analysis method.

As the result of the structural verification tests and structural analysis, it was confirmed
that the developed specifications and design of the canister were robust enough to
maintain the safety functions (such as confinement and criticality prevention).

The final plan of the specifications and design of the canister was proposed based on the
results of the structural verification tests and structural analysis.

[ N ESS
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~6. Implementation Details
6.3 Development of technology for transfer of fuel debris No.43
(1) Study of methods to predict hydrogen generation

@ Purpose and Goal

To propose a method to predict hydrogen generation suitable for 1F fuel debris conditions, to propose a predicted
value of hydrogen generated in a canister using the method to predict hydrogen generation, and to propose a
transfer condition plan based on the predicted value of hydrogen generation.

For this purpose, in addition to the results of studies conducted so far, the results of past research will be
investigated and analyzed, the past methods to predict hydrogen generation will be analyzed, and the factors
greatly affecting hydrogen generation gas will be analyzed. Moreover, as necessary, the data to be used for
evaluation will be obtained by testing for hydrogen generation.

@ Comparison with existing technology
The effect of alpha rays during the radiolysis of water has been confirmed, but there are few reported findings on a
system coexisting with beta rays and gamma rays, including those from TMI-2. Therefore, a study must be
conducted considering the conditions peculiar to 1F.
It is particularly necessary to study the method for setting the energy absorption rate and its validity verification
method, since it is believed that this factor has a large effect on the evaluation of the hydrogen generation amount.

3
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~6. Implementation details
6.3 Development of technology for transfer of fuel debris
(1) Study of methods to predict hydrogen generation

® Action items and results (estimated and actual)
a. ldentification of actions necessary to clarify the conditions (tentative idea) of fuel debris

transport (1/2)
The conventional methods™ to estimate a hydrogen generation amount use a conservative approach where all radiation energy is used
for the radiolysis of water (Ru2max)- It sets an excessively tough hurdle for the conditions of fuel debris transport.
In reality, not all radiation energy is used for the radiolysis of water due to the self-shielding effect of fuel debris. To set practical
conditions for the design of a fuel debris transport system and process (which should be easier to meet), the self-shielding effect of fuel
debris is taken into consideration in estimating a hydrogen generation amount. Specifically, the self-shielding effect of powder
(Ruz2(pHiTS)powder) IS Used if fuel debris is in a form of fine particles. In addition, a particle size-dependent self-shielding effect (Ruz@eHiTs)d) is
used. Then, an energy absorption rate is derived by particle transport calculation using the said effect representing parameters.
It was decided to use “PHITS™” developed mainly by JAEA as the code for particle transport calculation in the calculation of an energy
absorption rate because it was not strictly bound by the laws and regulations of export control and easy to use with respect to calculation

condition input and result output. Table: Energy absorption rates used in FY2018 project and the
conditions of fuel debris transfer derived by them™

. Time for a hydrogen concentration . _(_:ond.mons Ol TSP .
Evaluation Energy o (Evaluation conditions: A hydrogen concentration must be
H2(|||aX) L to reach 4 vol% o ‘ :
method absorption rate less than 4 vol%, and time spent for transport is 7 days)

No.44

The number of canisters in a

. Vent transfer cask must be reduced to
TeEl diEEien Ao 009 dhay AP 05 dgy opened Sealed one, and the amount of fuel debris
(Riznan) Crpre A0m) (- e, 70 in the canister must be reduced to

50% of its capacity.

Particle transport . .
. Vent The number of canisters in a
TMI'Z. galellalon ApETeL O268y | ARSI 1.7 s opened Sealed transfer cask must be reduced to
Evaluation (Approx. 5.5 h) (Approx. 41 h) e
formulas (Riz(pHiTs)o.1mm)

alel uolelauab
uabolipAH

No restrictions are imposed.

In addition, the canisters can be
completely sealed if the amount of
fuel debris in the canister is
reduced to approximately 80% of
its capacity.

Vent

Test results Approx. 5.8 days Approx. 43 days opened Sealed

(Riizgeesty) (Approx. 139 h) (Approx. 1,029 h)

N RH2(PHITS)powder
H2(PHITS)0.1mm
R 1 Note 1: Including the results of research in and outside Japan and the method to estimate a hydrogen generation amount
H2(test) T T B W T B Au Ll Lol L used for the high-level waste tank of the U.S. Savannah River National Laboratory
PR Note 2: A Monte Carlo calculation code to simulate various radiation behaviors in substances using nuclear reaction models
0 0001 0 001 0 01 ] 0 1 N 1 10 and nuclear data, cited from Tatsuhiko Sato, Yosuke lwamoto, et al., “Features of Particle and Heavy lon Transport
. . . N /' code System (PHITS) version3.02,” J. Nucl. Sci. Technol. 55 (5-6) (2018): 684-690
Part | c | es | Zed [m'l'.n] Note 3:  FY2018 Accomplishment Report of the FY2016 Supplementary Budgets Based Subsidy Project, “Decommissioning
and Contaminated Water Management: R&D for Fuel Debris Containment, Transfer, and Storage Technologies,”
published by the International Research Institute for Nuclear Decommissioning (IRID), a technology research

|
‘ Rl D Figure: lllustrated relationship between hydrogen association, in June 2019

. . . Note 4: It was hypothesized that a transfer cask would accommodate 12 canisters.
generation rate and particle size




~6. Implementation details
6.3 Development of technology for transfer of fuel debris

(1) Study of methods to predict hydrogen generation

® Action items and results (estimated and actual)
a. ldentification of actions necessary to clarify the conditions (tentative idea) of fuel debris
transport (2/2)

It was decided to evaluate how conservative the result of PHITS-based calculation was in comparison with actual phenomena by
comparing energy absorption rates obtained from hydrogen generation tests with those obtained by PHITS-based calculation to assess
the validity of the estimation of an energy absorption rate using PHITS.

There was an idea to use the result of a hydrogen generation test performed in FY2018 using spent fuel pellet particles as a reference
for the validation. However, the said result was found not to be suitable for such use since the possibility of the contact of the pellet
particles and air bubbles in the boundary layer between the pellet particles and test water, both of which are factors to reduce a
hydrogen generation rate, having affected the test result was found in a reexamination. Therefore, the results of tests in FY2018 were
considered not to be suitable for the assessment of the validation of energy absorption rate estimation due to the possibility of lack of
conservativeness.

This issue raised the need for a hydrogen generation test described below. The basic concept of the test is to use particles whose size
and radioactivity are known and to cause the particles to float in the test water by agitating the water to eliminate the influence of the
contact of the particles and air bubbles in the boundary layer between the particles and the water.

No0.45

[Hydrogen generation test with spent fuel pellets]

Test L
The purpose of this test is to prove that a x/ container § e valve
hydrogen generation rate calculated using a Test g 5
system that uses an energy absorption rate for 200 @) 2 d
each type of rays estimated by PHITS-based E 5
yp .y . y. . Spent fuel d . . . ‘ £
calculation as input values is fairly conservative ¢y TR
compared with test results (hydrogen generation particle T ) AL i
rate). Figure: Illustration of a test Particle size [mm]
system with spent fuel Figure: Illustration of the expected

result of the test with spent fuel

|
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S No0.46

6.3 Development of technology for transfer of fuel debris

(1) Study of methods to predict hydrogen generation
@ Action items and results (estimated and actual) Pressure nicator Manipulator

Spent fuel
pellet particle

b. Performing hydrogen generation tests (1/3) ‘ g |
(i) Conditions of hydrogen generation tests with spent fuel : @;

Tests with spent fuel pellet particles of different particle sizes are planned to
investigate the particle size dependence of hydrogen generation rate. To eliminate the
influence of the contact of the particles and air bubbles in the boundary layer between
the particles and water, the water will be agitated to cause the particles to float in it. In
addition, two types of test water are prepared to investigate the influence of the
recombination of generated hydrogen into water: one with recombination inhibitor
halogen ions added in it and the other without such halogen ions. Further, tests with
and without agitating the test water are planned to investigate the influence of

agitation.

Test container

Figure: Photos of the hydrogen generation test with

Table: Test conditions of the hydrogen generation tests with spent fuel spent fuel

Case No. Outlines =
Weight Amount of test water Type of test water

Particle size:
S approximately 0.015 mm Rl
Particle size:

approximately 0.1 mm 0.123mm

Case 2

Case 3 Particle size: 0.415mm

approximately 0.3 mm Approxima
Particle size: tely 10 g
approximately 0.1 mm,

Case 4
pure water
0.123mm

Particle size:
Case 5 approximately 0.1 mm
Agitation—No

Case 6 Blank test No

Agitation | Test environment Test period U 22
of tests
4

10 and 20 days

Halogen ions—Yes™ * Gas phase: air 10 and 31 days 3%
Approximately 30
times of the total Yes s
volume of pellet Initial inner 10, 20, and 31 days 4
particles pressure
(Effective agitation approximately 1
must be provided) Halogen ions—No™ atm 10 and 20 days 2
Temperature:
No room temperature 31 days 1

Halogen ions—Yes™ 3

Same as Cases 1-5 Yes 10 days 1

Note 1: Particle sizes below are volume average diameters derived from the results of SEM analysis performed on spent fuel pellet particles before the tests.
_ Note 2: Artificial seawater (equivalent to a chloride ion concentration of 5.6 X 10-4 mol/L, 20 ppm) and sodium iodide (1.0 % 10_4 mol/L iniodide ion concentration) are used as additives.
Note 3: The pH value of the test water is controlled between 9 and 10 by adding a pH adjusting agent (NaOH) to suppress the clumping of particles. te for Nuclear Decommissioning
l RI D Note 4: The pellet particles used in the tests of cases 4 and 5 are reused.



6. Implementation detalls
6.3 Development of technology for transfer of fuel debris

(1) Study of methods to predict hydrogen generation

® Action items and results (estimated and actual)
b. Performing hydrogen generation tests (2/3)

(i) Results of hydrogen generation tests with spent fuel

The results of the hydrogen generation tests with spent fuel demonstrated that the estimated hydrogen generation rates of fine
particles based on a linear model that uses energy absorption rates estimated by PHITS-based calculation as input values
(RuzrHITS)powder) Were fairly conservative compared with the test results. Thus, the effectiveness of the hydrogen generation rate
estimation by the PHITS-based calculation was demonstrated.

Meanwhile, the results of the tests to investigate the particle size dependency of a hydrogen generation rate showed a considerable
variation with the upper limit of variation (10) exceeding RuzrHiTs)d at some particle sizes, whereas the estimated RH2(PHITS)d was
demonstrated to be fairly conservative compared to the test results with respect to average values.

No.47

0.0007 , , ,
Hydrogen generation rate of fine particles (RuzpriTs)powder)
0.0006 Table: Legends of plotted data
Hydrogen generation rate that
takes into account its particle Halogen L Water/UO>
0.0005 } size dependence . Agitation . Source
gl—g\derroagii%r;] (RH2(PHITS)d) ions volume ratio
rate 0.0004 } O Yes Yes 33
[L/(h- o None Yes 33 This study
100gUO0)] 0.0003 } [ ) Yes None 33
A Yes None 14 Results of hydrogen
0.0002 * Yes None 1 generation tests with
spent fuel in FY2017—-
| Yes None 1
0.0001 | % \ —
0 L E L 4 L .
0.001 0.01 0.1 1 10

Size of spent fuel pellet particles (mm)

Figure: Test result: Relationship between hydrogen generation rate and particle size ©International Research Institute for Nuclear Decommissioning

1RID



6. Implementation details
6.3 Development of technology for transfer of fuel debris

(1) Study of methods to predict hydrogen generation

® Action items and results (estimated and actual)
b. Performing hydrogen generation tests (3/3)

(iii) Evaluation of the results of hydrogen generation tests with spent fuel
Cause analyses performed on the variation of the hydrogen generation rates obtained in the tests to investigate the particle size
dependency of the said rate, which was so large that the upper limit of variation (10) exceeded the values of RuopHiTs)d at some
particle sizes, were investigated. Based on the result of the investigation, the hydrogen generation rates obtained by the tests were
corrected and used for the evaluation of the validity of RH2(PHITS)d.

Factor 1: Particle size reduction due to the fracture of particles
= It was confirmed by SEM images taken after the tests that the particle size had reduced to a range of 0.005—

No0.48

00007 - - . 0.256 mm. A particle size of 0.1 mm was adopted as the particle size after fracture to hypothetically estimate
Hydrogen generation rate of fine particles (RruaHirs)powder) the effective particle size after fracture.
'''''''''''''''''''''''''''''''''' Factor 2: The occurrence of grain boundary widening to increase contact surface between particles
0.0006 and water (practically the same as the particle size reduction)
Hydrogen generation rate = The S_EM images qf the particl_es’ su_rface taken ;_after the tes_ts_ suggested the occurrence of gra@n boundgry
00005 | that takes into account its widening. A reduction of a particle size to one-third of the original size was adopted to hypothetically estimate

the effective particle size after the occurrence of grain boundary widening.
Factor 3: Increase in the effective particle size due to the clumping of particles
/ (RH2(PHITS)d) = The pH value of the test water was near the point of zero charge after the test, so there is a possibility that

particle size dependence

Hydrogen 15 0004 |

generation the particles had clumped due to a van der Waals force. An increase of a particle size to 1.2 times larger
rate than the original size was adopted to hypothetically estimate the effective particle size after the occurrence of
L/(h- - clumping.
1059802)] 0.0003 . N Factor 4: Reduction in hydrogen generation rate due to the sedimentation and adhesion of particles
' = The test water was observed to be opacified at a level indicating a good agitation condition. Thus, the
0.0002 } Factors4ands ) | ! agitation of the test water can be considered appropriate. A reduction of a hydrogen generation rate by 10%
- /T\ l ~ was adopted to hypothetically estimate the influence of the particles’ sedimentation and adhesion.
| 1‘ 'I’ 3 Factor 5: Reduction in hydrogen generation rate due to the recombination reaction of Pd and Rh
00001 § ,l, Factors 1 and 2 = Pd and Rh contained in spent fuel is approximately 0.12 wt.%. A reaction rate constant k of 1.3 x
Factor 3 | ) 103m/min™t x 1/477°2 was adopted for Pd and Rh catalyzed recombination of hydrogen to hypothetically
0 | = K | estimate the reduction of a hydrogen generation rate due to the presence of Pd and Rh.
0.001 0.01 0.1 1 10 i i -

Size of spent fuel pellet particles (mm)

Figure: Test result (after correction): Relationship between
hydrogen generation rate and particle size
Note 1: Cited from S. Nilsson, M. Jonsson, J. Nucl. Mater, 372, p. 160 (2008)

Note 2: The ratio of the volume of the test water (30 mL) to the gas phase volume of the test container (279 cm?3)
was taken into account based on Henry’s law.

I_R'D Figure: SEM image before and after test Figure: SEM image before and after test
(particle size: 0.415 mm) (particle size: 0.123 mm)



6. Implementation detalls
6.3 Development of technology for transfer of fuel debris

(1) Study of methods to predict hydrogen generation

® Action items and results (estimated and actual)

c. Study of methods to predict hydrogen generation
The canister is designed to contain fuel debris with a size of 0.1 mm or more as an approximate target. However, that with a size less
than 0.1 mm will possibly be mixed in unintentionally. To stay on a safer side under limited information on the properties of fuel debris
including its particle size, it is recommended to use RuzpHiTs)powder, the estimate of the hydrogen generation rate of powder and the
most conservative estimate.

Evaluation method: Linear model

No0.49

Ry prirs)powder = Ruz prrrs)powder@)™ Rz cprirsypowder)™ Ruz cprirs)powder)

Rz prirsypowdery™ Eiy X P X M X C X Fpgirsypowder(i) X G
Ruzprirsypowder: Nydrogen generation rate; Ry, pnirs)powdery: NYdrogen generation rate for each type of rays; E: decay heat; P: peaking
factor; M: weight of fuel debris; C: ratio of fuel contained in fuel debris; F(PHITS)powder(i): energy absorption rate; G(i): hydrogen

{ generation G value; i: type of rays, a, B, and y J

The use of RuopHITS)d, €Stimate of a hydrogen generation rate that takes into account the effect of a particle size, which makes it
possible to estimate the volume of hydrogen generated from fuel debris with a particle size larger than powder, will be a practical
method when the properties of fuel debris including its particle size are known from measurement in the fuel debris removal project,
or the size of fuel debris contained in a canister is controlled by devising the design of the unit can (such as using a sieve to prevent
fuel debris smaller than a certain size from remaining in the unit can) in the future.

Evaluation method: Linear model

Ry, (PHITS)d ~ Ry, (PHITS)d(@) T Ry, (PHITS)d(B)™ Ry, (PHITS)d(v)

a
Ry corirsyagy™ Eqy X P X M X C X (Fprirsypowder (i) X Too T Fpuirsya (i) X %) X G

Rizerirs)powder: Nydrogen generation rate; Ry, puirsypowderiy: Nydrogen generation rate for each type of rays; Eg;: decay heat; P: peaking
factor; M: weight of fuel debris; C: ratio of fuel contained in fuel debris; F(PHITS)powder(i): energy absorption rate of powder, G(i):
hydrogen generation G value; i: type of rays, a, B, and y; a: weight ratio of particle portion to powder portion, b: weight ratio of particles
with a size of d to total fuel debris

|
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6. Implementation details
6.3 Development of technology for transfer of fuel debris Wate\r
(1) Study of methods to predict hydrogen generation

3\
@ Action items and results (estimated and actual)

d. Estimation of hydrogen generation amount in a canister
» The amount of hydrogen generated in a canister that contains fuel debris was estimated using a linear

No0.50

Partlcle\

« A pellet particle is placed in the exact center

mOdeI of a cube.
. ) o . . . . L . « Each nucl?de is uniformly distributed in the
 The following condition was used for fuel debris: it consists only of UO> fuel debris that originates in fuel e o eume of moisture to be dried is

loaded in the 1F-1 (a burnup of 40GWd/t and 10-year cooling period). il
* 50 vol% for the volume of dewatering and 1.1 vol% (= 0.1 wt.%) for the volume of moisture to be dried were

used for the volumes of water in PHITS calculation.
Table: Conditions and results of the estimation of

Target volume of moisture Target volume of moisture to

Figure: PHITS calculation
system

Volume of water  Volume of dewatering Volume of dewatering Volume of dewatering io be dried be dried
(Volumeratio)  (Particles:water = 1:1%)  (Particles:water = 1:1) (Particles:water = 1:1?) L o L P
Energy (Particles:water = 91:17) (Particles:water = 91:17)
absorption rate Particle size Particle size distribution  Particle size distribution (powder Particle size distribution
distribution Powder (powder with 0.1 mm  with 0.1 mm and a few mm particles Powder (powder with 0.1 mm particles
(Estimated by particles mixed in)™ mixed in)™® mixed in)™
PHITS 0.250 0.133 0.021 0.004 0.004
saleulziion L a-ray: 0. a-ray: 0. a-ray: 0. a-ray: 0. a-ray: 0.
Estimat ) Es“mat('g)i‘lres“'ts B-ray: 0.160 B-ray: 0.142 B-ray: 0.064 B-ray: 0.002 B-ray: 0.002
cs::g::gzg y-ray: 0.158 y-ray: 0.134 y-ray: 0.058 y-ray: 0.002 y-ray: 0.002
Decay heat (E) Estimates based on burnup calculation results (a-ray: 0.113 W/kg UO2, g.ray: 0.383 wikg U02, and y-ray: 0.221 Wikg U02)*7
Peaking factor (P) Estimates based on burnup calculation results (a-ray: 2.35, g-ray: 1.56, and y-ray: 1.56)*8
Weight of fuel debris (M) Design value (72.9 kg for the canister with an inner diameter of 220 mm)
Ratio of fuel contained in fuel
debris (C) Max. value (1)
Hydrogen generation G value (G) Values cited from literature (a-ray: 1.3 molecules/100 eV and B-ray and y-ray: 0.45 molecule/100 eV)*9
Estimation . I e e . -
— Hydrogen generation rate (Ru2) 1.6%1016L/h/Bq 1.1x10-*¢ L/h/Bq 3.4x1017 L/h/Bq 2.3%x1018L/h/Bq 2.2%x1018L/h/Bq

Note 1: A margin of error of 21% was set for estimates because calculation was performed so that the statistical error of PHITS calculation results was less than 1%.

Note 2: This ratio was set based on the result of dewatering tests in FY2016 (maximum amount of residual water).

Note 3: This volumeratio was set based on 0.1 wt.% for the target volume of moisture to be dried, 11 g/cc for the density of the pellet particles, and 1 g/cc for water density.

Note 4: It was assumed that particles with a size of 0.1 mm were placed in a canister to its maximum capacity and powder filled the gap between the particles. (The composition ratios of powder and 0.1 mm particles were 26% and 74%, respectively)

Note 5: This particle size distribution was hypothetically used based on the particle size distribution obtained from simulant fuel debris (the composition ratios of powder, 0.1 mm particles, 1 mm particles, and 4 mm particles being 4%, 8%, 12%, and 76%, respectively) that was reported in the Accomplishment Report
of the FY2014 Yy Based idy Project, “D issioning and C i Water Cl ization of Fuel Debris,” i by the Internati i for Nuclear D issioning (IRID), a technol research association, in May 2017.

Note 6: It was considered to be difficult to validate the energy absorption rate of particles with a size of a few mm by tests.

Note 7: The calorific values of main nuclidein the 1F-1 for each type of rays were quoted from Tables 5, 8, 11, 43, 45, and 47 in the report below and summed up: Nishihara, K., lwamoto, H. and Suyama, K., Estimation of Fuel Compositions in Fukushima-Daiichi Nuclear Power Plant, JAEA-Data/Code. 2012-18,
published by the Japan Atomic Energy Agency in September 2012. Note that no margin of error was set because the values of decay heat used in the estimate were those for the maximum burnup by applying peaking factors to make the estimate conservative.

Note 8: These peaking factors were set for each type of rays taking into account those for each type of rays derived based on the data described in the report cited in Note 7 above. (The ratio of the maximum decay heat to the mean decay heat for a-ray and the ratio of the maximum burnup to the mean burnup for B-
and y-rays)

Note 9: hese G values were set by reference to Hilbert Christensen and Erling Bjerghbakke, NUCLEAR AND CHEMICAL WASTE MANAGEMENT, Vol.6, pp. 265-270, TABLE 2, APPRICATION OF CHEMISIMUL FOR GROUNDWATER RADIOLYSIS (1986). Note that a margin of error of £10% was set taking into account
variation in data among different literatures.




~6. Implementation detalls
6.3 Development of technology for transfer of fuel debris

(1) Study of methods to predict hydrogen generation

® Action items and results (estimated and actual)
e. Study of the conditions of fuel debris transfer (1/2)
(i) Results of the estimation of hydrogen released from a canister through
the vent port by diffusion

» The amount of hydrogen released from a canister through its vent port by diffusion was estimated to examine whether the
hydrogen concentration in the canister could be maintained at 4 vol% or less. This estimation was conducted to evaluate the
feasibility of canister design.

+ Estimated hydrogen concentrations in the canister were less than 4 vol% in the estimation scenarios P3 (taking into account  ynit can
the particle size distribution extending to a few mm sizes) and P4 and P5 (given moisture content being equal to the target
volume of moisture to be dried). In these scenarios, the feasibility of canister design was demonstrated.

No.51

Hydrogen Coupler

Filter (open)

Figure: Diffusion evaluation model
Table: Results of the estimation of hydrogen released by diffusion

Energy absorption rate Estimated hyqrogen
Hydrogen concentration

eenarios i i generation rate Remarks
scenarios Vil 6 W . . e Estimation results (L//BQ) Hydrogen
a-ray B-ray y-ray (vol%)

Volume of dewatering
P1 (The ratio of particles to Powder 0.250 0.160 0.158 1.6%1016 6.4 x
water is 1:1.)

VRIS i G/ NG Powder with 0.1 mm particles

P2 (The ratio of particles to . . 0.133 0.142 0.134 1.1x1016 4.4 x
L mixed in
water is 1:1.)
Volume of dewatering Powder with 0.1 mm and a
P3 (The ratio of particles to few mm particles mixed in 0.021 0.064 0.058 3.4%x1017 14 (o]
water is 1:1.)
Target volume of moisture to
be dried g6
P4 . . Powder 0.004 0.002 0.002 2.3%10 0.1 (o]
(The ratio of particles to
water is 91:1.)
Target volume of moisture to
p5 _be dried ) Powder W|th_0.1 mm particles 0.004 0.002 0.002 2 %1018 01 o
(The ratio of particles to mixed in

water is 91:1.)

An estimation scenario in which an energy
Total absorption (reference)™ 1.00 1.00 1.00 8.0x1016 22.8 x absorption rate of 1 (total absorption) is used for
all types of rays

E—
Note 1: The energy absorption rates of total absorption were set to be 1 for a- and B-rays and 0.02 for y-ray (values used in the estimation that too ©International Research Institute for Nuclear Decommissioning
l Rl D account of the particle size distribution) in the estimation in FY2018. Those rates were set to be 1 for all types of rays in the reestimation in

FY2020 to provide a conservative and accountable result.
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6.3 Development of technology for transfer of fuel debris
(1) Study of methods to predict hydrogen generation Transfer cask Coupler (open)

No0.52

. . . ®1700mm*
@ Action items and results (estimated and actual) Coupler (closed)  [<€ // >||
e. Study of the conditions of fuel debris transfer (2/2)
(i) Results of time estimate allowed for canister/ E
transfer cask to be completely closed and sealed S
» The feasibility of fuel debris transfer was examined using hydrogen generation rate -
estimates. If the canister and transfer cask could be completely sealed for 7 days (168 h) R
or longer, the feasibility was considered to be confirmed. If not, additional restrictions to [ ] _ _ : o, : )
be met were suggested. Figure: Conceptual 12 units of real-size canisters’ * Temporary dimension
» The feasibility of transfer was confirmed in estimation scenarios P4 and P5 (scenarios image of time Figure: Conceptual image of a system to
with fuel debris after dewatering). estimate allowed for estimate a period allowed for a transfer
» The feasibility of transfer was confirmed in estimation scenarios P1 to P3 subject to real-size canister to cask to be completely sealed
imposing additional restrictions (scenarios with fuel debris without dewatering). be completely
closed

Table: Results of the evaluation of transfer conditions (time allowed for complete closure and sealing)

Time for a hydrogen concentration to reach 4 vol% ConGliiiEms 6 e

(Evaluation conditions: A hydrogen concentration must be less than 4 vol%, and time for
transport is 7 days.)

In the canister In the transfer cask™ Additional restrictions to be met*

Estimation Volume of water Hydrogen generation rate

scenarios (Volume ratio) PTGl SFe s e (L/h/BQq)

Volume of dewatering

" i g Approx. 0.2 day Approx. 2 days Vent opened The number of canisters in a transfer cask must be
16
P1 (The ratio ofispi.r?(;Ies to water Powder 1.6%10 (Approx. 6 h) (Approx. 53 h) Sealed R i Py
Volume of dewatering . . .
5 , Powder with 0.1 mm G Approx. 0.3 day Approx. 3 days Vent opened The number of canisters in a transfer cask must be
72 ekt ofispz;-rtllc)les Lol ater particles mixed in LI (Approx. 8 h) (Approx. 710 h) el reduced to five.
Volume of dewatering Powder with 0.1 mm and .
P3 (The ratio of particles towater ~a few mm particles mixed 3.4%107 Approx. 1 day Approx. 11 days Vent opened Sealed None (gotethat the vent of the canister must be
is 1:1,) i (Approx. 27 h) (Approx. 259 h) opened)
Target volume of moisture to be
dried <5 Approx. 17 days Approx. 161 days Completely L .
) (The ratio of particles to water P 2 (Approx. 404 h) (Approx. 3,853 h) closed el D HESHIEIONS &1 HifPeestl
is 91:1.)
Target volume of moisture to be
dried Powder with 0.1 mm 6 Approx. 17 days Approx. 162 days Completely - .
7 (The ratio of particles to water particles mixed in 222tl (Approx. 407 h) (Approx. 3,882 h) closed Seaed W FESITEHERS &I ipeses)
is 91:1.)
The number of canisters in a transfer cask must be
Total absorption (reference)” 8.0x10°16 A’zz;,%xrb?('ofﬁ)ay Qﬁz;ﬁz;{o'fld;y Ve eppened Sealed reduced to one, and the amount of fuel debris in a

canister must be reduced to 70% of its capacity.

Note 1: It was assumed that 12 canisters would be placed in a transfer cask as a basic plan. (See page 4/8 of Supplement-1: Basic conditions of development of the canister for details)
Note 2: The energy absorption rates of total absorption were set to be 1 for a- and B-rays and 0.02 for y-ray (values used in the estimation that took account of the particle size distribution) in the estimation in FY2018.
Those rates were set to be 1 for all types of rays in the reestimation in FY2020 to provide a conservative and accountable result.
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6.3 Development of technology for transfer of fuel debris
(1) Study of methods to predict hydrogen generation

No0.53

@ Contribution of outcomes to relevant study areas
The results of the study described in this section, such as the estimates of hydrogen generation and
the proposed additional restrictions on the fuel debris transfer system, are expected to contribute to
the planning of operation procedures for the canister transport and storage, design and production of
the vent port of the canister, and study on hydrogen gas process equipment, all of which are
essential to fuel debris removal operations at the 1F.

® Analysis with respect to the on-site applicability
It is necessary to find a way to combine the methods developed in this project effectively, including
fuel debris dewatering methods to reduce hydrogen generation, gaining a margin by hydrogen
catalyst, and the determination of the feasibility of fuel debris transfer based on the measurement of
a hydrogen concentration before transfer, not to mention the method to estimate hydrogen
generation, to apply the outcomes to operations at the 1F.

® Goal achievement level
It can be concluded that goals have been achieved since the following criteria were met:
« A method to estimate hydrogen generation suitable for the conditions of fuel debris must have

been proposed.
» Conditions for fuel debris transfer must have been presented based on the estimates obtained

by the proposed hydrogen generation estimation method.

|
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6.3 Development of technology for transfer of fuel debris
(1) Study of methods to predict hydrogen generation

No.54

@ Issues to be addressed
Issues to be addressed toward the final design of the canisters used in operations at the 1F were listed based on the

method to estimate hydrogen generation proposed in this subsidized project.
Table: Issues to be addressed toward the use of the designed canisters in operations at the 1F

No. SES When to work Concrete actions Remarks
on*!
1

Provision of Final design Once the particle size distribution of actual fuel debris becomes available by measurement, or the
accurate data on Or the phase of  design of the unit can that can control the particle size of fuel debris placed in the canister (such as
particle size operation using a sieve to prevent fuel debris smaller than a certain size from remaining in the unit can)
distribution process design becomes specific, efforts should be made to reduce hydrogen generation by estimating it with a linear
model using PHITS calculation-based particle size-dependent energy absorption rates.
2 Characterization of Final design Once the decay heat, ratio of fuel contained in it, and source intensity of actual fuel debris become
fuel debris or operation available by measurement, efforts should be made to reduce hydrogen generation by estimating it with

a linear model using values based on the above-mentioned measurements as the inputs of the model.
Note 1: Development for technical development phase, final design for final design engineering phase, and operation for after actual use of the canisters at the 1F

Summary

Items and procedures that affect the constrains imposed on the design of a fuel debris transfer system with respect
to the permissible amount of hydrogen generation were studied as a part of the development of fuel debris transfer
technology by studying hydrogen generation estimation methods including research of knowledge in Japan and
overseas and hearing with experts. Hydrogen generation tests were also performed using spent fuel to validate
energy absorption rates and applicability of a linear model used to estimate them, which affects the estimation of
hydrogen generation.

Based on the results of the above-mentioned study, a method to estimate an energy absorption rate using a linear
model and PHITS that fits the properties of fuel debris and is needed to estimate hydrogen generation, estimates of
hydrogen generation in final design canisters using the said method, and conditions for safe fuel transfer were studied
and proposed.

_— LSS
l Rl D Olnternational Research Institute for Nuclear Decommissioning
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6.3 Development of technology for transfer of fuel debris
(2) Study on hydrogen measures

No.55

@ Purpose and Goal
» Studies are being conducted centering on early drying treatment in order to control the hydrogen generated from fuel debris during
transfer, but as a backup the method of recombining hydrogen with oxygen by means of a catalyst will be studied.

» As per the studies conducted so far, it is necessary to consider the following as the environment inside the canister:
O Humid environment: To continue the recombination reaction, it is necessary to promptly remove the moisture generated by hydrogen
recombination.
O Room temperature environment: The recombination reaction cannot take place easily.
O High radioactivity: The water-repellent treatment for removing moisture tends to deteriorate easily.

* The studies conducted up to FY 2018 have revealed that the catalyst applied during the water-repellent treatment may be able to handle
the environmental conditions inside the canister as well.

+ Based on the above, the hydrogen recombination performance of the catalyst (platinum-based catalyst with a particle size of
about 3 mm and water-repellent treatment applied) identified in the study last year, will be evaluated mainly focusing on the flow
velocity of the gas passing through the catalyst.

* The amount of hydrogen generation or the internal structure of canisters, etc. was not determined in the recent studies, but case studies
were conducted in accordance with the hydrogen generation amount for the current canister design and the effectiveness of
hydrogen measures has been exhibited.

@ Comparison with existing technology

* In case of the TMI-2 fuel debris canisters, the catalyst believed to be effective at that point in time was adopted, but water-repellency was
not considered.

» Various catalysts have been developed in Japan, and last year, operation tests were conducted under humid and room temperature
environments for catalysts available in Japan, a catalyst with a powerful water-repellent treatment was selected, and radiation resistance
of 7 days or more, which is the transfer period, was confirmed.

l D Olnternational Research Institute for Nuclear Decommissioning
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6.3 Development of technology for transfer of fuel debris

(2) Study on hydrogen measures

@ Implementation items and results (Estimated and actual)

Canister Lid

PR #—Oimensions of the
Fl\ﬁlmeter of %ﬁ#

catalyst layer

Set the necessary amount as
per the performance of the
catalyst.

Gas flow

e

The hydrogen which reaches
the vicinity of the catalyst layer
reaches the surface of the
catalyst due to convection and
diffusion of the combustion
heat of hydrogen and burns
up there.

Hydrogen concentration

on the catalyst layer

The concentration of hydrogen on
the surface of the catalyst layer is
obtained from the amount of
hydrogen generated (set on the

basis of the test)
Distribution of hydrogen

concentration

The concentration of hydrogen in the
fuel debris is obtained from the
amount of hydrogen generated
(calculated by evaluating diffusion)
— Expansion of hydrogen

The hydrogen in the debris will mainly

canister body/
Unit can

(for containing fuel
debris)
—

1RID

diffuse and reach the vicinity of the
catalyst layer

Location of catalyst allocation
(to be added if required)

Basic approach

No0.56

The performance of the catalyst (reaction rate coefficient) depends on the
parameters such as the flow velocity. Hence evaluate the effectiveness of
the catalyst by understanding about it from the flow-type reaction rate

evaluation test.

Study methodology

a. Study of Catalyst

~F

b. Detailed study of flow
characteristics inside
the canister

~

c. Study on catalyst
allocation

Figure. Image diagram of hydrogen diffusion inside the canister

: Study on catalyst performance under

environmental conditions such as the flow
velocity conditions, etc. by conducting tests.

: Based on restrictions in a storage area,

design of the canister, and other conditions
including those related to hydrogen
generation, the distribution of hydrogen
concentration in the canister is estimated
with respect to flow and diffusion, and a
dominant part is identified with respect to
hydrogen concentration. (In reality, only
diffusion was taken into consideration since
it was known to be dominant.)

: An effective position of the catalyst is

determined with respect to hydrogen
concentration based on the position and
amount of the catalyst suggested by the
actions described in Paragraphs a. and b.
above.

Olnternational Research Institute for Nuclear Decommissioning
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6.3 Development of technology for transfer of fuel debris
(2) Study on hydrogen measures

No.57

@ Implementation items and results (Estimated and actual)
a. Study of catalyst (1/3)

A test to evaluate the effect of the following gas conditions on the overall reaction rate constant of catalytic hydrogen

and oxygen recombination reaction is performed using a hollow tube filled with a catalyst and test gas flowing through

it with different conditions (gas flow-type reaction rate measurement test) to derive a formula to estimate the overall

reaction rate constant of the said reaction in an atmosphere defined by the environmental conditions: flow rate

(superficial velocity), gas temperature, hydrogen concentration, and the concentration of catalyst poisoning materials.
Reaction vessel

Gas Hydrogen
concentration

Hydrogen and |Measurement Reaction vessel

oxygen mixed |
9ae / Exhaust
N
L4
-’ ]

X

Hydrogen
concentration

measurement

L
Catalyst Therr]moztatic
(Installed inside) / chamber
Catalyst

Figure. Concept of flow-type reaction rate evaluation test

Refer the following slides (Supplements) on the detailed procedure for calculating the overall reaction rate coefficient from the reaction
rate obtained by the flow-type reaction rate evaluation test.

S T e e e e e ]
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6.3 Development of technology for transfer of fuel debris
(2) Study on hydrogen measures

No0.58

(Supplement) Method for calculating the reaction rate formula and overall reaction rate coefficient

The formula for calculating the overall reaction rate coefficient K from the reaction rate (concentration change amount per unit time) and
reaction efficiency rate n is shown below:

Reaction equation : H, +1/20, - H,0

reaction rate when expressed as primary Notel :—1r=KCy, =K=S5VIn (ﬁ)

-r: reactionrate  K:Overall reaction rate coefficient C,,:Hydrogen concentration

Coo: Oxygen concentration C,,0: Inlet hydrogen concentration n:Reaction efficiency rate
SV: Space velocity (=Q/Vcat) Q: Gas flow rate Vcat: Volume of catalyst layer

As space velocity (SV) is the ratio of gas flow rate (Q) and amount of catalyst (Vcat: volume of catalyst layer), the effectiveness of hydrogen
measures can be evaluated or confirmed by setting the amount of catalyst and its placement according to the following procedure.

- Testing stage: As reaction rate coefficient depends on environmental conditions such as temperature and flow velocity, the estimation

formula of the overall reaction rate coefficient is constructed by calculating the overall reaction rate coefficient from the reaction rate
corresponding to the space velocity and these conditions.

- Amount of catalyst in canister / placement study stage: The required reaction rate is set based on the hydrogen gas concentration and

hydrogen generation amount inside the canister, and the amount of catalyst is set based on the estimation method of the reaction rate
coefficient.

3¥1:Y.IWAI et.al, Journal of NUCLEAR SCIENCE and TECHNOLOGY, vol.48, No.8, P.1184-1192

| T e e e e ]
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6.3 Development of technology for transfer of fuel debris
(2) Study on hydrogen measures

® Action items and results (estimated and actual)

a. Study of catalyst (2/3)

» Outlines of the results of overall reaction rate constant estimation with different parameter settings
An environmental condition with a temperature of 10°C, humidification, and a hydrogen concentration of 100 ppm, which could be assumed to occur in the canisters
designed in this project, was adopted to estimate the overall reaction rate constant of the catalytic recombination reaction because the test results suggested that it
would provide the most conservative estimate. At present, the inside of the canister is planned to be purged by nitrogen gas after putting fuel debris in it. Therefore,
it is assumed that the inside of the canister is filled with an oxygen and hydrogen mixed gas at a ratio of 0.5 due to the radiolysis of water. Based on this
assumption, the estimate of the reaction rate constant with the said ratio being 0.5 was adopted to study the position of a catalyst in the canister as it would be the
most conservative estimate.

Table: Oxygen and hydrogen recombination tests with catalyst: Test conditions and results

Values of the parameter used in the

Parameters
test

Outlines of results

Temperature (°C) 30, 50 » The reaction rate constant K increased with the increase of temperature.

The shown temperature dependency accords with the Arrhenius equation, which suggests that catalytic reaction
is the rate-limiting factor rather than mass transfer.

= Using a lower temperature will result in a conservative estimation of the overall reaction rate constant.

EE e e )

Superficial velocity LV r-0_03, 0.07, 0.14, 0.28, 0.42 1  The effect of the gas flow rate on the reaction rate constant K was small in a temperature range below 10°C.

(m/s) S ———————— - — = LV-dependency is small.
Hydrogen 200, 500, 1000, 10000 » Without humidification, the reaction rate constant K decreased with the increase of hydrogen concentration within
concentration (ppm) a range of 100-1,000 ppm, but increased at 10,000 ppm.

Temperature rise due to reaction heat is the cause.
» With humidification, the minimum reaction rate constant was observed at 100 ppm.
= Using humidification and a hydrogen concentration of 100 ppm will result in a conservative
estimation of the overall reaction rate constant.

Ratio of 0.25 1.5, 1900 » The reaction rate constant K increased with the increase of the ratio of oxygen/hydrogen concentrations and
oxygen/hydrogen showed the peak value at the ratio of 1.5.
concentrations » However, the reaction rate constant K decreased under excessive oxygen.
=) = An oxygen/hydrogen ratio of 0.5 was adopted for the estimation of the reaction rate constant based on the
radiolysis of water (H,0—H,+0.50,).
Humidification * The reaction rate constant K decreased with humidified gas (almost 100% RH).
——— = Using humidified gas will provide the most conservative estimate.

Environmental conditions with rectangular frames are those
l R' D considered conservative for catalyst position study. ©International Research Institute for Nuclear Decommissioning
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6.3 Development of technology for transfer of fuel debris
(2) Study on hydrogen measures

@ Action items and results (estimated and actual)
a. Study of catalyst (3/3)

The effect of humidity is shown below as one of the results of the representative test cases.

* The reaction rate constant K decreased with the increase of the hydrogen concentration when dried gas was used.
The reaction rate turned to an increasing trend at a hydrogen concentration of 10,000 ppm and more.
It can be inferred that the effect of temperature rise due to reaction heat cancelled or even surpassed the effect of water produced by
recombination reaction.

» Similarly, the reaction rate turned to an increasing trend at a hydrogen concentration of 10,000 ppm when humidified gas (almost 100%
RH) was used.

= Areaction rate constant K measured in the condition with a hydrogen concentration of 100 ppm and humidified gas, which was
equal to 2, was adopted as the most conservative condition for the study of the catalyst position with respect to hydrogen
concentration and humidity.

10.0 @ With dried gas (1)
9.0 W With dried gas (2) <Test condition>
8.0 | With humidified gas Reaction vessel: gas flow-type, catalyst: TKK-H1P, temperature:
7.0 } 10°C, H2 concentration: 100-10,000 ppm, ratio of O2/H2: 0.5
K value decreased due to water T .
6.0 | Tty eonivalen Humidification: No/Yes

5.0 \ (+8° C, wet) LV: 0.14 m/s, SV: 50,000/h, thickness of catalyst bed: 10 mm
40 VMo \

3.0 " S~ Q _—m
2.0{\5 > e

This K value (=2) is sufficiently K value increased due to a decrease in the area of the
1 . 0 conservative considering the use of catalyst surface covered with water produced by

humidified gas. recombination because of its evaporation by reaction heat.

K [sec_l]

100 1,000 ) 10,000
Hydrogen concentration [ppm]

Figure: Effect of hydrogen concentration

|
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6.3 Development of technology for transfer of fuel debris
(2) Study on hydrogen measures

@ Action items and results (estimated and actual)

b. Concentrate distribution in canister (1/3)

* Concentration at the entrance of the catalyst bed
A hydrogen concentration at the entrance of the catalyst bed was estimated using the value of Ry,prirs)powder
derived based on the assumption that 100% UQO2 fuel debris is placed in the unit can at a filling rate to its capacity
of 30 vol% and then the unit cans are placed in the canister, and based also on the assumption that all the fuel
debris is in a powder form that was suggested by the outcomes of actions described in the section, “(1) Study of
methods to predict hydrogen generation,” and shown in the graph below.
The results of the estimation showed that the hydrogen concentration at the entrance of the catalyst bed would be
0.02 vol% at a maximum and sufficiently lower than its lower explosive limit (4 vol%). Thus, it can be concluded
that the capacity of the catalyst is sufficient.

4.0

[¢)
L w 3 -
+— G_) 2.2
T2
c 3.0
o =
T 8 2.5
5 8
c O
[CRNOREN 2.0
O c o
c = S

— =
8% 1.5
c O

o
o 2 1.0
og »
S c 0.5
> 0 0.011 0.017 0.019
T "

0.0
Catalyst: Dried Catalyst: Catalyst: Dried condition and
condition Humidified poisoning materials mixed in
(k=4.5) condition (k=1.6)
(k=1.9)

Figure: Hydrogen concentration at the entrance of the catalyst layer
' D Olnternational Research Institute for Nuclear Decommissioning
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6.3 Development of technology for transfer of fuel debris

(2) Study on hydrogen measures

@ Action items and results (estimated and actual)
b. Concentrate distribution in canister (2/3)

As described in the previous slide, the hydrogen concentration at the entrance of the catalyst bed would be sufficiently lower than its
lower explosive limit (4 vol%). Based on this result, a hydrogen concentration in the canister was reestimated with the same conditions
as those in the previous slide and assumption that the hydrogen concentration at the entrance of the catalyst bed was zero to simplify
the estimation. The result of the reestimation showed that the hydrogen concentration in fuel debris would be less than 1 vol% and
sufficiently lower than its lower explosive limit. Thus, a result that supported the feasibility of the canister design with a sufficient margin
was obtained even taking into account hydrogen concentration at the entrance of the catalyst.

800

700 |

600 |—\

500 |

400

Height [mm]

300 |

200 |

100 |

0.85v0l%

0 1 2 3
Hydrogen concentration [vol%]

Height of canister: 800 mm

360mm

|

| Max. hydrogen concentration

S
EJE Gap between the lid and catalyst bed

Catalyst bed
(Diameter: 220 mm, thickness: 10 mm)

Fuel debris

(The thickness of the UC is
ignored, and the outer
diameter of 210 mm is
hypothetically used to
calculate its capacity.)

Canister

Figure: Hydrogen concentrate distribution in canister
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6.3 Development of technology for transfer of fuel debris
(2) Study on hydrogen measures

@ Action items and results (estimated and actual)
b. Concentrate distribution in canister (3/3)

(Supplement) Methodology to calculate the effective diffusion coefficient of hydrogen gas in the catalyst bed and fuel debris layer
By reference to a case study on gas diffusion in soil, the Marshall’'s equation was applied because of its wide applicability. (See the Figure below.)
Effective diffusion coefficients of hydrogen gas were calculated for the catalyst bed and fuel debris layer by the method described below.

* Catalyst bed: The dimensions of the bed were set to be g 220 mm X 10 mm corresponding to an inner diameter of 220 mm of the canister. An
effective diffusion coefficient De was estimated for the catalyst layer by using a void ratio of 0.36 based on the packed condition in the catalyst
performance test.

* Fuel debris layer: A void ratio of 0.70 was used for the fuel debris layer based on a packing efficiency of 30 vol% of the canister. An average diffusion
coefficient weighted by the flow passage area D,, was calculated using the values of De in each layer and a hydrogen diffusion coefficient in gas phase
D, in the gap around fuel debris (annulus).

Effective diffusion ;g IS " N (N N A /) [ O : .
Author of literature coefficient calculation oa N RN TN N Y N (Y~ 9 —M‘”'":‘I‘l’" And:Quirk

formula ' Marsha
Millington and Quirk! D,/D, = &*/3 e 1T 1T 1 | | / ' —Wesseling
Marshall(2 D,/Dgy = £3/2 g o ' | / ] e
Wesseling3 D,/Dy = 0.9¢ — 0.1 .0 ‘ 0 i NS
Penman!4 D. /Dy = 0.66¢ 804 — 1T 122 T T ;
Van Bavel® D,/Dq = 0.6¢ 03 ==wratandionco
Akagi and Kondo!® D,/D, = 2.5¢*% 4+ 0.04 0.2 ——Buckingham
Buckingham!7! D,/D, = & 0.1 [Note]
D,: Hydrogen diffusion coefficient in an ordinary gas phase [m?%s] 0.0 The ranges of the data plotted in the

graph for each calculation formula

00 01 02 03 04 05 06 07 08 09 1.0 correspond to the applicable range of

D.: Effective diffusion coefficient that takes into account the void ratio of the packed
layer and the curvature of the flow passage [m?/s]

&: Void ratio [] Void ratio [-] the void ratio (the range of the
Figure: [Exar}nples of formulas to calculate an effective diffusion coefficient in a packed layer ~ experimental database).
Source

(1) R.J.Millington, J. P. Quirk, Transport in porous media, Transactions of 7th International Congr. Soil Sci. 1 (1960) 97-106.

(2) Marshall, T. J., The diffusion of gases through porous media, J. Soil Sci. 10 (1959) 79-82.

(3) J. Wesseling, Some solutions of the steady state diffusion of carbon dioxide through soils, Neth. J. Agr. Sci. 10 (1962) 109-117.

(4) H.L.Penman, Gas and vapor movements in soil: The diffusion of vapours through porous solids, J. Agric. Sci. 30 (1940) 437-462.

(5) Van Bavel, Gaseous diffusion and porosity in porous media, Soil Sci. 73 (1952) 91-104.

(6) Hirokazu Akagi, Satoshi Kondo, Diffusion properties of hydrogen gas in soil and method to measure it, 44th Conference of Japan Geotechnical Society (2009): 919-920
(7)  E. Buckingham, Contributions to our knowledge of the aeration of soils, USDA Bur. Soil Bul. 25 (1904) 7-52.

l Rl D Olnternational Research Institute for Nuclear Decommissioning



6. Implementation details No.64

6.3 Development of technology for transfer of fuel debris
(2) Study on hydrogen measures

@ Contribution of outcomes to relevant study areas
The study aims to propose a method to suppress hydrogen gas generation during the transport of fuel debris in the
canister.
(Especially, proposing a method (mitigation method) to support a measure to avoid the occurrence of a high hydrogen
concentration by limiting time allowed for transport in case of fuel debris being put in the canister without dewatering)

® Analysis with respect to the on-site applicability
The study aims to reduce technical burden that may arise in connection with the application of the design of the
catalyst bed to the design of canisters used in operations at the 1F by taking into consideration the conditions
assumed in the study of the catalyst performance in designing a catalyst bed.

® Goal achievement level
Based on the following results, it can be considered that the goal set at the beginning of the study has been achieved.
» The catalyst evaluation tests were performed using a gas flow-type reaction rate measurement system, and the
influence of temperature, vapor, hydrogen concentration, and poisoning materials on catalytic performance was
evaluated.

» The results of the tests demonstrated that the performance of the catalyst was high enough to maintain the
hydrogen concentration in the canister far below the lower explosive limit of hydrogen (4 vol%) even in the condition
that would occur in the canister, including temperature, presence of vapor, and high hydrogen generation rate. It
was also demonstrated that the performance of the catalyst was maintained with a sufficient margin in the presence
of iodine at a predetermined concentration. Consequently, the effectiveness of the measures against hydrogen gas
was demonstrated.

|t became possible to design the catalyst bed installation layout depending on the hydrogen generation rate by
estimating a hydrogen concentration distribution in the canister.

|
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6.3 Development of technology for transfer of fuel debris
(2) Study on hydrogen measures

@ Issues to be addressed
» A suitable layout of the catalyst bed heavily depends on the hydrogen generation rate and filling rate of the fuel debris
layer. Therefore, it is necessary to consider further actions, such as reexamining the source intensity, incorporating
the method to estimate a hydrogen generation rate that is being studied separately, and studying a filling rate.

» - The condition of catalyst poisoning considered in this study is just an example case. The catalyst performance
depends on the concentration of poisoning materials and their chemical form. Therefore, the types and concentration
of poisoning materials contained in fuel debris need to be investigated when fuel debris removal operations begin at
the 1F, and the influence of poisoning materials needs to be reevaluated based on such data. Since the behavior of
poisoning materials over time is unclear, it is necessary to verify the behavior through tests that simulate the actual
canister system.

Summary

» The catalyst evaluation tests were performed using a gas flow-type reaction rate measurement system, and the
influence of temperature and poisoning materials on catalytic performance was evaluated.

» The effectiveness of the design of the catalyst bed was confirmed by estimating the hydrogen concentration
distribution in the canister based on the catalyst performance data obtained in the tests.

* Itis necessary to improve the knowledge of the amount and chemical form of catalyst poisoning components in fuel
debris and to understand the effect on catalyst performance, including the behavior of poisoning materials.

» The method developed in this study is considered to be effective for other catalysts than the one used in this study,
for example, for a case where a new catalyst with higher performances, such as resistance to poisoning materials, is
developed.

|
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6.4 Development of drying technology and systems
(1) Study of the basic specifications of the drying apparatus

@ Purposes and goals

No0.66

» A container that is transported to a fuel debris storage facility with fuel debris in it must be completely sealed during the
transportation between the buildings. Then, how to maintain the concentration of hydrogen generated from water contained
in fuel debris below its lower explosive limit during the transportation is one of the challenges. The dewatering of fuel debris
by drying is expected to be effective to reduce hydrogen generation.

» This technical study is conducted to meet this need and contribute to the safe transportation of fuel debris. Specifically, the
study hypothetically uses parameter conditions that can achieve an effective drying operation by focusing on the drying
behavior of porous solid, in which fuel debris is inferred to have as its existing form, and verifies them. Based on the result,
the basic specifications of drying apparatus that can process fuel debris from the 1F will be proposed. The maintenance and
handling of the equipment in a contaminated area will also be considered.

* The outcomes of this study are expected to be used in the verification test with actual fuel debris from the 1F that is
performed in the phase of engineering work toward the commencement of operations at the 1F and as the basis of the
design of fuel debris drying apparatus used in operations at the 1F based on the result of the said verification test.

@ Comparison with existing technology

* The purpose of TMI-2 fuel debris drying was to remove free water to maintain sub-criticality. It did not aim to achieve high
performance drying. At the 1F, a high-performance drying must be achieved to reduce the moisture content of fuel debris to
a considerably low level to reduce hydrogen generation. Knowledge on heating and vacuum drying that was used at TMI-2,
such as contamination prevention measures, are thought to be useful information.

» Avariety of drying methods are used in the general industry. There should be effective drying methods suitable for fuel
debris from the 1F in addition to the method used at TMI-2. Of course, the methods used in the general industry cannot be
used for drying fuel debris without modification because they will be used and maintained in a contaminated area.

|
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6.4 Development of drying technology and systems
(1) Study of the basic specifications of the drying apparatus
@ Action items and results (estimated and actual)

Study method

a. Study of basic conditions

(i) Study of performance requirements (materials to be dried, process time, and target moisture content)
» Determination of target materials to be dried, target process time, and target moisture content and identification of performance requirements for
drying apparatus necessary to meet those targets
(ii) Conceptual study of apparatus
« Clarification of safety requirements and identification of functional requirements for drying apparatus necessary to meet those requirements [
Supplement-7]
« Study of the drying method used at TMI-2 and drying methods used in the general industry, and examination of the applicability of those methods
to fuel debris drying [Supplement-8, 9]
« Study of the concept of drying apparatus (including maintenance plan, operating system, and apparatus configuration)

b. Collection of drying behavior data

(i) Performing element tests
* Identification of effective drying conditions and collection of drying behavior data
(ii) Preparation of full-scale test system
* Identification of data to be collected and items to be verified in full-scale tests (tests with canister and/or unit can), and formulation of a test
plan
(iii) Collection of drying behavior data (including maintainability)
+ Data collection and the verification of items including operability and maintainability necessary for actions described in Paragraph c. (i) using
the full-scale test system

c. Basic design of drying system

(i) Study of maintenance plan, operating system, and apparatus configuration
+ Identification of specific functional requirements, study of the concept of the system, and identification of data to be collected and items to
be verified, and use of the results of these actions in actions described in Paragraph b.
(ii) Determination of the basic specifications of apparatus based on data collected in actions described in the preceding paragraphs
» Proposal of the basic specifications of apparatus (draft) based on the test results

|
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6.4 Development of drying technology and systems
(1) Study of the basic specifications of the drying apparatus
@ Action items and results (estimated and actual)

a. Study of basic conditions (1/2)

(i) Clarification of performance requirements

Materials to be dried and target process time and moisture content were set as described below as performance

requirements for the dying apparatus.

Materials to be dried: Porous solid, based on the fact that collected materials at TMI-2 were porous solids. Zeolites,
known as representative porous solids, were used for tests.

Target process time: 24 h from loading to the apparatus to unloading

Target moisture content: 0.1 wt.%"!
Table: Performance requirements

Description of requirement Description of target

Note 1. Target moisture Target items Can deal with the The target is porous material having small pores.
content that takes into properties of fuel Although slurry might be subject to drying, considering the
. debris collected at the fact that their current properties are unknown, the
account the density of retrieval side applicability of drying technologies that are under study as
fuel debris the main targets will be studied using element tests, etc.
It will be reconsidered Can be handled by a Considering their handling in unit cans or canisters
based on the density method allocated from
of the zeolite sample the retrieval side
used for the test. Target time Can dry within the time  The assumed target time from receiving to allocation is 24 h.
corresponding to the
throughput of debris
retrieval
Target Reduces the amount of The target moisture content is set to 0.1 wt.% estimating a
moisture water remaining after margin on the moisture content (1.5 wt.%) where the
content drying as much as hydrogen concentration in the canister reaches the lower
possible explosion limit (4 vol%) during the transfer period of 7 days.
—
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6. Implementation detalls No.69
6.4 Development of drying technology and systems '
(1) Study of the basic specifications of the drying apparatus
@ Action items and results (estimated and actual)

a. Study of basic conditions (2/2)

(“) Conceptual study of apparatus Suction exhaustion(inner pressure)
A method to dry fuel debris in a container was selected as the basis for the v ——
conceptual study based on the conformity with safety requirements and the L__heatng LIS 2 |
results of research on drying equipment used in general industry and in T uc T
consideration of the dispersion fuel debris during processing. =2 -
) — e
(See[Supplement-7, 8] for detail)
# Sub-criticality is maintained by handling fuel debris as it is held in the unit can. [ il T
€ The unit can is made of mesh material to allow water and air to go through. - - > <}--4
= The facilitation of fuel debris dewatering and drying is expected. * - Heater
€ Evaporation facilitation: Direct heating (by hot air) and vacuuming is adopted to Fo- 14> <-4 (Heating
have water reach the boiling point quickly. T el T temperature)
€ Moisture transport facilitation: A concentration gradient is generated by —3 -
suction exhaustion in principle. Hot air - 2
@ Increase of the surface area: The layout of unit cans is optimized, such e are) 1 uc "
as providing a certain distance between unit cans when stacking them, — :) < _T
to maximize the surface area. AN _
An external heat source (heater) is added to the vacuum method to Cha"ggi;ggi‘t’;”'“er
supply heat consumed for evaporation by reduced pressure.
& Design parameters Figure: Basic concept of the drying apparatus

» Heating temperature, inner pressure, hot air flow rate, and chamber capacity
€ Restrictions
» Heating temperature: The capacity of the heat source is determined so that temperature in the chamber or canister can go up to
200° C.
» Shape of container: To maintain sub-criticality, the maximum inner diameter of a container for fuel debris is 220 mm.
« Hot air flow rate: The upper limit of the flow rate is set taking into account the dispersion of fuel debris during processing.
« Chamber: The inner pressure of the chamber or canister is maintained below atmospheric pressure for safety.

|
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6.4 Development of drying technology and systems

(1) Study of the basic specifications of the drying apparatus

@ Action items and results (estimated and actual)

b. Collection of drying behavior data (1/6)
(i) Element test

Purpose: Identification of effective drying conditions

No.70

©
and sampling of drying behavior PR-D

Block heater

Chiller

0 ]

N —— \ 4
A / T , ). @
; 4

g0 ©
: ‘s P

Cold trap

t
f
| |

—><— (D

| VCRjoint

Sample temperature at 3 mm, 25 mm,

, and
75 mm from the surface of the sample is

(Gas heater) ~ VCRjoint @

measured.

FIC: Mass flow controller

TR: Thermometer (Thermocouple)
TIRC: Thermometer for heater control
EIR: Heater output indicator

— Sample temperature at 3 mm, 25 mm,
75 mm from the surface of the sample is
I - ] measured.

®@— —GCEE®

Figure: Schematic of the vacuum drying element test system
(The height of the sample is 100 mm.)

(The height of the sample is 100 mm.)

: (=)
Figure: Schematic of the system for hot air drying element tests

- M
0 e 4
Compressor L

!,.- STstITE
- a s | absorption
! -~ e

[S

. - bt
I 3 =
./
,

3D CAD drawing of hot air drying
element test system and
test container

o

Inner diameter:
45 mm

Figure: External appearance of the system for hot Figure: External appearance of a test container
air drying element tests

filled with water containing particle samples
—

Vacuum pump

TR: Thermometer (Thermocouple)
TIRC: Thermometer for heater control
EIR: Heater output indicator

PIR: Pressure indicator

3D CAD drawing of vacuum
drying
element test system and test
container
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6. Implementation details

6.4 Development of drying technology and systems

(1) Study of the basic specifications of the drying apparatus

@ Action items and results (estimated and actual) b. Collection of drying behavior data (2/6)

(I) El ement test [Test results] - Investigating the sensitivity of the operation parameters of the vacuum drying method = Temperature, pressure, and gas
flow rates were found to affect the drying performance significantly.
» The moisture content saturated in approximately 13 h for both methods = There is a possibility of achieving the target
moisture content 0.3 wt.% with a hot air drying method

No.71

50% Q 50% &
T:f H © Run 1-1 (hot air flow: 200°C, 3 m/s) T ; -
k] . T 20% @ ; A, L2
g— 40% P_‘- 2 Run 1-2 (hot air flow: 200°C, 3 m/s) @ %. A0% = A : 2
© = % ‘ — =y
2 [7JRun 2 (hot air flow: 100°C, 3 m/s) E o @ o Run4-1 E )
$ — o 1.5% g 0% (vacuum: 1 kPa A, temperature: 200°C) || o 19%
= Run 3 (hot air flow: 200°C, 1 m/s) @ = Run 4-2 I
S g bS] (vacuum: 1 kPa A, temperature: 200°C) 2
S 2o . S 1.0% = Run 5 5 .. o
g 20% hd c 3 g 20% 3 .(vacuumzlkPaA, temperature: 100°C) [ £ 0% -
S g a S Run 6 %
< > IS} I " (vacuum: 50 kPa A, temperature: 200°C) o -
ER s - / o 0.5% 2 10% = / o 05%
S 0.9% { ¢ H 3 ® e % 5
2 N / @ % LO.]‘H#. U.f.?: ) 3 ’iﬁ\ g g ° L7%  11% ! 1.0% : 2
o o P i 12 & ‘"::""l-ﬂ-l """""""" '"‘M = 00k z * - 0% 4 e — - 1.~'."\ = 00% - N L
* o S . 2° 4 0 6 12 18 24 1M 16 18 20 22 24
Test duration (h) Test duration (h) Test duration (h) Test duration (h)
Figure: Vacuum drying element test—Moisture content change over time Figure: Vacuum drying element test—Moisture content change over time
Table: Properties of materials to be dried 7.0 Table: Pro_pertn_es of slurry
6.0 ' ==&===Run 1 (zeolite) “===Run 1* (zeolite, mesh) (zirconia)
< Run 1 (zeolite) Materials to be Density TI:jermraI_t Filling rate . .
50 Gl lg/em?] COFW?;}I(‘]” y 1] 6.0 ~=#-Run 11 (zirconia, mesh) Item Value
= i ORun 7 (SUS beads) Zeolte® 9 s0 A Material 20,
o~ - 5= (Degree of porosity: 117 0.0 58 e
g 4.0 * Run 8 (silica sand) | ] 38%) = ) .
% N Run 9 (silica sand with mixed U ls? 7.93 16 62 % 4.0 Particle size 0.04 um
; particle sizes) - K
2 39 Run 10 (mixture of zeolite and SUS |_| - 230 Density 6.0 g/em™
o z beads) Silica sand 271 1.0 5427(("‘8;':: ::n":ccllee SSI';;)) ©
T = Thermal 3 W/me K
= / S Note 1: Actual measurements; Note 2: Cited from the website of Japan Stainless Steel = 20 o conductivity
@ 20 - i sea o j o ———D 5
£ = e— Note 3: As per JIS Z 8901; Note 4: Data of soda lime glass cited from the Chemical c Specific surface ]
> / Handbook, Revised 5th Edition, published Maruzen Publishing Co., Ltd. E‘ 1.0 area 14%3m /l
a . y -0
= a ~ ss
10 (" [TeSt results] 0.0 N " concentration 70wt
y .. . -
0o 8 X . : . » Thermal conductivity and the presence of fine 30% 40% 50%  Filling rate 2%
. ~ . . . Iy
0%  10% 20% 30% 4o% so%  Poresaffectdrying behavior significantly. Moisture content Note 1: moisture content of
. . . L zirconia, mesh at 24 h
Moisture content » Characterization of fuel debris: Thermal Figure: Slurry drying curves obtained by hot air drying tests from the start of the test
i - Drvi i i conductivity, diameter of fine pores, patrticle size, . . - .
Figure: Drying curves of different materials. [Test results] Air layers were formed in low filling rate slurry between particles after
(target materials for drying methods in discussion)  etc. drvi
rying. . N
l RI D = The drying rate decreased due to decrease in the thermal conductivity of the surface of

the test sample.



6. Implementation detalls

6.4 Development of drying technology and systems

(1) Study of the basic specifications of the drying apparatus

@ Action items and results (estimated and actual) b. Collection of drying behavior data (3/6)
(I) EI em ent Range of the diameter of fine pores in zeolite

[Evaluation method]

(1) Reverse calculation of effective diffusion coefficients from test data using a drying process evaluation model
(De’)

(2) Comparison of obtained De’ with the theoretical values of the steam diffusion coefficient in the layers concerned

No0.72

{ Drying surface }
temperature: 150°C

| www Drying surface

temperature: 100°C

., Drying surface

""" temperature: 50°C

vapor pressure P [-]

O Evaluation results (1/2)
(1) In the first half of drying period: De'/De >1
* Drying rate was greater than vapor diffusion rate.
* It was inferred that water in the liquid state diffused toward the surface and facilitated the drying process.
(A diffusion coefficient was estimated greater in the model.)
(2) In the second half of drying period: De'/De <1
« Slow drying in fine pores was inferred to be a cause (based on the results of tests with SUS beads having no fine
pores not indicating this tendency).
* This tendency was remarkable in vacuum drying.

1 [new] # 0,003 [wm])

Vapor pressure in fine pore Pv/standard

01 1 10 100 1000 10000
Diameter of fine pores [mm)]
Figure: Relationship between fine pore
diameter and vapor pressure

A satisfactory drying
performance can be l
obtained at a relatively low | === Sample

E . vacuum level if | temperature
€ temperature is raised._' '. e Sample
O+ 10402 3 Influence of the 550 | _ __===" \ temperature
< movement of E \ ~ 3
. . . [}
0E+01 ‘01 water in liquid g . \\
state o
C ) o) De'/D ) = 6—‘.\
TC10RI00 bewvoale o wwale e we De /_D_e___ i = LOEIO0 ool ale e e N A Vapor diffusion 2 __ Range of \
¢ - " - 10 satisfactory \
a fe Comparison between a o Comparison between dnying X
- S . ~ ) . . )
S 1 0E.01 drying methods ® 1 0E.01 materials to be dried l performance I
A heri
. . . Influence of Vapor pressure tmosp[k'egr;c A;:}ressure Vapor pressure in
1.0E-02 O Drying zeolite by hot air 1.0E-02 & Drying zeolite by hot air fine pores in a fine pore at a fine pore at
_ _ T 7°C .00°C
Drying zeolite by vacuum Drying SUS beads by hot air . . . .
- o Figure: Relationship between atmospheric
1.0E-03 1.0£-03 pressure and drying rate in vacuum drying
10 20 3 10 5¢ 0 10 30 40 50
Moisture content [wt.%] Moisture content [wt.%] | O Evaluation results (2/2)
. . . . * The ratio of vapor pressure in fine pore to standard vapor pressure is 1/100-1/10 in a
Figure: Results of the estimation of effective porp P porp

fine pore diameter of 0.4-1 nm.

* Moisture in fine pores cannot be dried by a method with low atmospheric temperature
(7°C at drying surface) and an atmospheric pressure of 1 kPa A.

» A method to heat materials to be dried and reduce the inner pressure of the drying
chamber is effective.

diffusion coefficient based on element tests
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6.4 Development of drying technology and systems
(1) Study of the basic specifications of the drying apparatus
@ Action items and results (estimated and actual)

b. Collection of drying behavior data (4/6)

(ii) Preparation of test system
Identification of data to be collected and items to be verified in full-scale tests (tests with canister and/or unit can)

Table: Full-scale drying test item

The operation and maintenance of the drying apparatus will be conducted remotely from a safety
view point. Accordingly, the use of manipulators will be needed. It is the purpose to demonstrate the
feasibility of the maintenance of the apparatus by remote control through the test to evaluate the
Remote operability evaluation maintainability and visibility by remote control using a test system that has the same spatial
test dimensions as those of the apparatus used in operations at the 1F.
<ltems to be checked>
@ Ability to remove residue in the dryer chamber
@ Ability to decontaminate the inside of the dryer by wiping operation

The applicability of the design method that was developed based on element tests is to be
demonstrated from multiple viewpoints.

<Items to be checked>

@ Drying time (from residual heat, drying, to cooldown)

@ Final moisture content

@ Indication used to judge the end of drying

(iii) Collection of drying behavior data

Drying tests are to be performed using a full-scale test system to collect data needed to develop and design a drying
system used in operations at the 1F including data on maintainability and operability needed in actions described in
Paragraph c.

Full-scale drying test

|
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6.4 Development of drying technology and systems b. Collection of drying behavior data (5/6)

(1) Study of the basic specifications of the drying apparatus (jii) Evaluation of handleability and collection of

@ Action items and results (estimated and actual) drying behavior data

3
>

Purpose: Verification of drying time and investigation of Chiller \G/Blower
the mfluen_ce of other factors that cannot be _ [Outlines of test system]
evaluated in element tests, such as decentering - - - e
of unit cans Hot air as a drying medium, and a dehumidifier is used for

>
Cold trap dehumidification.
» Three operation modes are available: vacuum drying, hot air
Condenser Drain (defrosting) drying, and hot air and vacuum simultaneously.

Automatic control for drying temperature and pressure
The temperature of the surface of the drying apparatus main

: body is used for temperature control.
®7 Vacuum The external heater is turned on at all times at 200°C.
pump Removal :,_@ The amount of drain from the condenser is recorded over time
( : ) . LN

Y V

YV V

R T . 0 Weight scale Batch measurement of water collected by the cold trap by
+1 defrosting it by a defrosting heater and collecting in a measuring

K External "t ,
R heater UC after drying G : Thermometer cup
» On-line measurement for temperature, pressure, flow rate, and
o dew point
:,—® ° - Pressure indicator » The UC is weighed after the drying process is finished and it is
removed from the apparatus.
Dryer : Dew-point meter
0 P Condenser Dryer Heater C0Md traP
(Unit can] : Flowmeter

Dimensions: g 210 x 200 in mm
Number of stacking: max. 4

Cold air
(In cold air Dehumidifier
operation)
Heater
. . . Vacuum
Figure: Schematic of the full-scale drying test pump

system

Figure: External appearance of

. imissioning
'RlD the full-scale drying test system
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6.4 Development of drying technology and systems
(1) Study of the basic specifications of the drying apparatus

® Action items and results (estimated and actual)

Table: Results of full-scale test

" . . Moisture content
e (v.96)"
#0 0.31

Hot air 14:00

Periodic switching between

#1 . 16:00 <0.12
heating and vacuum
4o Hot air with unit cans 16:00 <0.13
decentered
Periodic switching, a filling i
#3-1 rate of 85% 14:00 <0.15
#3-2  Hot air, a filling rate of 85% 12:00 0.21
#5 Vacuum 16:00 2.54

Note 1: Moisture content = Moisture content (g)/Absolute dry weight (g)
The absolute dry weight in the test was approximately 16 kg as the total of four
UCs with 100% filling rate.
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b. Collection of drying behavior data (6/6)
(iti) Evaluation of handleability and collection of

drying behavior data
50
Comparison of drying method's

1 ' & #0_Hot air
40 b #1_Periodic
— . o
o\o switching
§7 ® #5 Vacuum
-
c
[0}
2
[
o /2
o
0}
p—
=
w 10 ~
o
= * . a
0 — .
0:00:00 6:00:00 12:00:00 18:00:00
Drying time

Figure: Comparison of drying methods with
respect to moisture content change over time

l.";
* #0_Hot air (filling rate: 100%)

a0 _ #2_Hot air (filling rate: 100%,
unit cans decentered)

e #3-2_Hot air (filling rate: 85%)

» The target moisture content of 0.3 wt.% or less was achieved in approximately 14 h with 100%
filling rate.

» As to comparison of drying methods, about the same performance was obtained in hot air and
periodic switching drying, whereas longer drying time was needed in reduced drying.

» About the same result was obtained even when the UCs were placed decentered, which
suggests that the influence of flow rate distribution in the dryer chamber is small.

» Drying time decreased with a decrease in filling rate. It can be explained by less initial water
content."

0 Comparison with respect to
filling rate and unit can
placement: Hot air

Moisture content (wt.%)

N e
0 L
0:00:00 6:00:00 12:00:00 18:00:00

Drying time

Note 2: The drying time decreased to 85% when the filling height was reduced to 85%.

TRID

Figure: Comparison of change in moisture content over time in
hot air drying with respect to filling rate and unit can placement
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6.4 Development of drying technology and systems

No0.76

(1) Study of the basic specifications of the drying apparatus c. Basic design of drying system (1/2)

(i) Study of maintenance plan, operating system,

and apparatus configuration
The system design of the drying system was conducted, and the system concept (draft) was developed. Policies for remote

@ Action items and results (estimated and actual)

maintenance (draft) were also formulated.

and removing them from the cell if
remote maintenance is difficult.

Building ventilation and
air conditioning system

Exhauster

1
1
]
1
1
1
1
1
1
1
1
1
N D<t>1 P
i Exhaust Red line: Used for
: Vacuum pump gas filter vacuum dry|ng
1 -
Cold trap Gas-liquid e e o v v e
Heater 1
Drying apparatus A 1 separation tank H 1
' ramne
Nitrogen VN 1
—> } o 1 } o Condensed liquid
1 | 8linesin 1 | 8linesin receiving tank
1 | parallel 1 | parallel H
1 | 1 | >
1 i 1 \ }
L : ! L ) Building ventilation and
: ! uc | 1 ; Vv air conditioning system
1 : o " eater Exhauster
1 emister T e - - - - - - g g ——
1 ! - ' . —_— I Maintenance cell
1 : Condenser Exhaust ] | ] ]
1 1 gas filter Equipment |
: 1 I In-cell crane ] repair 1
1 1 ] I} compartment
1 H | Decontaminati [ M [ 1 1
H "
1 ~
I ! _hmlmg.___ . " |
Part of the drying | The maintenance of drying / o
system tobe | 1 apparatuses will be performed by pr A |
naintained by | - 1 manual work outside the drying 1 n ()
remote control Drying apparatus H 1 Wet scrubber apparatus cell after decontaminating 1 " !ﬂ 1
| I
1 1 n Uy

Figure: Exemplary schematic of the drying system

[System design policy]

(1) It must be possible to switch between hot air drying and vacuum drying including using
the both together.

(2) A filter must be installed at the downstream of the drying apparatus to minimize
contamination spread.

(3) Vapor contained in the air used for drying must be collected by a cold trap and gas—
liquid separation tank or a wet scrubber.

(4) An exhaust gas filter must be installed in each exhaust gas process line.

(5) A reduced pressure must be maintained using a pressure adjusting valve with a relief
valve for safety.

Iad | D4

(Wastewater L--- ------ lL———______
treatment) < [ ™ "= o e - - P e - 1
K,!l /\ . e ' 1
Remote maintenance for MSM . 1
equipment in the drying " 1 ] ¥ - Exhaust gas
apparatus cel J7T1 ,-—1 —_— " ey
1 2 ¢ ' - I process unit
2 6 I\ I
¢\
1 g S \\ I 1
¢ S A\ |
{ o e 1 R\ \ [
2l 4 \ \\ 1 .. Maintenance by manual work
. o)) 4 \ \ after being separated from the
- 1 e I Y - . drying apparatuses and
— \ 1 Equipment whose maintenance cannot be decontaminated
Equipment that needs i performed by remote control must be
mi.nfenance must be I Drying apparatus installed using a joint and coupler that can
installed outside the cell as cell be connected and disconnected by remote
much as possible. . control (such as a quick connector).

Figure: Maintenance plan
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6.4 Development of drying technology and systems
(1) Study of the basic specifications of the drying apparatus
@ Action items and results (estimated and actual)

c. Basic design of the drying system (2/2)
(i1) Study of the basic specifications of the drying apparatus

Table: Operation conditions of the drying system

No.77

Temperature 200°C (hot air and heater) A
Velocity of 3 m/s in the chamber Power manipulator
flow 10 m/s around the cooling jacket «—
Pressure Atmospheric to 1 kPa A
Drying To the exhaust gas process system

Hot air or vacuum (periodic switching) ———

methods L - -
- i :
Op?ratlon 16 h/batch % ﬁﬁlter
time

- - - : - Chamber
Materials to Solid particles with a size of 0.1 mm or more |~

be dried (fine pores can be contained.™ 2 i Qhamper heater
F (Total 8 lines in parallel)

Note 1: Except slurry and sludge

Note 2: Further consideration is needed for materials that contain a lot of hydrates
and crystallization water, such as concrete.

Cooling jacket

Table: Structural dimensions of the drying chamber From the drying air —
supply system 1 1
Inner diameter of the lower section: 220 mm . .
. . Inner diameter of the upper section: 350 mm —— \' \I/ A A \I/
Dimensions : ;
Height of the lower section: 1,050 mm ﬂheater

Height of the upper section: 700 mm

A stack of max. four UCs with dimensions of

: Figure: Equipment configuration
@ 210 mm (outer diameter) x 200 mm

(chambers and around them)

UC holding capacity

|
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6.4 Development of drying technology and systems

(1) Study of the basic specifications of the drying apparatus

@ Contribution of outcomes to relevant study areas
Contribution to the development of measures to suppress hydrogen generation during fuel debris transport in a
container by proposing the conceptual design of the fuel debris drying system

® Analysis with respect to the on-site applicability
Study items were planned taking into account the possibility of the use and maintenance of the apparatus in high
radiation areas.
The applicability of the proposed design in operations at the 1F will be examined as the design is elaborated toward a
final design.

® Goal achievement level
Items needed for the proposal of the basic specifications of the fuel debris drying system (draft) were studied in
accordance with the plan, and intended outcomes were achieved.

@ Issues to be addressed
Details are described in the next page.

Summary
The basic specifications (draft) of the fuel debris drying apparatus that will be used in fuel debris removal operations at
the 1F were proposed based on the drying behavior of porous solid particles obtained from the element tests designed
by reference to the fuel debris drying method used at TMI-2, the results of full-scale verification tests, and the results of
study on maintenance and handling in high contamination areas.

|
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6.4 Development of drying technology and systems
(1) Study of the basic specifications of the drying apparatus

Table: Issues to be addressed toward the use of the designed canisters in operations at the 1F

“ Issues When to work Concrete actions RENEIES
on*

Study of fuel debris In comparison with the method to dry it in a drying chamber as it is held in the unit can, this
drying as it is method poses a concern that much longer drying time will be needed because the inside of the Suggested to be
1 contained in the Development canister is so narrow that the gas flow rate distribution will not be even. To address this concern, studied in a
canister because of the full-scale test system is to be modified to perform the test to examine whether this method can succeeding
its easiness in achieve the same drying performance as that of the chamber method (0.3 wt.% moisture content subsidized project
contamination control with zeolite).
When concrete is mixed in fuel debris, a longer drying time will be needed as crystallization water
Judgment of timing to contained in the concrete will be continuously emitted from it. In this study, the applicability of the Suggested to be
terminate a drying method to judge the timing to terminate a drying cycle is evaluated using the full-scale drying test studied in a
2 cycle when foreign Development  system with concrete. succeeding
materials are mixed It is also necessary to investigate what types of materials will be mixed in fuel debris and how subsidized project
in such as concrete they affect the drying time in operations at the 1F."2 For example, there is a possibility of waste

from inside and outside the reactor core area being mixed in.

Suggested to be

Drying of difficult-to- It is necessary to accumulate data needed for the assessment of the applicability of the drying studied in a

g dry materials DB method to difficult-to-dry materials, such as sludge and slurry. succeeding
subsidized project
A standard process time is hypothetically set for each of the remote controls including the
Verification of time operation of the system and the maintenance and replacement of the components taking account
4 needed for remote Final design of the building layout and other things. Then, the adequacy of the remote control methods and the
controls processing capacity of related equipment are examined based on them and the results of mockup

tests, including the necessity of expanding the facility.

It is not known how accurately the materials used in the drying tests simulate the properties of

Final design,  fuel debris in the 1F because little information is available about them. Therefore, the
operation design of the drying system will need to be reexamined and changed, if necessary, when fuel
debris is sampled at the 1F and its properties become available, such as thermal conductivity.

Measurement and
5 estimation of fuel
debris properties

Note 1: Development for technical development phase, final design for final design engineering phase, and operation for after actual use of the canisters at the 1F
Note 2: This investigation will be conducted in the phase of final design engineering or after actual use of the system.
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6. Implementation Details No.80
6.4 Development of drying technology and systems
(2) Study on hydrogen concentration measurement technology

@ Purpose and Goal

To prevent hydrogen combustion or explosion during transfer inside 1F premises, measure the
hydrogen concentration in the canister and (or) transfer cask, and confirm that the hydrogen
concentration in the cask stays below the lower explosion limit (4 vol.%) for 7 days Nt 1 before
delivering the canister to the storage building.

Therefore, investigate hydrogen concentration measurement technologies, and select and propose
applicable candidate technologies.

Note 1: Set in consideration of the actual transfer time of removed spent nuclear fuel, and the time required for the expected recovery from a failure
occurring during transfer in Unit 4 of 1F.

@ Comparison with existing technology

Existing technologies can be used for hydrogen concentration measurement. However, there is little
knowledge about hydrogen concentration measurement in a high-dose environment. It is necessary to
study the applicability, etc., of the technologies in consideration of the storage and transfer process of
fuel debris, the interaction with the canister and transfer cask, and the environmental conditions in 1F,
etc.
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Implementation Details

6.4 Development of drying technology and systems
(2) Study on hydrogen concentration measurement technology
@ Implementation items and results (Estimated and actual)
a. Study on required technical specifications and applicability criteria (FY 2019) (1/12)

v Study on the points for hydrogen concentration measurement from the perspective of “continuous monitoring” and
“sequential monitoring”.

v “Sequential monitoring” helps in identifying the work processes with which hydrogen concentration can be measured
with minimum equipment support, in the work processes from fuel debris retrieval to transfer cask allocation ([1] to [32] in

the below figure)
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6. Implementation Details No.82

6.4 Development of drying technology and systems
(2) Study on hydrogen concentration measurement technology

@ Implementation items and results (Estimated and actual)
a. Study on required technical specifications and applicability criteria (FY 2019) (5/12)

Result of selection of candidate hydrogen concentration measurement points (process) for “continuous
monitoring” and “sequential monitoring” (Summary)
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6. Implementation details No.83

6.4 Development of drying technology and systems
(2) Study on hydrogen concentration measurement technology

@ Action items and results (estimated and actual)
b. Investigation of hydrogen concentration measurement technologies (3/3)

Based on the result of the investigation of hydrogen concentration measurement
technologies, technologies applicable to the monitoring schemes A, B, and C were
identified and evaluated, and the following methods were selected as candidates.

A: Continuous monitoring: Heat conduction type hydrogen meter

B: Sequential monitoring during drying process: Gas chromatographic method or
proton conductor hydrogen meter

C: Sequential monitoring during inert gas injection: Gas chromatographic method or
proton conductor hydrogen meter

l D Olnternational Research Institute for Nuclear Decommissioning
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6. Implementation details No.84

6.4 Development of drying technology and systems
(2) Study on hydrogen concentration measurement technology

@ Action items and results (estimated and actual)
c. Utilization of outcomes from related technology development

It was confirmed that there was no specific need of change based on the results of reexamining
the progress and outcomes of the “study on drying system” in two studies conducted in this
project in parallel, “Development of transfer technology for fuel debris” and “Development of
drying technology and systems,” as well as the results of the review on the outcomes of the
project in FY2019 in reference to those results.

@ Contribution of outcomes to relevant study areas

The developed hydrogen concentration measurement methods will contribute to the safety

assurance of the canister transfer.
It is also expected to contribute to the estimation of the water content of fuel debris during

drying.

® Analysis with respect to the on-site applicability

The developed hydrogen concentration measurement methods can be considered to be
applicable since the currently estimated conditions of the hydrogen measuring points at the 1F
were taken into account and measurement technologies were selected so as to fit those
conditions, provided that the issues described in the next page need to be addressed.

|
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6. Implementation details No.85
6.4 Development of drying technology and systems

(2) Study on hydrogen concentration measurement technology

® Goal achievement level
The candidates of hydrogen concentration measurement technologies applicable to the canister were selected in accordance with the original
plan.

@ Issues to be addressed
The hydrogen concentration measurement technologies selected by this study still have the following issues before applying them in
operations at the 1F:

A: Continuous monitoring in the transfer cask
* There is no issue as far as the measurement technology is concerned. The influence of the installation of the sensor on the structural
strength of the transfer cask needs to be examined.

B: Sequential monitoring during drying process
» Gas sampling is needed when a gas chromatographic method is used.
= A gas sampling port and piping needs to be installed in the exhaust gas process line of the drying system (after the filter). (Additional
work is needed on the system.)
A gas chromatography instrument must be installed in a shielded and contamination-free room so that workers can operate it directly.
The sensitivity of the gas chromatography instrument needs to be improved.
* The sensitivity at a low concentration needs to be examined when a proton conductor hydrogen meter is used.

C: Sequential monitoring during inert gas injection
» Gas sampling is needed when a gas chromatographic method is used.
= A gas sampling port and piping needs to be installed in the exhaust side of the inert gas injection line. (Additional work is needed on
the system.)
A gas chromatography instrument must be installed in a shielded and contamination-free room so that workers can operate it directly.
* There is no issue as far as the use of a proton conductor hydrogen meter.

In addition to the above-mentioned issues, the applicability of the selected hydrogen concentration measurement technologies will need to be
examined whenever the conditions where they will be used at the 1F come into clear view, since the specifications of the drying system used
at the 1F, such as structure, gas flow rate, and operating pressure, have not been determined much at present.

|
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6. Implementation details No.86

6.4 Development of drying technology and systems
(2) Study on hydrogen concentration measurement technology

Summary

The planned fuel debris transfer work flow was examined from its collection to
bringing it out in the transfer cask to find processes in which hydrogen concentration
measurement can be performed along with measurement technologies applicable in
those steps. As the result, the feasibility of the use of a thermal conductivity-based
hydrogen meter was confirmed for the continuous monitoring of hydrogen
concentration in the transfer cask.

In addition, the feasibility of the use of a gas chromatography instrument and proton
conductor hydrogen meter was confirmed when a sequential monitoring in each
process is selected and the drying process and inert gas injection process are selected
as those when the monitoring is performed.
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6. Implementation detalls NO.87
6.5 Summary of evaluation

D Purposes and goals
The implementation items of related projects are to be reviewed, and the
outcomes of studies described in Sections 6.1-6.4 are to be reviewed with
respect to their utilization. It is also aimed to join and support, if requested, the
research of technologies to sort materials collected in the primary containment
vessel (PCV) into fuel debris and radioactive waste that is one of the related
technology developments and conducted in the project “Development of
Technology for Further Increasing the Scale of Retrieval of Fuel Debris and
Internal Structures.”
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6. Implementation detalls N0.88
6.5 Summary of evaluation

@ Action items and results (estimated and actual)

a. Investigation of sorting technologies (conducted on an as needed basis based on a request
from the project “Development of Technology for Further Increasing the Scale of Retrieval of
Fuel Debris and Internal Structures”)

(Example of the investigation)

Table: Relaxation of restrictions applied to the canister when the mass of nuclear fuel in the
canister can be identified

No sorting When materials whose
Designed based on the reactivity is equal to or When uranium with a

- - - . L *1
Destination of sorting maximum enrichment level of | less than that equivalent to | weight of 3—4 (kg)™ or

the loaded fuel (reactivity a U-235 enrichment level of | less in the container can
equivalent to a U-235 1.5 wt.% can be sorted be sorted

enrichment level of 5 wt.%)

Canister
(inner diameter: 220 mm)

Canister with a lower safety
requirement - O -
(Inner diameter: 400 mm)

Criticality control not needed - = O

Note 1. This weight range is derived based on the assumption that rectangular containers are
stacked up and UO2 with an enrichment level of 5 wt.% lies at the corner and dividing the
minimum estimate of the criticality lower limit (31.1 kg) by eight.

|
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6. Implementation details No.89
6.5 Summary of evaluation

b. Summary of outcomes
The outcomes of this subsidized project are summarized as follows:

» As to the development of containment methods, it was confirmed that the developed specifications and design of
the canister were robust enough to maintain the safety functions (such as confinement and criticality prevention)
with respect to its structural integrity based on the results of the structural verification tests and structural
analysis. The final plan of the specifications and design of the canister was proposed based on the results of the
structural verification tests and structural analysis.

* Regarding the study of hydrogen generation estimation methods conducted as part of the development of
transferring technologies, the validity of the method to estimate an energy absorption rate from the results of tests
with spent fuel was confirmed, hydrogen generation rates were estimated using the estimated energy absorption
rates, and the conditions for the design of the fuel debris transfer system (draft) were proposed. In the study of
measures to maintain a low hydrogen concentration, the performance of the catalyst was derived based on the
results of tests, including those with poisoning materials, the influence of the position of the catalyst bed on the
hydrogen concentration distribution in the canister was examined, and the effectiveness of the measure with the
catalyst was confirmed.

» With regard to the study of the basic specifications of the drying apparatus conducted as part of the development
of drying technology and systems, element tests and full-scale tests were performed, and the conceptual design
of the drying apparatus was conducted based on the knowledge obtained from the tests. Further, in the study of
hydrogen concentration measurement technologies, usable technologies were listed and screened by setting
technical requirements for the concentration measurement and criteria for applicability judgment.

* As to the sorting of materials collected in the PCV of the 1F into fuel debris and radioactive waste, the conditions
that work to the advantage of fuel debris transfer and storage with respect to operation efficiency were proposed.

|
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6. Implementation details No.90
6.5 Summary of evaluation

® Contribution of outcomes to relevant study areas
The developed methods and technologies will be evaluated individually, which are

not mentioned in this section.

@ Analysis with respect to the on-site applicability
The developed methods and technologies will be evaluated individually, which are

not mentioned in this section.

® Goal achievement level
Support was provided to the investigation of sorting technologies through the joint
meetings with the related project team. The developed methods and technologies
will be evaluated individually, which will not be mentioned in this section.

® Issues to be addressed
The developed methods and technologies will be evaluated individually, and this

section will not mention the evaluations.
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[Supplement-1] N0.91
Basic conditions of development of the canister (1/8)

The specifications of the canister used in this study were derived based on the properties of fuel debris known at present, requirements
from fuel debris removal methods, and information provided by the project “Characterization of Fuel Debris,” and from the view point of safety
assessment. The information and data used for the study of the specifications include those that were hypothetically set. Therefore, the
proposed specifications will need to be examined and changed, if necessary, based on the progress and outcomes of the projects
“Characterization of Fuel Debris” and “Development of Technology for Further Increasing the Scale of Retrieval of Fuel Debris and Internal
Structures.” In addition, it was decided that specific methods and procedures, such as a frequency, would be studied after operations at the
1F are started.

[Properties of fuel debris]

» Composition of fuel debris (MCCI products are not included):
Materials that are currently estimated to be present in the RPV and PCV (uranium dioxide, including FP by irradiation, zirconium
alloys, stainless steel, low-alloy net, nickel-based alloys, concrete, and B,C)

Salinity: max. approximately 100 ppm

This value is conservatively set based on the chlorine concentration of 10-20 ppm of the stagnant water. Note that a salinity of 3
ppm is used for the practical evaluation of corrosion resistance based on the measurement of water in the reactor.

= This setting assumes continuous review as the fuel debris removal operation at the 1F proceeds. Note that visual inspection in
maintenance or in other occasions is also an effective method to check corrosion.

 Zirconium: A minute amount of zirconium residue in a metallic state
This is to take into consideration the risk of fire.
= The risk of metal fire was taken into consideration in this study to prepare for harder conditions. Specifications developed based
on this condition may be relaxed by continuously measuring the properties of fuel debris and accumulating data.
* Properties of MCCI products: The above-said fuel debris with concrete mixing in it
It was estimated that the crystallized water had been lost due to the heat of fuel debris and some sort of reaction had occurred,
such as gas generation. In this study, concrete is considered to have mixed in fuel debris simply physically.
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[Supplement-1] N0.92
Basic conditions of development of the canister (2/8)

[Properties of fuel debris (continued from the previous page)]

« Stability of fuel debris: Stable in the temperature range of —20° C-300° C (nitrogen atmosphere)
The behavior of fuel debris that makes a significant impact on the safety, such as significant
variation in its volume due to the vaporization of components contained in it and the emission of a
large amount of corrosive materials and radioactive gas, is not taken into consideration.

= Safety must be ensured by the continuous investigation of the fuel debris stability due to limited
knowledge of the stability of real fuel debris at present. This temperature condition may be
relaxed based on the result of the investigation.

* Form: Solid in the form of lump, particle, or powder
* Rust inhibitor/neutron absorber: Sodium pentaborate

The material that is currently planned to be used is selected. Note that the neutron absorption
material is assumed to be studied when the specific details are determined.

= Especially, the outcomes of other projects need to be watched continuously to select an
insoluble neutron absorber, and the selected material may need to be reexamined.

3
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[Supplement-1] N0.93
Basic conditions of development of the canister (3/8)

[Method to collect fuel debris in the canister]

The following conditions are hypothesized to design the shape of the canister based on the outcomes of the project “Development of
Technology for Further Increasing the Scale of Retrieval of Fuel Debris and Internal Structures” and experts' advice.
* Method to collect fuel debris in the form of lump and particle: Picking up or scooping

+ Canister dimensions: 220 and 400 mm for inner diameter, and 1,000 mm for total length
The inner diameters of 220 and 400 mm were selected based the results of study until FY2018. The total length of 1,000 mm
was determined based on “approximately 1 m,” which was hypothetically used in the project “Development of Technology for
Further Increasing the Scale of Retrieval of Fuel Debris and Internal Structures.”

= When the total length of the canister needs to be changed, the adequacy of the new length may need to be examined.

* Method to collect fuel debris in the form of powder: Collecting it in the unit can with a dewatering function, such as one made of
mesh, and placing it in the canister as it is held in the unit can

Metal strainers are popularly used as a filter for general water processing systems. The unit can with a similar design to those
strainers is assumed to be used in the powder fuel debris suction system. The unit can is assumed to have dimensions so that
it can fit into the canister and be made of thermally stable materials, such as stainless steel or sintered stainless steel mesh.
The design of the unit can is being studied in the project “Development of Technology for Further Increasing the Scale of
Retrieval of Fuel Debris and Internal Structures” with the aim of achieving the collection of fuel debris with a particle size of 0.1
mm and more. Therefore, the unit can made of mesh with a size of 0.1 mm is used in this study.

= The design of the unit can may be changed when there are changes in the size of fuel debris to be collected and
dewatering conditions. In such a case, the design conditions for the canister used in this study may need to be reviewed.
« Site and conditions of fuel debris collection: Above water, area surrounded by boundary such as in the hot cell
= When the collection method is changed in the future, the design conditions for the canister used in this study will need to be
reviewed.
» Fuel debris removal operation from its collection to sending out to the preparation cell: It is assumed that it takes half a day to cut
fuel debris and another half a day to collect it in a unit, place in the canister, and send out to the preparation cell.
= When the operation is changed, the design conditions for the canister used in this study may need to be reviewed.
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[Supplement-1] N0.94
Basic conditions of development of the canister (4/8)

[Method to transfer fuel debris]
+ Transferring method: Use of transfer cask

Because there are proven track records at TMI-2 and in the transfer of spent fuel
= When the transferring method is changed after operations at the 1F are started, the design conditions for the canister used
in this study may need to be reviewed.

* Position of the transfer cask during transfer: Standing

It is to suppress the dispersion of fuel debris and guide hydrogen gas and residual water to specific areas in the cask so that
they can be monitored better.

= When the transferring method is changed after operations at the 1F are started, the design conditions for the canister used
in this study may need to be reviewed.

» Capacity of the transfer cask: An inner diameter of 1,700 mm and inner height of 1,200 mm to accommodate 12 canisters
Atmosphere in the cask: Inert gas atmosphere
All of the above-described conditions are hypothetically set based on the specifications of the spent fuel dry cask, except for
the inner height, which is reduced to fit the dimensions of the canister.
= The final dimensions need to be determined based on the final design of the unit can and canister.

[Storage of fuel debris]
The following conditions are hypothetically set based on the discussion with experts:

+ Storage method
Wet storage: Considered to be an alternative at present
It is because the wet storage that makes use of the existing pool at the 1F will not provide many advantages and does not
appear to be rational, considering modification costs and time and the degree of technical difficulty.
= The studies that have been conducted until now are based on storage and transfer in a dry condition. Therefore, additional
study will be necessary if wet transfer and storage is used.
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[Supplement-1] N0.95
Basic conditions of development of the canister (5/8)

[Storage of fuel debris (continued from the previous page)]

» Dry storage: Primary storage method
It is because dry storage is considered to be a safe and rational spent fuel storage method with respect to operation and
management, such as maintenance. These advantages are expected to hold true for fuel debris. A concrete cask is also used
for the dry storage of spent fuel in overseas countries. In this study, a metal cask is used as a representative type of the cask
because it has track records in Japan and the requirements for the cask from materials to be contained are about the same
between a concrete cask and metal cask.
= The studies that have been conducted until now are based on storage and transfer in a dry condition. Therefore, additional

study will be necessary if wet transfer and storage is used.

» Water content of fuel debris: A minute amount of residual moisture
It is assumed that a minute amount of moisture remains in fuel debris even after undergoing drying process in the study of
transfer and storage methods to stay on a safe side.
= A minute amount of residual moisture was taken into consideration in this study to prepare for harder conditions. Measures
developed based on this assumption and incorporated in the design of the canister and cask may be relaxed by
continuously measuring the properties of fuel debris and accumulating data.

» Storage period of fuel debris in the canister: 50 years

This period is set to cover a period of 30 years that is set in the roadmap as the period necessary to determine the final

disposal method of fuel debris. The spent fuel dry storage facility maintains a database on the long-term integrity of storage

containers with spent fuel in them, which assumes approximately 50 years of storage plus 10 years for preprocessing period.

This database provides useful information.

= A long period was used as the storage target in this study to prepare for harder conditions. As mentioned before, the
properties of real fuel debris, such as stability, are not well known at present. The behavior of fuel debris with time needs to
be investigated continuously, and effective data be accumulated. Meanwhile, the results of such investigation may lead to
the relaxation of the measures developed and applied in this study.
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[Supplement-1] Basic conditions of development of the canister (6/8)

N0.96

During the development of the canister, the handling flow on the next slide was assumed and division of functions was set
tentatively to ensure reasonable safety.

Safety functions
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Heat removal

Cooling

Confinement

Confinement

Shielding
Structure
Material
Other integrity
(Maintaining the
shutdown,
cooling and
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functions)

Fire prevention

Design goals

To maintain subcriticality

To prevent the impact on
physical properties

of canisters, fuel debris,
etc.

To prevent exposure of
workers and public

To prevent exposure of
workers and public

To achieve the structural
strength for maintaining
the safety functions

To maintain the
structural strength

To prevent the explosion
of hydrogen generated
by the radiolysis of water

To prevent fire caused by
residual zirconium

Roles of safety functions

Other
Canister
equipment

(0}

(e}
(Catalyst)

o

» The subcriticality of a single canister is maintained by the geometrical shape (inner diameter) of
the canister. (Refilling of fuel debris is a large-scale process and is unreasonable)

* The subcriticality of an array of canisters is maintained by using other equipment (e.g. ensuring an
appropriate distance between the canisters in the temporary storage rack).

= Since the calorific value is less than that of the same level of spent nuclear fuel and the canister
can be cooled by static natural cooling, no special heat removal device is installed in the canister or
transfer cask.

= The fuel debris is handled at a temperature that is lower than the upper limit for the fuel debris
temperature that does not inhibit safety (such as generation of toxic gases), including during the
drying process of fuel debris.

* Since the canister is provided with an outlet to prevent hydrogen retention, a filter is installed in
the outlet in order to prevent the spread of contamination during actual operations. The canister and
other facilities (storage facilities, transfer casks) should be able to carry out the confinement
function (or control the release of gases).

=Adding a shielding function to the canister increases the weight, which leads to an increase in the
size of the handling equipment and a decrease in storage efficiency. Since there is a proven record
of the same idea in TMI-2 and no major disadvantages were found in the assumed handling flow, the
shielding function is not added to the canister and it is secured using other equipment (transfer
cask, building).

* The canister should have the necessary strength against postulated abnormal events while taking
into account streamlining of canister handling equipment, etc.
* Other equipment is used to ease the load conditions and corrosion conditions on the canister.

- During transfer between buildings (transport at the site), hydrogen countermeasures (catalyst,

operation management, etc.) should be undertaken assuming that hydrogen cannot be released

outside the transfer cask.

= Since the space inside the canister is small and the hydrogen concentration rises, scavenging,
etc., is performed using another equipment as a structure that can release hydrogen outside the
canister (outlet to prevent hydrogen retention).

= The inside of the canister or cell has an inert gas atmosphere to prevent ignition.

#: The roles of safety functions may be reviewed because it is affected by the fuel debris properties and canister handling procedures.
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No0.97

Basic conditions of development of the canister (7/8)

The process of collecting, transferring, and storing fuel debris and safety functions
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E. B

An example of fuel debris handling flow in the side-access method

Heavy machinery for
hoisting

Extension
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<Area classification>
Red:  Areawith high radiation level, unmanned operation (remote control from outside)
Yellow: Areawith medium radiation level (radiation level is controlled, but there is still a risk of harmful exposure)

Unmanned operation (remote control from outside in principle with limited occasions of workers working
in it for maintenance and services)
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[Supplement-1] No0.98
Basic conditions of development of the canister (8/8)

The process of collecting, transferring, and storing fuel debris, as well as issues <Area classification>
Yellow: Area with medium radiation level (radiation level is controlled, but there is still a risk of harmful
are shown as below. exposure)
= i i = Unmanned operation (remote control from outside in principle with limited occasions of workers
" iy Hydrogen gas An example of fuel debris handling flow in the side-access method working in it for maintenance and services)
ea"yﬂfscm“ge’y o treatment system ™ Green: Low radiation area (not substantially contaminated), allowing manned operation
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[Supplement-2] Design conditions of the canister for safety N0.99
requirements (1/3)

Table. Setting up design conditions of the canister for safety requirements (1/3)

Safety Safety function Canister design conditions

. Canister requirements
functions requirements Lid Main Body

Confinement Confinement of Prevention of leakage of ® As a measure to prevent the spread of ® The main body of the canister should have a structure
radioactive radioactive materials from contamination, the structure should be such that fuel whereby the airtightness is maintained by a welded
materials inside the canister except via debris pieces (solid)Note1 passing through the gaps structure, etc.

the vent mechanism. between the canister body and lid are not released.

Note that liquid and gas confinement should be
ensured by a cell or a transfer cask and not by the
canister.

® The integrity of the seal should be maintained =
against aging due to the corrosion and radiation
expected during the transfer period.

® The integrity of the strength members should be maintained against aging due to the corrosion and radiation
expected during the transfer and storage periods.

Appropriate reduction in ® As a measure to prevent the spread of contamination, -
leakage of radioactive the structure should be such that the release of fuel

materials associated with the debris pieces (solid)\°te1 passing through the vent

release of hydrogen gas from mechanism is suppressed.

the vent mechanism.

Appropriate reduction in ® The structure should be such that serious damage such ® The main body of the canister should have a
leakage of radioactive as detachment or breakage of the canister lid does not structure that does not incur serious damage such
materials even in the event of occur even if it receives an impact load from dropping or as breakage even if it receives an impact load from
occurrence of dropping tumbling, and from the perspective of preventing the dropping or tumbling, and from the perspective of
events that must be expected spread of contamination, the structure should be such preventing the spread of contamination, the
that fuel debris pieces (solid)\°t¢! passing through the structure should be such that fuel debris pieces
gaps between the canister body and lid are not released. (solid)Nete 1 Jiquids, and gases are not released.

Note that liquid and gas confinement should be ensured
by a cell or transfer cask and not by the canister.

Note 1: The particle size of fuel debris pieces (solid) is set to 0.1 mm or more (Definition of debris: Powder debris (collected through the liquid phase system, etc.): less than 0.1 mm,
Earticulate debris (collected by suction, etc.): 0.1 mm to 10 mm, block debris (collected in unit cans): more than 10 mm
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[Supplement-2] Design conditions of the canister for safety requirements No.100
(2/3)

Table. Setting up design conditions of the canister for safety requirements (2/3)

Safety SEEY Canister design conditions

: function Canister requirements
functions requirements Lid Main Body

Criticality Prevention of The shape should be able - The structure should be such that the
prevention additional to prevent criticality. subcriticality of fuel debris is maintained by the
nuclear geometric shape of the inner diameter of the
fission canister.
reaction

- ® In the case of an array of canisters, the
subcriticality should be maintained by retaining
the array dimensions using other equipment
(metal cask basket, etc.).

® The structure should be such that serious @ The structure should be such that the inner
damage such as detachment or breakage of the diameter of the canister can maintain the
canister lid does not occur even if it receives an geometric shape that can maintain subcriticality
impact load from dropping or tumbling, and even if it receives an impact load from dropping
from the perspective of maintaining or tumbling. The structure of the main body of the
subcriticality, the structure should be such that canister should be such that it does not incur
fuel debris pieces (solid)N°t¢1 passing through serious damage such as breakage, and from the
the gaps between the canister body and lid are perspective of maintaining subcriticality, the
not released. Note that liquid and gas structure should be such that fuel debris pieces
confinement should be ensured by a cell or a (solid)Netel Jiquids, and gases are not released.

transfer cask and not by the canister.

Heat Prevention of The canister should be @ The structure should be such that integrity is maintained using the natural heat dissipation of the
removal abnormal able to maintain the canister.
overheating temperature of the fuel
debris at the appropriate
level.

The design should be such @ The internal temperature of the canister should not exceed the permissible temperature even in the
that the internal event of loss of external power or other events that must be expected.

temperature of the canister

does not exceed the

permissible temperature

even if there is an

expected rise in the

building temperature.

Note 1: The particle size of fuel debris pieces (solid) is set to 0.1 mm or more (Definition of debris: Powder debris (collected through the liquid phase system, etc.): less than 0.1 mm, particulate debris (collected by suction, etc.): 0.1
mm to 10 mm, block debris (collected in unit cans): more than 10 mm)

|
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[Supplement-2] Design conditions of the canister for safety
requirements (3/3)

Safety

functions

No.101

Table. Setting up design conditions of the canister for safety requirements (3/3)

Safety function
requirements

Canister
requirements

Canister design conditions

Shielding

Prevention
of hydrogen
explosion

Prevention
of dust fires

Prevention of
excessive exposure
or internal exposure
due to radiation

Response to fires
and explosions
caused by
flammable gas
generated due to
radiolysis of water
(responseto
hazards)

Response to fires
caused by the
reaction of oxygen
and metal dust
generated during
fuel debris retrieval
and cutting
(responseto
hazards)

(No requirements)

The design should
be such that the
concentration of
hydrogen inside the
canister can be
maintained below
the design value.

Conduct studies on
measures to prevent
ignition due to the
fine zirconium
powder expected in
fuel debris.

Lid Main Body

@ The shielding function should be ensured by the building or transfer cask, etc., and not by the
canister.

@ The structure should be such that hydrogen generated by radiolysis of water due to fuel debris is
appropriately discharged outside the canister.

@ The structure should be such that the hydrogen generation by the radiolysis of water due to fuel
debris is suppressed.

@ The inside of the canister or cell should have an inert gas atmosphere to prevent ignition.

Olnternational Research Institute for Nuclear Decommissioning



[Supplement-3] Design conditions of the canister for handling
requirements

Handling
function
requirements

Table. Setting up design conditions of the canister for handling requirements

Canister requirements

Lid

No0.102

Canister design conditions

Main body

Handleability

The lid can be fastened and opened by
remote operation.

From the perspective of workability, the
lid can be fastened and opened by a
simple operation.

The handling related to other operations
such as fuel debris containing, transfer,
and storage should be possible.

—

‘ Reactor

=)

Fuel debris
retrieval
device

(b) The lid structure should allow lid

fastening and opening by simple

operations, such as turning the lid.

(a) The lid structure should allow lid fastening =
and opening by remote operation.

(c) The canister should have a liftable structure.

so that stacking is possible during transfer and storage.

(f) The size and structure should take into account the workability in the handling flow of
canisters.

(d) The structure should enable connection with the (drying facility and) inert gas injection
facility, etc.

(e) The structure should allow alignment of the lid and the bottom structure of the canister

.
Access tunnel
)

UC transfer
system

Drying apparatus

=t

Canister transfer
system

weight measuring system ‘C"aas"kae’

| . I
1 _
A-' ""
[ ] (] L ]

Transfer cask
transfer system

Figure. Canister handling flow plan (Example of side access)
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[Supplement-4] Specification plan for the canister (1/15) No.103

Table. Design conditions and specifications for the canister (plan) (1/10)

Safety functions

and Design conditions Canister specifications (plan)
functional requirements

Lid Confinement ® The structure should be such that serious damage Simple installation structure
such as detachment or breakage of the canister lid = Integral method-based lid fastening structure (equipped with a stopping mechanism)
does not occur even if it receives an impact load from = Lid outer diameter 300 mm (for a canister with inner diameter 220 mm), 500 mm (for a
dropping or tumbling, and from the perspective of canister with inner diameter 400 mm)
preventing the spread of contamination, the structure
should be such that fuel debris pieces (solid)Note® Bolt structure
passing through the gaps between the canister body = Bolt-based lid fastening structure (equipped with a guide pin)
and lid are not released. Note that liquid and gas = Lid outer diameter 300 mm (for a canister with inner diameter 220 mm), 500 mm (for a
confinement should be ensured by a cell or transfer canister with inner diameter 400 mm)

cask and not by the canister.

[Concepts of specification selection]

= The structure has a structural strength that does not cause detachment of the lid or serious
damage leading to a large amount of leakage and does not create a continuous gap in the
seal even when it receives an impact load such as a drop in the vertical position.

= Two types of remotely-operable structures were selected: a bolt structure that has a proven
track record in remote operation of a similar lid, and a simple installation structure that
allows the lid to be opened and closed by simple operation (turning of the lid).

= Considering workability and containing efficiency, the outer diameter of the lid was kept as
small as possible, and the size used was such that a canister with inner diameter 220 mm
could be contained in a basket with a 310 mm square opening, and a canister with inner
diameter 400 mm could be contained in a basket with a 510 mm square opening.

Handleability (a) The lid structure should allow lid fastening and = The installation of a buffer structure prevents the stored items from shooting up and

opening by remote operation. colliding with the inner surface of the lid, so the lifting of the lid due to the collision need not

be considered and the processing time (processing amount) is reduced by using a structure
where the amount of fitting required to attach the lid to the body is as small as possible.

= In the unlikely event such as bolt galling, it will be cut from the side of the lid with a special

) The size and structure should take into account the tool (assuming a disk-shaped cutter), and to reduce the amount of cutting of the lid, it was

workability in the handling flow of canisters. decided to place the bolt as farther outside as possible.

Criticality prevention () The structure should be such that serious damage
such as detachment or breakage of the canister lid
does not occur even if it receives an impact load from
dropping or tumbling, and from the perspective of
maintaining subcriticality, the structure should be
such that fuel debris pieces (solid)N°te 1 passing
through the gaps between the canister body and lid
are not released. Note that liquid and gas confinement
should be ensured by a cell or transfer cask and not
by the canister.

(b) The lid structure should allow lid fastening and
opening by simple operations, such as turning the lid.

Note 1: The particle size of fuel debris pieces (solid) is set to 0.1 mm or more (Definition of debris: Powder debris (collected through the liquid phase system, etc.): less than 0.1 mm, particulate debris
(collected by suction, etc.): 0.1 mm to 10 mm, block debris (collected in unit cans): more than 10 mm)

|
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[Supplement-4] Specification plan for the canister (2/15) No.104

Safety functions
and
functional
requirements

Table. Design conditions and specifications for the canister (plan) (2/10)

Design conditions

Canister specifications (plan)

Vent Confinement
mechanism

Prevention of
hydrogen explosion

Handleability

Air supply Handleability
mechanism

(d)

(d)

As a measure for preventing the spread of
contamination, the structure should be such that the
release of fuel debris pieces (solid)N°te1 passing
through the vent mechanism is suppressed.

The structure should be such that hydrogen
generated by radiolysis of water due to fuel debris is
appropriately discharged outside the canister.

The structure should enable connection with the
(drying facility and) inert gas injection facility, etc.

The structure should enable connection with the
(drying facility and) inert gas injection facility, etc.

= Opening/ closing method: Coupler method (normally-open coupler)

* Coupler size: 1 inch type (Minimum cross-sectional area: Approx. 490 mm?2)

[Concepts of specification selection]

= The structure is such that the release of fuel debris pieces (particle size 0.1 mm or
more) is suppressed by a filter installed in the vent mechanism.

= A specification (coupler size) that keeps the hydrogen concentration inside the canister
below the lower explosion limit of 4 vol.% was selected, based on the release of hydrogen
evaluated using the diffusion evaluation formula considering the effect of the filter and
coupler on the vent flow path, for the amount of hydrogen generated based on actual
measurements in the presence of water.

* Based on the evaluation of the risk of increase in hydrogen concentration during the
vent opening and closing operation when handling canisters, a coupler with a normally-
open vent was selected to reduce the risk.

* The inert gas injection facility was connected with one vent mechanism coupler

creating a structure that allows gas replacement inside the canister by alternately
performing air supply and exhaust.

* Drying fuel debris in a unit can: Air supply mechanism absent

* Drying fuel debris in a canister: Air supply mechanism present (Two connection ports
for air supply and exhaust)

[Concepts of specification selection]

* The heated vacuum drying method and the warm air heated drying method are being
studied as the methods of drying fuel debris, and the unit-can-state and canister-state
are being studied as the drying states, but the method has not been selected. Therefore,
structures with and without air supply mechanism, which can handle either of the
methods or states, were studied.

* When drying the fuel debris in the unit can, the unit can is placed in a drying chamber
to implement the drying process, so the air supply mechanism need not be installed. In
the case of canister drying (heated vacuum drying), by alternating the air supply and
exhaust operations with the vent mechanism (one connection port), it may be possible
to eliminate the need to install an air supply mechanism.

- In the case of canister drying (warm air heated drying), since the vent mechanism (one
connection port) cannot be used, it is necessary to install an air supply mechanism in
the canister.

Note 1: The particle size of fuel debris pieces (solid) is set to 0.1 mm or more (Definition of debris: Powder debris (collected through the liquid phase system, etc.): less than 0.1 mm,
particulate debris (collected by suction, etc.): 0.1 mm to 10 mm, block debris (collected in unit cans): more than 10 mm)
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[Supplement-4] Specification plan for the canister (3/15) No.105

Table. Design conditions and specifications for the canister (plan) (3/10)

SEEY
functions

and Design conditions
functional
requirements

Canister specifications (plan)

Body Confinement (@) The main body of the canister should have a structure
whereby the airtightness is maintained by a welded

structure, etc.

= Inner diameter: 220 mm, 400 mm

= Plate thickness: 10 mm

= Internal height: 840 mm (for a canister with inner diameter 220 mm), 845 mm (for a canister
with inner diameter 400 mm)

@  Thestructure of the main body of the canister should * Welded structure: Butt-joint full penetration weld

be such that serious damage such as breakage does
not occur even if it receives an impact load from
dropping or tumbling, and from the perspective of
preventing the spread of contamination, the structure
should be such that fuel debris pieces (solid)Note 1,
liquids, and gases are not released.

[Concepts of specification selection]

= Temporarily considered equivalent to a Class 3 vessel, the structure of the welded part was
adopted in accordance with JSME “Design and Construction Standard PVD-4000
Manufacturing of vessels".

= Since the wall thickness of TMI-2 canisters was ¥z inch (6.35 mm), the canister wall thickness
was taken as 10 mm to be on the safe side. The structure is strong enough not to cause
serious damage leading to a large amount of leakage even if it receives an impact load such as
adrop in the vertical position. In addition, a hub (tapered part) was installed at the joint
between the body and flange to ease stress in the event of a lid collision. The shape of the hub
(tapered part) conformed to JSME “Design and Construction Standards PVD-3000 Class 3
Vessel Design”.

Criticality
prevention

The structure should be such that the subcriticality of
fuel debris is maintained by the geometric shape of
the inner diameter of the canister.

Handleability

In the case of an array of canisters, the subcriticality
should be maintained by retaining the array
dimensions using other equipment (metal cask
basket, etc.).

The structure should be such that the inner diameter
of the canister can maintain the geometric shape that
can maintain subcriticality even if it receives an
impact load from dropping or tumbling. The structure
of the main body of the canister should be such that
serious damage such as breakage does not occur,
and from the perspective of maintaining subcriticality,
the structure should be such that fuel debris pieces
(solid)Note 1 Jiquids, and gases are not released.

The size and structure should take into account the
workability in the handling flow of canisters.

= The inner diameter was set to 220 mm, which has been confirmed by subcriticality evaluation

to be able to maintain subcriticality regardless of the fuel debris particle size and moisture
content, and to 400 mm temporarily set in consideration of expansion of the inner diameter to
improve workability.

= The array size was temporarily set to 330 mm or more, which has been confirmed to be

capable of maintaining subcriticality based on the results of criticality evaluation for canister
inner diameter of 220 mm with uranium enrichment 4.9 wt%, water volume 20%, and finite array
(10 x 10).

= The structure is such that even if it receives an impact load of a drop in the vertical position, a

canister of inner diameter 220 mm is deformed within the range that can maintain subcriticality
due to the installation of a buffer structure.

= The internal height of the canister was set to 840 mm (for a canister with inner diameter 220

mm) and 845 mm (for a canister with inner diameter 400 mm), allowing space above the unit
cans, taking into account the catalyst case thickness (20 mm (temporarily set)) and height of
two unit cans it will store (400 mm per can), in addition to considering a margin on the thermal
expansion of the unit cans, the manufacturing tolerance, and the height when the unit cans are
stored at an angle.

Note 1: The particle size of fuel debris pieces (solid) is set to 0.1 mm or more (Definition of debris: Powder debris (collected through the liquid phase system, etc.): less than 0.1 mm,
particulate debris (collected by suction, etc.): 0.1 mm to 10 mm, block debris (collected in unit cans): more than 10 mm)
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[Supplement-4] Specification plan for the canister (4/15) No.106

Table. Design conditions and specifications for the canister (plan) (4/10)

Safety functions
and
functional
requirements

Design conditions Canister specifications (plan)

Heat Heat removal @ The structure should be able to maintain integrity = No heat removal structure (cooling fin, etc.)
removal ing the natural heat dissipation of the canist
structure using the natural heat dissipation of the canister.

[Concepts of specification selection]

= As aresult of an evaluation conducted in a heat removal study in FY2014,
® The internal temperature of the canister should not

exceed the permissible temperature even in the event
of loss of external power or other events that must be
expected.

assuming the handling of heat removal in the air, it was confirmed that when the
block-like fuel debris with the highest burnup was placed at a filling rate of 50%, the
fuel debris limit temperature of 300°C, set with reference to TMI-2, was not
exceeded, so it was decided not to provide a special heat removal structure (fins,
etc. to improve heat removal).

= The temperature environment around the canister would be ensured through heat
removal by other equipment (transfer cask/ storage cask basket, cooling fins, etc.)
and air conditioning in the facility, and it was decided that the canister would not be
provided with a special heat removal structure (fins, etc. to improve heat removal).

Shielding Shielding @ The shielding function should be ensured by the - No shielding structure
structure building or transfer cask and not by the canister.
[Concepts of specification selection]
= In order to avoid a decrease in workability due to an increase in the weight of the
canister and a decrease in handleability due to the installation of a shielding
structure, no shielding structure was installed on the canister.
Inert Prevention of dust @ The inside of the canister or cell should have an inert - Installation of a coupler (shared with the coupler of the vent mechanism) that can

atmosphere fires L . L -
P gas atmosphere to prevent ignition. be connected to the inert gas injection facility

[Concepts of specification selection]

= The measures to prevent ignition by fine zirconium powder have not been decided,
but assuming that the inside of the canister has an inert gas atmosphere to prevent
ignition, a coupler (shared with the coupler of the vent mechanism) is provided for
the canister so that it can be connected to the gas injection facility.

l Rl D Olnternational Research Institute for Nuclear Decommissioning



[Supplement-4] Specification plan for the canister (5/15) No.107

Table. Design conditions and specifications for the canister (plan) (5/10)

Safety functions
and
functional
requirements

Design conditions Canister specifications (plan)

Part

Suspending Handleability (©) The structure of the canister should be such that it can = Structure to lift the canister by gripping the lifting groove provided inside
part be lifted. the lid
(Note that if the storage space is a square prism (or unrestricted), the
canister can also be lifted by gripping the body flange)

[Concepts of specification selection]

= By providing a lifting groove inside the lid and making the hanging jig of
the canister suspending device smaller than the outer diameter of the
canister lid, the structure allows lifting without being affected by the shape
of the storage space (square prism, cylinder, plate (drilled hole)).

= The structure is such that by not installing the suspending part that was
installed in the center of the upper end plane of the lid, the event of entry of
the buffer structure into the suspending part, which was seen in the FY
2018 feasibility verification test for canister lid structure, does not occur.

Sealing Handleability () The size and structure should take into account the = Structure that can be sealed by pressing against the seal installed in the
g]aitihs?grlognd workability in the handling flow of canisters. port between cells by using a planar structure for the upper end of the
canister body

the port
between cells = Structure in which the inner lid (with filter) is installed on the canister body

[Concepts of specification selection]

= As a method of preventing contamination as much as possible at the area
boundary between cells in the handling flow of canisters, the structure is
such that the upper end plane of the canister body can be pressed against
the seal of the port between cells to seal it.

= As a method of preventing contamination as much as possible during the
handling of canisters from the port between cells to lid fastening, the
canister body was installed with an inner lid. Note that the inner lid was
provided with a filter on par with the vent mechanism for hydrogen venting.

| s
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[Supplement-4] Specification plan for the canister (6/15) No.108

Table. Design conditions and specifications for the canister (plan) (6/10)

Safety functions
and
functional
requirements

Design conditions Canister specifications (plan)

Filter Confinement ® As a measure for preventing the spread of = Mesh diameter: 0.3 pm (suitable for HEPA)
contamination, the structure should be able to * Type: Wire mesh type
prevent the release of fuel debris pieces * Material : SUS316
(solid)Nete 1 passing through the vent

[Concepts of specification]

= While selecting the filter specifications, the requirements for safety
functions were organized and set as a design policy plan for the filter.
(1) The particle size of the fuel debris to be handled in a canister has

been specified as 0.1 mm or more, so the mesh diameter was set to
less than 0.1 mm.

(2) The mesh diameter should be such that the hydrogen generated
inside the canister can be released appropriately.

(3) From the viewpoint of fire resistance, heat resistance, and aging of
material, the filter material shall be the same material as the
canister.

* From the above design policy plan, release of hydrogen was
evaluated based on the hydrogen diffusion evaluation formula with
the minimum mesh diameter assumed currently (0.3um (suitable), and
it was confirmed that the concentration of hydrogen inside the
canister could be kept at the lower explosion limit of 4vol.% or less,
so 0.3 ym was selected as the mesh diameter for the filter.

* The wire mesh type and the sintered metal powder type were the two
types of filters considered, but the wire mesh type was selected in
consideration of the results of BWR filter vents, etc.

* The material used for the filter was SUS316, which is the same
material as that of the canister.

* As measures against clogging of the filter, the surface area of the
filter was increased by making the diameter of the filter as large as
possible, and the structure was made less susceptible to clogging. In
the unlikely event that the filter becomes clogged, it is assumed that
the filter will be replaced by replacing the lid. I
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[Supplement-4] Specification plan for the canister (7/15) No.109

Table. Design conditions and specifications for the canister (plan) (7/10)

Safety functions
and
functional
requirements

Design conditions Canister specifications (plan)

Seal Confinement ® The integrity of the seal should be - Elastomer gasket (EPDM: Ethylene Propylene Diene monomer)
maintained against aging due to the
corrosion and radiation expected [Concepts of specification selection]
during the transfer period. = Since the storage facility ensures the confinement function during storage, the confinement

function during storage is not expected for canisters, for which it is difficult to maintain and confirm
sealing during storage (regular leak inspection, etc.). Therefore, elastomer gasket (EPDM) was
adopted prioritizing storage efficiency (minimization of outer diameter of lid), lid fastening
workability, and applicability to a simple installation structure.

= The radiation resistance is approx. two years as per arough evaluation when all the fuel debris in
the canister was temporarily set to UO, with fuel debris burnup 41 (GWd/t), and there was no
problem with durability during transfer and handling (assumed to be about 7 days).

= During storage, which is estimated to be about 50 years, the confinement function may be lost due
to aging, but even if the confinement function is lost, it is unlikely that a large amount of fuel debris
pieces will be released from the seal during stationary storage, and even if they are released, they
will remain in the storage cask (in the case of the metal cask method) that ensures the confinement
function, so it will not impair the confinement function as a storage facility.

= As ameans for ensuring the confinement function during storage (and after storage), adoption of a
metal gasket may be considered, but it has the following issues and was not adopted in the current
design:

(i) Cannot be applied to the simple installation lid structure.

(ii) Can be applied to a bolt lid structure, but since a large fastening force is required, the lid outer
diameter/ bolt diameter becomes large, which increases the weight of the canister and reduces
the storage efficiency.

(iii) Compared to the elastomer gasket, careful consideration is required for cleaning of the sealing
surface (prevention of scratches and management of foreign material intrusion) and
management of bolt fastening work.

=S
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[Supplement-4] Specification plan for the canister (8/15) No.110

Table. Design conditions and specifications for the canister (plan) (8/10)

Safety functions

and Design conditions
functional requirements

Canister specifications (plan)

Seal Confinement
(continued)

Criticality prevention

As a measure to prevent the spread of contamination,
the structure should be such that fuel debris pieces
(solid)Note1 passing through the gaps between the
canister body and lid are not released. Note that liquid
and gas confinement should be ensured by a cell or a
transfer cask and not by the canister.

The structure should be such that serious damage
such as detachment or breakage of the canister lid
does not occur even if it receives an impact load from
dropping or tumbling, and from the perspective of
preventing the spread of contamination, the structure
should be such that fuel debris pieces (solid)Note 1
passing through the gaps between the canister body
and lid are not released. Note that liquid and gas
confinement should be ensured by a cell or a transfer
cask and not by the canister.

The structure should be such that serious damage
such as detachment or breakage of the canister lid
does not occur even if it receives an impact load from
dropping or tumbling, and from the perspective of
maintaining subcriticality, the structure should be
such that fuel debris pieces (solid)N°t¢1 passing
through the gaps between the canister body and lid is
not released. Note that liquid and gas confinement
should be ensured by a cell or a transfer cask and not
by the canister.

Simple installation structure

= Outer cylindrical surface: Elastomer (EPDM) O ring

* Upper end plane (O ring is installed on the lid): Elastomer (EPDM) O ring

[Concepts of specification selection]

= From the lid structure, the position for installing the O-ring as a
confinement boundary can be considered to be the upper end plane and
the outer cylindrical surface of the canister, but if the O ring is installed on
the upper end plane, it is difficult to manage the O-ring squeeze rate due to
the structure of the lid, so the O ring was installed on the outer cylindrical
surface setting it as the confinement boundary.

= Due to the structure of the lid, the simple installation structure has a
relatively large gap between the mating parts of the lid and the body, and
when there is an impact load such as that caused by tumbling, there may
be a momentary gap in the outer cylindrical surface seal, so an O ring is
also installed on the upper end plane to suppress momentary leakage.

* The Oring on the upper end plane was installed on the lid side so that the
O ring could be replaced in light of the measures to be taken when the seal
can no longer function due to the effects of aging, etc.

Bolt structure

* Upper end plane (O ring is installed on the lid): Elastomer (EPDM) O ring
[Concepts of specification selection]

» Since the squeeze rate can be controlled by fastening bolts and the target
size of the outer diameter of the lid is restricted, the O-ring on the upper
end plane of the canister body was set as the confinement boundary.

* The Oring on the upper end plane was installed on the lid side so that the
Oring could be replaced in light of the measures to be taken when the seal
can no longer function due to the effects of aging, etc.

Note 1: The particle size of fuel debris pieces (solid) is set to 0.1 mm or more (Definition of debris: Powder debris (collected through the liquid phase system, etc.): less than 0.1 mm,
particulate debris (collected by suction, etc.): 0.1 mm to 10 mm, block debris (collected in unit cans): more than 10 mm)

TRID
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[Supplement-4] Specification‘ plan for the canister (9/15)

Safety functions
and
functional

Design conditions

No.111

Table. Design conditions and specifications for the canister (plan) (9/10)

Canister specifications (plan)

requirements

Buffer
structure

Confinement

Criticality prevention

Handleability

(e)

)

The structure should be such that serious damage such as detachment or
breakage of the canister lid does not occur even if it receives an impact
load from dropping or tumbling, and from the perspective of preventing the
spread of contamination, the structure should be such that fuel debris
pieces (solid)Note L passing through the gaps between the canister body and
lid are not released. Note that liquid and gas confinement should be
ensured by a cell or transfer cask and not by the canister.

The structure of the main body of the canister should be such that serious
damage such as breakage does not occur even if it receives an impact load
from dropping or tumbling, and from the perspective of preventing the
spread of contamination, the structure should be such that fuel debris
pieces (solid)Note L liquids, and gases are not released.

The structure should be such that serious damage such as detachment or
breakage of the canister lid does not occur even if it receives an impact
load from dropping or tumbling, and from the perspective of maintaining
subcriticality, the structure should be such that fuel debris pieces (solid)Nete
1 passing through the gaps between the canister body and lid are not
released. Note that liquid and gas confinement should be ensured by a cell
or transfer cask and not by the canister.

The structure should be such that the inner diameter of the canister can
maintain the geometric shape that can maintain subcriticality even if it
receives an impact load from dropping or tumbling. The structure of the
main body of the canister should be such that serious damage such as
breakage does not occur, and from the perspective of maintaining
subcriticality, the structure should be such that fuel debris pieces (solid)Nete
1, liquids, and gases are not released.

The structure should allow alignment of the lid and the bottom structure of
the canister so that stacking is possible during transfer and storage.

The size and structure should take into account the workability in the
handling flow of canisters.

* DOE (skirt) type

[Concepts of specification selection]

= A buffer structure was installed to deal with events such as
the event that occurred in the FY 2018 feasibility verification
test for canister lid structure in which the simple installation
structure lid could not be opened due to the stored items
shooting up and colliding with the inner surface of the lid when
the canister fell, and in order to reduce the deformation of the
body of the lower canister in the event of a canister dropping
on top of another canister.

* The buffer structures being considered included the existing
TMI (concave) type, Paks (doughnut) type, and DOE (skirt) type.
The DOE (skirt) type was selected in consideration of its simple
structure, good manufacturability, ease of canister stacking
and ease in provision of holes for preventing retention of
hydrogen gas.

+ Although there are difficulties in decontamination work by
wiping and surface contamination density measurement by
smearing, it is assumed that structural measures (such as not
having an uneven shape on the inner surface) and measures to
prevent contamination during handling (such as placing the lid
on openings and covering) can be used to deal with these
issues.

= In order to have a structure that prevents deformation of the
buffer structure when handling the canister, the lower end ring
is installed as reinforcement.

Note 1: The particle size of fuel debris pieces (solid) is set to 0.1 mm or more (Definition of debris: Powder debris (collected through the liquid phase system, etc.): less than 0.1 mm,

particulate debris (collected by suction, etc.): 0.1 mm to 10 mm, block debris (collected in unit cans): more than 10 mm)
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[Supplement-4] Specification plan for the canister (10/15) No.112

Table. Design conditions and specifications for the canister (plan) (10/10)

Safety functions

Part and Design conditions Canister specifications (plan)
functional requirements

Catalyst  Prevention of @®  The structure should be able to + Catalyst case (disk-shaped, 20 mm thick) is installed on the
hydrogen prevent the hydrogen generation  bottom of the inner lid
explosion by the radiolysis of water due to
fuel debris. [Approach to selection of specifications]

* As a measure to prevent hydrogen generation, the
effectiveness, required amount, installation position, etc. of
the catalyst is being studied separately, but as a provisional
specification, a catalyst case (disk-shaped, 20 mm thick) is
installed on the bottom of the inner lid.

Material Confinement @  The integrity of the strength * SUS316L
members should be maintained
against aging due to the [Concepts of specification selection]
corrosion and radiation expected  + At present, it is difficult to predict the environment inside the
during the transfer and storage canister, but in general, austenite stainless steel was selected
periods. as a material that has excellent corrosion resistance and is

relatively easy to procure and process. Of this, SUS316L was
selected in consideration of its superiority in SCC resistance
control (chloride ion concentration, humidity control) over
SUS304L. In order to avoid SCC sensitization due to welding,
low carbon steel material (L material) was used.

» Scenarios were created taking into account the viewpoints
of operation and design, and based on the evaluation of
crevice corrosion and stress corrosion cracking on the
presumption of operation in dry conditions, it is projected
that the material can be adopted.
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[Supplement-4] Specification plan for the canister (11/15)  No.113

1) Lid

» The following two types of lids were designed to make its opening and closing possible by remote control: one with thread
provided on the lid so that its opening and closing can be done by turning, called the “simple installation structure” in this
report; and the other that uses bolts to fix the lid, which has a lot of track records in its opening and closing operation by
remote control, such as the one used at TMI-2, called “bolt structure” in this report.

* The lid was designed with a structure strong enough to withstand an impact load in the event of falling and crashing onto the

floor, by any possibility, maintain its sealing performance by protecting the lid and sealing structure, and prevent continuous
leakage through the sealing part.

Lid Lid

Lift hook Lift hook

Vent mechanism (coupler) Vent mechanism
(coupler)

Filter Filter

Lid fixing bolt

Inner lid (with filter) Inner lid (with filter)

O-rings (upper end plane)

Catalyst Catalyst O-rings

O-rings (upper end plane)

(outer cylindrical surface)

Unit can

Unit can Thread

Body
Simple mounting structure Bolt structure

(Inner diameter of 220 mm and without air supply mechanism) (Inner diameter of 220 mm and with air supply mechanism)
Figure: Schematic drawing of proposed lid structures™

Note 1: In the cross-sectional view, the lid, body, vent mechanism, filter, catalyst, O-ring, etc. are color coded for identification of the components.
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[Supplement-4] Specification plan for the canister (12/15)  No.114
2) Body .

« The following two types of canisters were designed depending on
what to be prioritized: one with its body inner diameter being 220 mm
to achieve a geometric shape capable to maintain sub-criticality
regardless of the size and moisture content of fuel debris, and the
other that has the body with an inner diameter of 400 mm to increase
the capacity for better operation productivity.

» The thickness of the body was determined to be 10 mm by reference Tapered section

to the canister used at TMI-2, whose thickness was 1/4 in. (6.35), and
by imposing additional strength requirement that the canister must
withstand an impact load in the event of falling and crashing onto the
floor, by any possibility, maintain its sealing performance and prevent
a large amount of leak by protecting the lid and sealing structure, and
protect its body (inner diameter of 220 mm) from deformation at a
level where its ability to maintain sub-criticality is lost.

Body

(Inner diameter:
220/400 mm)
(Thickness: 10 mm)

Unit can

(Two in a vertical
« The inner space of the body was designed so that it could hold two arrangement)
unit cans (outer diameter: 210 mm, height: 400 mm) in a vertically

Tapered secti
stacked arrangement. apered section

» The joints between the body and the flange and between the body
and the bottom plate were designed with a tapered shape so that they
can reduce stress caused by the impact load in the event of falling
and crashing onto the floor by any possibility.

Figure: Schematic drawing of proposed canister structure™

(Design with the bolt structure, an inner diameter of 220 mm, and air supply mechanism)

Note 1: In the cross-sectional view, the components are color coded for identification.
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[Supplement-4] Specification plan for the canister (13/15)  No.115
3) Sealing (1/2)

» The canister needs to maintain its confinement performance during its transfer and handling period (assumed to
be approximately 7 days). On the other hand, there is no requirement in its confinement performance for the
period of storage (assumed to be approximately 50 years). (The storage facility is responsible for the
confinement function.)

» Based on this requirement, an elastomer gasket (EPDM) was adopted among the sealing devices that provide a
performance and durability to ensure reliable sealing during the transfer and handling period (assumed to be
approximately 7 days), focusing on the storing efficiency (the outer diameter of the lid can be minimized),
easiness of lid fastening operation, and applicability to the simple installation structure.

» There is a risk of the canister losing its confinement performance due to the degradation of the sealing device
with time. (The storage period is assumed to be approximately 50 years.) However, the spread of a large
amount of fuel debris from the stationary stored canister into air through its sealing part is not likely to occur.
Even if the spread of fuel debris from the canister occurs, it will remain in the storage cask (when it is made of
metal) and will not cause a problem in the confinement function of the storage facility.

« A metal gasket would be an option to improve the confinement performance of the canister during storage
period (and after storage). However, it was not adopted as a sealing device for the canister used in the structure
verification test for the following reasons. Meanwhile, a metal gasket will remain one of options (for the bolt
structure) in the future.

() Itis not applicable to the simple installation structure.

(i) Itis applicable to the bold structure if a larger fastening force can be applied to the lid compared to an elastomer gasket.
However, it will require larger dimensions of the lid (outer diameter) and bolts and result in an increase in the canister weight
and a decrease in the storing efficiency.

(i) The sealing surface needs to be much cleaner than that for an elastomers gasket (i.e., stricter control is required on scratches
and foreign materials), and bolt tightening torque must be precisely controlled.

|
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[Supplement-4] Specification plan for the canister (14/15)
3) Sealing (2/2)

Confinement
performance

Long-term integrity off -

the sealing
material/surface

Radiation resistance

Thermal resistance

Handling easiness

Possibility of
opening and closing
the canister after it

has been sealed

Impact on the lid
design

Elastomer gasket

- Good for short-term confinement

Good for transfer period but difficult to
ensure for storage period

- Good for about 2 years™ with the

maximum radiation dose rate of 30
Gy/h, which is estimated at the sealing
part of the canister during transport and
storage

- No degradation will occur in the

temperature range that is estimated at
the sealing part of the canister during
transport and storage (max. 200°C*2).

- Fairly good
- A certain compressive force (less than

metal gasket) needs to be provided.

- Possible; the gasket may need to be

replaced depending on its condition.

- Applicable to the simple installation

structure; attention must be paid to the
shear strength of the gasket if the
opening/closing of the lid involves a
sliding action.

Elastomer gasket was adopted.

It was selected from the sealing devices that met the criteria of
the confinement performance and durability and adopted by
focusing on the storing efficiency (the outer diameter of the lid
can be minimized), easiness of lid fastening operation, and
applicability to the simple installation structure.

Metal gasket

- Good for long-term confinement

- Good for both transfer and storage
periods

- No degradation will occur with the
maximum radiation dose rate of 30 Gy/h,
which is estimated at the sealing part of
the canister during transport and
storage.

- No degradation will occur in the
temperature range that is estimated at
the sealing part of the canister during
transport and storage (max. 200°C*2).

- More careful tightening is required than
elastomer gasket.

- A certain compressive force (larger than
elastomer gasket) needs to be provided.

- Possible; the metal gasket needs to be
replaced.

- Not applicable to the simple installation

structure

- The lid needs to have a larger outer

diameter (than that with an elastomer
gasket).

- Difficult to ensure confinement
performance for both short- and long-
term confinement

- No problem because of metal sealing
surface

- No degradation will occur with the
maximum radiation dose rate of 30 Gy/h,
which is estimated at the sealing part of
the canister during transport and
storage.

- No degradation will occur in the
temperature range that is estimated at
the sealing part of the canister during
transport and storage (max. 200°C*2).

- Fairly good

- Possible, but difficult to obtain the same
confinement performance as that before
opening

- Not applicable to the simple installation
structure

Table: Comparison of sealing

Metal touch seal Welding

No.116

- Good for long-term confinement

- Good for both transfer and storage
periods

- No degradation will occur with the
maximum radiation dose rate of 30 Gy/h,
which is estimated at the sealing part of
the canister during transport and
storage.

- No degradation will occur in the
temperature range that is estimated at
the sealing part of the canister during
transport and storage (max. 200°C*2).

- Difficult to perform welding in the reactor
building and expanded building

- Possible, but the canister cannot be used
again.

- There will not be many restrictions in the

lid design if overpack welding is used.

Note 1: The maximum radiation dose rate was derived based on a burnup of 41 GWd/t, which was cited from the report of the Japan Atomic Energy Agency, JAEA-Data/Code. 2012-18 (September 2012), “The Estimation of the
Burnup of Fuel Debris Based on the Burnup of the Irradiated 6th Batch Fuel and in Consideration of Its Irradiation History as Part of the Estimation of Fuel Compositions in Fukushima-Daiichi Nuclear Power Plant”
(Nishihara, K., lwamoto, H. and Suyama), and on the assumption that a cooling period would be 10 years and fuel debris in the canister be all UO,. If a burnup of 26 GWd/t, the average burnup of fuel in the reactor, and a
cooling period of 10 years are used to set the maximum radiation dose rate, the life of the elastomer gasket is estimated to be approximately 5 years.

Note 2:

when the fuel debris in the canister has the maximum burnup of 41 GWd/t and the fuel debris filling rate of the canister is 30%.

1RID

The maximum temperature of 200° C was set based on the result of the heat removal analysis in FY2014. The analysis estimated that the center of fuel debris would reach 209° C and approximately 90° C on the body
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[Supplement-4] Specification plan for the canister (15/15)  No.117

4) Vent mechanism

» Acoupler with a size of 1 in. was selected to achieve the estimated Filter
hydrogen concentration in the canister below its lower explosive limit of 4
vol%.™ The hydrogen concentration in the canister was estimated using
the same diffusion equation as the one used at TMI-2 and taking account
of components in the vent pipe system, such as a coupler and filter.

* The following three types of estimates and measurements could be used

Hydrogen

Coupler

as a hydrogen generation rate for the estimation of hydrogen Unit can
concentration in the canister, and it was decided to use the second one
@ based on the plan to dry fuel debris (to a water content of 0.1 wt.% as Figure: Diffusion evaluation model
a target), which allows the assumption that the hydrogen generation rate
could be reduced to below the actual measurement in the test with spent o
fuel submerged in water. g e e N
Condition : Estimate by the diffusion equation used at TMI-2 in 2018 (particle 2 (particle transport calculation)
transport calculation); 1.3 X 10-16 (L/h/Bq) 20% o eiion o isas ammerts 1 the test (it margin taking

into consideration measurement error and fluctuation)

Condition @: Measurements in the hydrogen generation tests with spent fuel
in FY2018 with margins taking into consideration measurement
error and fluctuation:1.2 x 1017 [L/h/Bq]

Condition Q: Measurements in the hydrogen generation tests with spent fuel
in FY2018; 5.1 x 107'8 (L/h/Bq)

» Hydrogen generation rate: 5.1 x 107'8 [L/h/Bq]
Condition 3): Measurements in the tests

A one-inch coupler was selected.
The size of the coupler was determined
taking into consideration filter clogging, etc.,
—

so that the hydrogen concentration in the
canister would be kept sufficiently lower than
its lower explosive limit of 4 vol%.

Hydrogen concentrate in the canister [%)]

* The size of the coupler of the @ 220 mm canister, which is expected to be 10 | e o
primarily used in the initial phase of the fuel debris removal operation at ' concentationin he caiser boow s
the 1F, was determined taking into consideration uncertainties, such as I lc‘h;!E:y[;f;’?'ggn'VgZﬁZ:;‘SLﬁYa‘i'e/i}““
filter clogging, so that it can keep the hydrogen concentration in the % |- e 18 j ...................
canister sufficiently lower than its lower explosive limit of 4 vol%. i M ': e G

|
0%
Note 1: The current coupler size of 1in. is considered to be the maximum based on the Size of the coupler (in.)
current lid design and taking into consideration the connection and disconnection
of the sealing cap by remote control. However, the size can be enlarged to Figure: Estimate of hydrogen concentration in the g 220 mm

approximately 2 in. when the design is changed in the future. canister by the diffusion equation

_— e ESS
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[Supplement-5] Methodology used for the collection of

Steps of the transfer and reaction
of hydrogen near the catalyst

CHZS

N

@

Hydrogen gas concentration C,,

O)

No.118

catalyst performance data (1/2)

(Supplement) Mass transfer coefficient of gas film and how it affects the
overall reaction rate constant

Catalyst Gas film Gas

(—)\—Y_)\_Y—)\—\

Chap

Distance

Figure: Model of the transfer and reaction
of hydrogen near the catalyst™

O The reaction rate of a catalytic hydrogen recombination is
determined by the following two steps:
(@ Mass transfer from the fluid to the surface of the catalyst
@ Reaction on the catalyst

O How those two steps (D and @ affect the overall reaction rate
depends on the conditions of the reaction, and one with a slower
rate will limit it.

O The mass transfer rate from the fluid to the surface of the catalyst is
expressed by the mass transfer rate of film (mass transfer rate of
gas film).
re = Kg (Cripp~Chizs)

O The reaction rate on the surface of the catalyst is expressed by the
following equation:
rr = KrChizs

O Accordingly, the overall reaction rate constant K is expressed by
the following equation:

1 1 1 K: Overall reactio_n rate constant
— = — 4+ — kg Catalyst reaction rate constant
K kg kg ks: Mass transfer coefficient of gas film

Note 1: The illustration of the model was created by reference to the figure in the page 183 of Kenji Hashimoto, “Hannou Kougaku” (Chemical Reaction Engineering) published by Baifukan Co., Ltd.
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[Supplement-5] Methodology used for the collection of No.119

catalyst performance data (2/2)

ke was

(Supplement)  Methodology used for the collection of estimated from
K and kR. of them on kg
catalyst performance data
As described above, the reaction rate of the hydrogen recombination is

Mass transfer limits the rate «<— — Reaction limits the rate
Mass transfer No effect of
resistance of gas mass transfer
- . film i iling. :
expressed by the equation below: imis prevejing resistgee

Reaction rate equation Kr <-IL--"“--.-_L- S R
<

Hydrogen concentration and gas
temperature were used as test
parameters to evaluate the effect

ffect of kg

For the first order reaction: —r = KCy,

r: reaction rate, C,,: hydrogen concentration, and
Co,: OXygen concentration
K: Overall reaction rate constant

v' The equation above can be used when other reaction conditions
are the same, such as temperature and gas flow rate.
An overall reaction rate constant (K) depends on the reaction N
conditions. Therefore, K must be measured with different Superficial velocity ug
conditions that cover those that actually occur in the reaction (kg: catalytic reaction rate constant, kg: mass transfer coefficient of gas film)
under discussion. Figure: Methodology for reaction rate constant estimate

Especially, the gas flow rate is also important with respect to gas film formed on the surface of the catalyst.

v" Thus, it was necessary to estimate the value of K at different gas flow rates. For this purpose, gas flow-type reaction
rate measurement tests were conducted in which the effect of the reaction rate constant of the catalytic reaction (kx:
catalytic reaction rate constant) and the mass transfer (kg: mass transfer coefficient of gas film) on K were able to
be evaluated independently.

l — i + i (K: overall reaction rate constant, ky: catalytic reaction rate constant,
K kp kg kg mass transfer coefficient of gas film)

Overall reaction rate constant K

|
l l D Olnternational Research Institute for Nuclear Decommissioning



[Supplement-6] Organized results of catalyst No.120

performance evaluation tests (1/7)

@Influence of humidity

» The reaction rate constant K decreased with the increase of the hydrogen concentration when dried gas was used.
The reaction rate turned to an increasing trend at a hydrogen concentration of 10,000 ppm and more.
It can be inferred that the effect of temperature rise due to reaction heat cancelled or even surpassed the effect of
water produced by recombination reaction.

« Similarly, the reaction rate turned to an increasing trend at a hydrogen concentration of 10,000 ppm when humidified
gas (almost 100% RH) was used.

= A reaction rate constant K measured in the condition with a hydrogen concentration of 100 ppm and humidified
gas, which was equal to 2, was adopted as the most conservative condition for the study of the catalyst position
with respect to hydrogen concentration and humidity.

10.0 @ With dried gas (1)
9.0 M With dried gas (2) <Test condition>
80 | With humidified gas Reaction vessel: gas flow-type, catalyst: TKK-H1P, temperature:
7.0 10°C, H2 concentration: 100—-10,000 ppm, ratio of O2/H2: 0.5

K value decreased due to water

6.0 e o recomonaten Humidification: No/Yes
(+8°C, wet) LV: 0.14 m/s, SV: 50,000/h, thickness of catalyst bed: 10 mm

o | e, >
2001 \>‘—————"'&1

N This K value (=2) is sufficiently K value increased due to a decrease in the area of the
1 . 0 conservative considering the use of catalyst surface covered with water produced by

humidified gas. recombination because of its evaporation by reaction heat.

K [sec 1]
ot

o O
f T

100 1,000 10,000
Hydrogen concentration [ppm]

Figure: Effect of hydrogen concentration

| S
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[Supplement-6] Organized results of catalyst No.121

performance evaluation tests (2/7)

@ Influence of temperature

* The overall reaction rate constant increased with the increase of temperature T.
InK shows a linear relation with 1000/T, which means that K follows the Arrhenius equation and thus the activation
energy is constant.
The temperature dependency of K in the range of 10° C-50° C is the temperature dependency of the catalytic
reaction, which suggests that the effect of other factors on K, such as mass transfer and parameters that affect
them, is relative.

 Based on this result, it was decided to use 10° C as the temperature in the canister to study the suitable position
of the catalyst bed in it as it was the lowest possible temperature and the most conservative temperature with
respect to the catalyst performance.

<Test condition>

3.5 Reaction vessel: gas flow-type, catalyst: TKK-H1P, temperature:
10°C-50°C, H, concentration: 100 ppm, O, concentration: 50 ppm,
30 1 y=-1.27x + 5.9674 no humidification
55 R?=0.9762 LV: 0.14 m/s, SV: 50,000/h, thickness of catalyst bed: 10 mm
50°C ) _
L2 f 30°C 10°C Arrhenius equation
£ A Ea
L N k = Ae( 77)
1.0 l Ea
10°C is the most nk = Ind - ﬁ
0.5 conservative.
0.0 . . (A: frequency factor (s7), Ea: activation energy (J mol™"),
3.0 3.2 3.4 36 R: gas constant=8.314 (J K-1 mol-1), and T: temperature (in K))
1000/T * Activation energy Ea = 1.27 x 8.314 x 1,000 = 10,600 J mol™*

Figure: Influence of temperature

|
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[Supplement-6] Organized results of catalyst No.122

performance evaluation tests (3/7)

@ Influence of superficial velocity LV (1/2)

« The influence of LV on the overall reaction rate constant K is small, which suggests that
the effect of mass transfer is relatively small and chemical reaction is the rate-limiting
step.

« K can be estimated using a mass transfer coefficient with an LV of 0 m/s in the canister.
(K'is 1.96 s™' with an LV of 0.03-0.14 m/s and is 1.91 s~! with an LV of 0 m/s)

10.0
9.0 @ Drygas
8.0 | M Wet gas
7.0 .
— 60 | <Test condition>
: 5:0 | ey * Reaction vessel: gas flow-type, catalyst: TKK-H1P,
; 40 temperature: 10°C, H, concentration: 100 ppm,
I O, concentrations: 50 ppm, with and without
3.0 Z K does not show dependence on LV, e .
20 . = = \t/vhicr; SquiSFS thatltlhe effect of mass hum|d|f|Cat|On
* ranster on K Is small. .
1.0 F (In contrast, the effect of catalytic LV 003—042 m/S, th|CkneSS Of Cata|ySt bed 10 mm
. reaction is large.)
0.0
0.0 0.1 0.2 0.3 0.4 0.5

Superficial velocity LV [m/s]

Figure: Influence of superficial velocity LV

|
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[Supplement-6]

Organized results of catalyst

performance evaluation tests (4/7)

® Influence of superficial velocity LV (2/2)

No0.123

» The value of the mass transfer coefficient ks is greater by one to two orders of magnitude than the
overall reaction rate constant K, which suggests that mass transfer is not rate-limiting.
Hydrogen molecules reach the surface of the catalyst quickly, but their recombination with oxygen
on the catalyst proceeds slowly. Thus, the catalytic reaction rate constant (k) determines the overall

reaction rate constant (K).

This is the reason of the minute dependence of K on LV shown in the conditions of this test.

1000 ¢
_ i grﬁ(‘:‘;‘t‘l‘;‘ément) B KG(Estimates) kR(Estimates) @ K(LLV=0)
-—
|
9 [
o, g B
£ 100 F
k=) [ |
c -
o |
O]
X
X 10}
E ’E\ o
s (o ¢ o v
(&S] ~
= [ ﬁ The overall reaction rate constant K was
Q - estimated taking account of the mass
(@] transfer coefficient kG.
© 1
0.0 0.1 0.2 0.3 0.4 0.5

Superficial velocity LV [m/s]

Figure: Estimation of reaction rate constant

1RID

<Test condition>

Reaction vessel: gas flow-type, catalyst: TKK-H1P,
temperature: 10°C, H, concentration: 100 ppm,

O, concentration: 50 ppm, no humidification

LV: 0.07-0.42 m/s, thickness of catalyst bed: 10 mm

Mass transfer coefficient kG

kqd
sh=ledp o _ 1 dyup
D c = Re =
pD 1

sh = 2.0 + 1.1Sc1/3Re%-6

kG: Mass transfer coefficient [m/s~"], u: Superficial velocity (LV) [m/s™]

dp: particle size [m], y: viscosity of fluid [kg m~'s™1],

p: density of fluid [kg m=3], D: effective diffusion coefficient [m2s~"]

(Cited from Keniji Hashimoto, “Hannou Kougaku”
(Chemical Reaction Engineering))
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[Supplement-6] Organized results of catalyst No.124

performance evaluation tests (5/7)

@ Influence of the ratio of oxygen/hydrogen concentrations

» The overall reaction rate constant K increases with the increase of the ratio of oxygen/hydrogen in a range of
0.25-1.5.

« The value of K decreases in the presence of excessive oxygen. According to the literature,™ this phenomenon can
be explained by the competitive adsorption of oxygen and hydrogen on the catalyst. Excessive oxygen blocks
hydrogen from adsorbing onto the adsorption site of the catalyst.

* The mixture of oxygen gas:hydrogen gas at a ratio 0.5:1 was used in this study as the inside of the canister would
be purged by nitrogen gas before putting fuel debris in it and oxygen and hydrogen in it would originate from the
radiolysis of water.

(When the ratio of oxygen to hydrogen in the canister changes by some reasons, the effect of the ratio on the
catalyst performance needs to be investigated)

20.0
18.0
16.0 |
_ 140 M <Test condition>
o120 Reaction vessel: gas flow-type, catalyst: TKK-H1P,
$.,10.0 F temperature: 10°C, H, concentration: 100 ppm, ratio of
x 80 F O, /H,: 0.5-1,927, no humidification
6.0 (o LV: 0.14 m/s, SV: 50,000/h, thickness of catalyst bed: 10 mm
4.0 - \‘,’0'5 The radiolysis of water is
20 | @ o3 j ?;:(L;ndez+o.soz) ¢ 1927,
0.0 i T e e e
0 1 10 100 1,000 10,000

Oxygen concentration/Hydrogen concentration [—]

Figure: Influence of oxygen/hydrogen ratio

ernational Research)lnstitute for Nuclear Decommissioning

Olnt
IRID Note 1: Murata et al., “Development of Catalytic Recombiner for Boiling Water Reactor,” Hitachi Hyorrz)n 50-12 (1968): 1072



[Supplement-6] Organized results of catalyst No.125

performance evaluation tests (6/7)

® Influence of poisoning materials (lodine)

» Since there is no information on the catalyst poisoning materials, such as halogens, that will be contained in fuel
debris to be collected and placed into the canister, and their contents and chemical form at present, iodine (I,)™
was used for the test.

» The overall reaction rate constant decreased by adding iodine. It is considered to be due to the poisoning of the
catalyst by iodine.
The overall reaction rate constant decreased to approximately 1/3 at an iodine/catalyst ratio of 0.05 mg-I,/mL-
catalyst.
When the amount of iodine is small, the reaction rate does not become zero, and the catalyst’s ability to promote
hydrogen—oxygen recombination is retained.

<Test condition>
Reaction vessel: gas flow-type, catalyst: TKK-H1P,
temperature: 10°C, H, concentration: 100 ppm,
ratio of O,/H,: 0.5, no humidification
: LV: 0.14 m/s, SV: 50,000/h, thickness of catalyst bed: 10 mm
i 30 f Amount of iodine: 0 and 0.05 mg-I,/mL-catalyst

=0 F Note 1: According to the literature, the content of chloride ion in the reactor water is less
than 1 ppm. Therefore, iodine (produced as a fission product) was used for the test.
(Literature: Fukaya et al. in the 63rd Japan Conference on Materials and Environments
at the Osaka International Convention Center on October 17 to 19, 2016, “The current
status and issues of the efforts to slow down the progress of the rust of the pressurized
containment vessel and piping in Fukushima Daiichi Power Plant)

No poisoning by Poisoned by
iodine iodine

Figure: Influence of oxygen/hydrogen ratio

|
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[Supplement-6] Organized results of catalyst

12000

No0.126

performance evaluation tests (7/7)

® Test to simulate the inside condition of the canister (Batch test)

* While the catalyst performance evaluation tests in this study are performed with a tube filled with the catalyst and by flowing gas
through it, the catalyst in the canister will need to process static gas mixture of hydrogen and oxygen.

» To investigate the influence of the flow of oxygen—hydrogen mixed gas, the catalyst was subjected to the amount of hydrogen more than
that which would be generated in the canister during 7 days transfer period in the test tube first. Then, it was placed in a reactor filled
with the oxygen—hydrogen mixed gas 100% saturated with water vapor (hydrogen concentration: 10,000 ppm), and change in the
hydrogen concentration with time was measured.

* The test result showed that sufficient hydrogen recombination had occurred (reduction of hydrogen concentration below 10 ppm) even
in static gas mixture, which demonstrated the performance of the catalyst in static gas.

10000

8000

6000

4000

Hydrogen concentration (ppm)

2000

Before reaction
10038

After reaction

6

Before reaction
9968

After reaction

2

Day 1

Day 7

H At the beginning

m At the end

Figure: Result of recombination reaction tests by
the batch method

<Test condition>

Catalyst: TKK-H1P, ® 3 mm (after saturated with recombined water)

Gas: mixture of H, (10,000 ppm), O, (5,000 ppm), and saturated water vapor

Reactor: batch type, filled with water at its bottom and catalyst placed at its center
Temperature: cooled at 10°C, reaction time: 14 h on the first day and 15 h on the second day
Measurement: two times, first at the end of 14 h on the first day and second at the end on the
7th day after having been placed above water in the reactor

TRID

Hydrogen, oxygen, Reaction vessel
Steam /
Mixed gas

Expaust
11 4

[~

T Water

Thermostatic chamber
Catalyst

Figure: Conceptual diagram of batch-type
catalytic reactor
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[Supplement-7]

Safety function sharing and required

No.127

functions for the fuel debris drying apparatus

The requirements for the drying apparatus are to be the same as those for the canister with respect to the
safety functions this technical development project aims to achieve.

Table: Functional requirements for the drying apparatus with respect to safety functions

Safety function sharing Required functions

Safety functions

Sub-criticality

Cooling

Confinement

Others

(Integrity of

Heat removal

Confinement

Shield

Structure

Integrity of
materials

holding, cooling,

and sealing
functions)

Hydrogen

Fire
prevention

Design goals

Maintaining sub-criticality

Elimination of the impact of heat on
the properties of the canister, fuel
debris, and other devices

Prevention of the exposure of
workers and general public

Prevention of the exposure of
workers and general public

Structural strength to achieve and
maintain the safety functions

Strength of the materials to
withstand mechanical stresses that
may occur

Prevention of the explosion of
hydrogen generated by the
radiolysis of water

Prevention of fire caused by
residual zirconium

0]

0]

O]
(Catalyst)

. Other Drvin
Canister : ying
- equipment apparatus REMarks
@)

0]

Heat generation

O O during drying
(Added) (Overheating
prevention)
(@) Prevention of
» O contamination
spread
(@)
Installed in the cell
(@)
(@)
(@)
(@)
@)
O (Drying)
o
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[Supplement-8] Results of the study of drying No.128

technologies used in general industries

The drying methods used in the general industry were investigated, and those applicable to

fuel debris drying were selected.
Table: Results of the investigation and analysis of drying devices used in the general industry

Level of difficulty to meet safety requirements

Drying method Bravaricn i REMETS

Maintaining sub-criticality ~Confinement performance Overheating prevention

contamination spread

Hot air (carrier gas) (@] (@] O O
The heating part of the drying device that requires
Heat conductor (@) (@) A O maintenance is directly contaminated because it
directly touches fuel debris to transfer drying heat.
Radiation O O (@) O
_ A % The microwave generator is also contaminated
Microwave (e} (A large cell is required) (Waveguide sealing) O ggci?;se the waveguide cannot be sealed during
Induction heating (IH) O O O o
Superheated steam (Not applicable because of the use of water)
Vacuum O O (@) O
x X
o (Fuel debris needs to be ; P
Agitation taken out from the unit (e} (Risk ofsgcr)ggzr;matlon O
can) The dust of fuel debris gets airborne by taking it out
x from the unit can and agitating/flowing it in a chamber.
. X
: : (Fuel debris needs to be A . .
Floating and flowing taken out from the unit (A large cell is required) (Risk ofS;?S;%r;lnatlon o
can)

Legends: O...Applicable A...Conditional X ...Not applicable

Criteria for screening

* Drying will be performed as fuel debris is held in the unit can (UC) in principle.

* The safety (maintaining sub-criticality) is achieved by handling fuel debris as it is held in the unit can.

« With regard to the agitation and floating and flowing methods, additional studies are necessary on anti-contamination measures and safe criticality control since
fuel debris needs to be taken out from the unit can to carry out them.

* The use of microwave will require additional anti-contamination measures taking account of the maintainability of the entire drying system because the microwave
generator as well as the waveguide are exposed to fuel debris.

[Applicable drying methods] Hot air, heat conductor, radiation, induction heating (IH), and vacuum

|
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[Supplement-9] Proven TMI-2 fuel debris drying and its No.129

applicability to this technical development

Proven TMI-2 fuel debris drying was examined, and its applicability to this technical development was

studied.
Table: Study of the applicability of TMI-2 fuel debris drying to this technical development

REBTES | WEmS @ 5e mvgstlgated Proven TMI-2 fuel debris drying Applicability to this technical development
area and studied

Purpose: Maintaining sub-criticality

Target: Water removal between particles, and The purpose of this development is to control the hydrogen generation gas, and the drying target
the allowable water content is set to 8¢/can  is strictlyset g 1/20 or less (2 cm3/L or less) of TMI-2.
(42 cm3/ per canister internal volume)

Purposes and target

Design Material under test for
preliminary study Sand and pumice (porous solid) Policy of using porous materials that are more difficult to dry than that in TMI-2
Heating with reduced pressure - It is expected that the method used in TMI-2 can be applied to the drying of free water between
Drving method (Maximum permissible temperature of the particles.
ying sealing materials is 150°C) - It is necessary to consider the optimum drying conditions, and decide on them by conducting
Heated gas (testing only) surveys on heating, depressurization, air speed, etc.
There is no information on the conditions of the To be studied

S EnIEEy drying chamber evaluation.

Safety Cooling There is no information on design policy. To be studied
measures
Ant|-contam|nat|on.s . I . There is useful information that installing a metal filter in the canister is an effective method to
measures of the drying Installation of a metal filter in the canister

reduce the contamination of the drying system.
system

[Conclusion]

* The track record at TMI-2 is useful for the removal of free water between particles.

* The target of drying of this development is much more challenging that the method used at TMI-2 cannot be used as it is.

* It is useful information that installing a filter in the canister is an effective method to reduce the contamination of the drying

system.
| -
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[Supplement-10] Processes of fuel debris removal operation and No.130

materials that are assumed to be collected in the
processes in addition to fuel debris

The materials listed in the table below are assumed to be collected. In addition, porous solids with fine pores and fine
particles that contain moisture in them (slurry) are known to affect drying behavior, and porous solids are estimated to
account for a large part of collected materials. Based on the above consideration, zeolites were selected as drying test

samples.
Table: Materials that are assumed to be collected

Piece of broken fuel Pieces of broken fuel assemblies left
rod unmelted

Fuel debris in the form Molten materials SlOle cooled down into ¢ Fuel debris collected in the removal process

Removal of lump, MCCI the form of lump is the main material to be dried.
» The project “Characterization of Fuel Debris”
process . ) . ) .
Fuel debris in the form  Molten reactor core materials quickly - : concluded that fuel debris consisting of
of pebble and powder  cooled down into small pieces l“': oxides was likely to be porous.
>
_ e
PIEBES I brpken Pieces of broken structures left unmelted -
structures with nuclear . . ) )
: with fuel debris adhering to them
fuel adhering to them P
Water - - * The drying system may need to deal with fuel
treatment  Slurry ]Ijuel det?rlls 17) (57 I O [FD10ET e debris in the form of fine particles.
system Ine particle i * However, details are not known about its
properties.
_ Filters used in the water treatment (For this reason, the applicability of the drying
Others  Filters system and gas treatment process method developed for porous solids to fine
particle fuel debris is to be studied.)

_— LS
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[Supplement-11] TG-DTA measurement results with fuel debf
drying test samples (zeolites)

Measurement of drying characteristics
(study in FY2019 and FY2020)

B A synthesized zeolite was selected as a representative

material of porous solids and its drying characteristics were

measured
B The moisture content reached 0.22 wt.% in 10 h with 200° C

B Element tests are planned to collect basic drying
characteristic data including the effects of the drying system
operation conditions and the influence of the properties of the
drying sample

18
16 Moisture content
<
E 14 Temperature
2
~ 12
=
2 10
5
o 8
e
> 6
0
g ¢ 0.22wt%
9
0

Figure: Test result (Change in moisture content)

1RID

Time (h)

Temperature (°C)

Drying rate (mg/mm)

0.8

0.6

0.4

0.2

0.0

Table: Conditions of TG-DTA measurement

g.131

Equipment name

RIGAKU TG TG-DTA8122 (OT6800049)

Measurement items

Time, mass, and temperature

Held at 200°C for 10 h

Temperature (Then raised to 300°C and held for 1 h to
reach a fully dried condition)
Pressure Atmospheric pressure
Used gas Dry-N, 100mL/min

Shape of the test
chamber

Rectangle with a dimension of 15 x 10 in mm

Sample container

Platinum crucible

Sample material

Synthesized zeolite (HiSivTM-3000 1.6)

Sample amount

Approx. 16 mg

L]

Drying rate

Temperature

10 15 20

Moisture content (wt.%)
Figure: Test result (Drying curve)

Temperature (°C)
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[Supplement-12] Test cases for drying element tests

o Purpose

No0.132

 Collection of basic data focusing on change in drying characteristics with the drying method and materials to be dried

through beaker scale element tests

» The test parameters are gas temperature, heater temperature, and gas flow rate for the hot air method, and heater
temperature and vacuum level for the vacuum method.
- Evaluation of the influence of the properties (such as the presence of fine pores and thermal conductivity) of materials

to be dried

Materials to be size
dried

[mm]

1.3

Particle

1 Zeolite

2 1 1

3 1 1

4 1 1

5 1 1

6 1 1

7 Metal ball Approx. 1

8 Silica sand 1

9 Silica sand 1, 3
Zeolite 1.3

L Metal ball 1

11 2102 Ciligiee

available

Filling
rate
[vol%)]

- 5 5 —

1
Approx. 60

1

Whatever
available

Table: Element test conditions

Filling height
[mm]
100

B e

100

Gas flow rate
[m/s]

1 100
1 200
1 1
1 1

Gas
Heater temperature
temperature °C]
[°C]
200 200

100
200
200
100
200

Conditions of Run 1

T
1

Pressure
[kPa-A]

Evaluation item

Heat supply conditions

100 (Hot air)

100 Influence of gas flow rate
1 Heat supply conditions
1 (Vacuum)

50 Influence of pressure

Influence of materials to be
dried

Influence of mixed particle
sizes

Influence of mixed materials
(Mixed at a volume ratio of
1:1)

Drying behavior of slurry
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" [Supplement-13] Test cases for full-scale drying tests N0.133

Table: Test cases

Test paral rs
Type of test Purpose uc DISEnES Pressure Ui 957 Flow rate™ Run Time™
between UCs Method ature .
(Units) (mm) (CGE)) °C) (W) (Units) (hr)

0. Hot air drying To demonstrate the feasibility to achieve
the performance target by the standard 4 (No ap) Hot air 100 200 3 1 14
conditions of the hot air drying g P

1. Periodic switching To demonstrate the feasibility to achieve Periodic

drying the performance target by the standard 50 o
conditions of the periodic switching 4 (No gap) S & L 2L E L o
drying

2. Test with UCs placed To investigate the influence of the Evaluation 9f, the influence

decentered position of UCs in the chamber; for this 50 of UCs’ position and gas
purpose, a drying test is performed with 4 (No gap) Hot air 100 200 3 1 14 ﬂﬁw r";te distribution in the
UCs being placed off the center of the 9ap chamber
drying chamber toward its side wall.

3.-1 Filling height test The influence of filling height was 50 Periodic The UC filling height is
checked by changing the zeolite filling 4 (No gap) switching*3 1 200 3 1 14 85% of that in No. 1
heightin No. 1 gap

3.-2 Filling height test The influence of filling height was 50 The UC filling height is
checked by changing the zeolite filling 4 (No gap) Hot air 100 200 3 1 14 85% of that in No. 0
height in No. 0 gap

4. Vacuum drying To accumulate more data; for this
purpose, the performance of the 14
vacuum drying method is investigated 50 _
by a test. The test is approximately 2 4 (No gap) LClE L AL 1

days long because this method requires
a longer drying time.

Note 1: At annulus (space between the UC and the inner wall of the chamber)

Note 2: Approximate hours

Note 3: “Periodic switching” means that heating and vacuuming are applied alternately at an interval of
30 min. (See the figure on the right.)

Note 4: If UCs’ position is found to affect the drying time, the same test needs to be performed with the
periodic switching method. By 575 g s Y578 $e

—— e Time [hl ]
T1IRID Figure: Operation pattern of the periodic switching method 'ea" becommissioning

Sample temperature [°C]




[Supplement-14] Details of the fuel debris ; -

drying behavior model

Purpose: Analysis of the drying behavior obtained in the element
tests and analysis

The drying test data is considered from the evaluation model of
reduced rate drying rate (second falling) period, which is the a for the
completion of drying.

Drying behavior Drying rate

. . » Liquid water diffusion
ConsEn Ehg) e i » Water evaporating on the surface of |Constant
(Period A-B in the figure on the right] P 9

the sample
Reduced rate drying rate (first falling) period + Simultaneous diffusion of liquid Proport.|onal to
water and steam the moisture

(B-C] » Water evaporating inside the sample | content

Deduction rate
is less than that

Reduced rate drying rate (second falling) period |+ Steam diffusion
(C-D] « Water evaporating inside the sample

No0.134

(7hed
"
|

40—0') =Y
© »
> § |
g " T
>\ \I/
P
(@) c |
Y, I
|
. E
|
0 » ‘ :hll- l
v O 010 115

7

(W7t
Moisture content
Figure: Drying curves (relationship between moisture
content and drying rate)

Source: Toei et al., “The Mechanism of Drying of a Bed of Granular and
Powdered Materials during the Second Falling Rate Period,” 1964
Volume 28 Issue 6 Pages 458-467, Chemical engineering of Japan

in the first step.

Model to estimate a drying rate in the reduced drying rate period (second step)

A: Surface area of the sample [m2]

(R T¢ R T1> D,: Diffusion coefficient. qf steam [m2_/s]

1
h_ ;I; hp: Mass transfer coefficient of gas film [m/s]
\ \ ) p,: Partial pressure of steam in the atmosphere [Pa]
“““ "\ De (See the next page) Po: Saturated water vapor pressure at temperature T®
. Pa
(Denominator: (Drive force for diffusion) Ry: EBa; constant of steam [J/(kg-K)]
Diffusion resistance) T,: Ambient temperature [K]
. . . ) Te: Temperature of the dry zone [K]
Source: Toei et al., “The Mechanism of Drying of a Bed of W: Drying rate [kg/s]
Granular and Powdered Materials during the Second B: Correction coefficient to take into account the
Falling Rate Period,” 1964 Volume 28 Issue 6 Pages 458- curvature of diffusion path [-]
467, Chemical engineering of Japan 5: Depth of the dry zone [m]
®,: Void ratio between sample particles [-]
_—

1RID

Gas
flow

Chamber

Figure: lllustration of the drying rate estimation model
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[Supplement-15] Evaluation test of decontamination for the conceptual No.135
op - design of the fuel debris drying apparatus (1/2)
urpose of the test V

v Evaluation of remote visibility and operability = s 7
Evaluation of the feasibility of remote operation by full-scale tests i
v Evaluation of the feasibility of maintenance by workers after decontamination =
Evaluation of the level of decontamination after wiping

O Test method
(1) Make a drying chamber with stainless steel.

Note 1: Sandblasting sand
(2) Put coloring agent (such as water pigment) on the inner wall in areas that are subjected to the
wiping test by a marking tool and place deposit simulant (such as sandblasting sand*1) at the
bottom.

(3) Perform vacuuming and wiping by remote control using a manipulator and camera image *2 Manipulator operation test facility
[Areas to be vacuumed and wiped]
a. Inner wall of the body (Several representative areas, such as upper part, lower part, and

bottom) —1.7

b. Seal flange area /

i i *3 *4
(4) Check the vacuumed and wiped areas by a microscope™ and glossmeter to evaluate  go,jing flange of the

the degree of coloration after the removal of the coloring agent apparatus
Note 1: The possibility of residue of waste such as dust from the exhaust piping backwash lying at the
bottom is assumed.
Note 2: All operations are performed based on camera images in principle.

Put coloring agent in several
representative areas.

O Check items
* Whether there is the influence of reflected light, etc., in the microscope field
» Whether the deposit simulant remains (at the bottom)
* Whether the vacuumed and wiped areas show the same level of
cleanliness as that which can be achieved by manual wiping

*3: Glossmeter

Simulated

sediment\
N\

N %

icroscope with LED Drying

O Result
» Satisfactory vacuuming and wiping performance was demonstrated

Note 4:

|
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[Supplement-15] Evaluation test of decontamination for the conceptual No.136
design of the fuel debris drying apparatus (2/2)

Left (top): Before wiping, right (bottom): after wiping

O Details of the results > =
T L L T LT T Upper part of the |22~ ==~~~ "~~~ —

sell inner wall

Inner wall of the
tapered section . Before wiping After wiping Judgment

Remote control 0.7 =190 O

Manual operation 43 =199 —

(Glossiness measuremeijt condition: The jneasurement angle was 60°,
and glossmeterfmodel 1G-331 (JORIBA) was used)

- - - - = S - - o o o e - - - - -

Lower part of the
sell inner wall
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[Supplement-16] Details of hydrogen measurement No.137

technology (1/18)

a. Study of required technical specifications and the criteria of applicability judgment (1/12)

v" Two types of methods were studied for hydrogen concentration monitoring: continuous monitoring and
seguential monitoring.

v As to sequential monitoring, processes in which the monitoring of hydrogen can be performed by the
simplest system and device were identified in the planned operation flow from the process of fuel debris
collection to the process to bring it out in the transfer cask (Figures [1] to [32] below).

1| Reactor I']
building

Expanaeal Lifting machine
~building £

Manipulator Lifting ma\chine Lifting machine

S

r
. i i i Primary lid fastening ~ Secondary lid fastening
[Debns treatment cell] \ [Sealmg celﬂ systen systom/
Gas injection system/ ~ Gas injection system/

1
Word / Canister lid fastening N — L leakage cr;eckmg facility \eakat;}e checking facility
tion
e — system Drying as injec |
Fuel debris mg;rl]:i:;ng ‘n e / s syslem ' ﬁ—#—l
retrieval device Port e L 4
-

Transfer
vehicle

Fuel debris

=
|
()
|
|
=)
|

UC transfer
system

el b (- H- 2 a [

Drying apparatus Canister transfer weight measuring  transfer cask ~ Transfer cask transfer
system system system

Debris treatment cell

Sealing cell
. [9] Loading UC into the canister ([15]Connecting the canister to drying [19] Placing the canister on the weight . —
[1] Cutting and processing the discharge (6] Tr§n§fe(r:ng UC tothe expanded . . . N [10] Temporarily closing the canister lid equipment?) measuring system 23 Loadl_ng the canl_slerlnto th? {ransfer cask [35] Transferring within
y 4 building [7] Loading UC into drying equipment ferri . S . f [24] Opening the canister vent pipe .
[2] Visually checking the discharge N ! [11] Transferring the canisterto the lid ~ ([16]Drying the canister 2) [20] Measuring the weight of the canister 25] Cl he lid of th f \ (ori | the premises
! . [8] Drying fuel debris N c " Confi on of " [25] Closing the lid of the transfer cask (primary lid)
[3] Collecting fuel debris by means of fuel debris closing area [17] Connecting the canister to the gas [21] Confirming allocation of the canister [26] Injecting nert gas (insice the cavity)
retrieval device and filling it in UC *1 Besides UC, fuel debris blocks and structures are [12] Closing the lid of the canister injection system [22] Transferring the canister on to the [27] Confirming that the li of the transfer cask is closed
[4] Draining the entrained water from fuel debris transferred from inside the reactor through the access [13] Confirming that the canister lid is [18] Injecting inert gas into the canister port 9

(primary lid)
[28] Closing the lid of the transfer cask (secondary lid)
[29] Injecting inert gas (between the primary and secondary lids)
[30] Confirming that the lid of the transfer cask is closed
(secondary lid)
[31] Confirming allocation of transfer cask
@ Loading the transfer cask on to the transfer truck

closed
[14] Checking for contamination on the
back side of the canister

tunnel to the expanded building. The transfer of UC is
illustrated as a representative example.

[5] Transporting UC to the access tunnel outside
the pedestal

*2 Implemented when drying cannot be performed in debris treatment cell

Figure: Example of applying the fuel debris retrieval process flow to the handling flow of the side-access
retrieval method

e EEEEE
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[Supplement-16] Details of hydrogen measurement
technology (2/18)

No0.138

a. Study of required technical specifications and the criteria of applicability judgment (2/12)
(i) Study of where and how to carry out the continuous hydrogen concentration monitoring
The feasibility of the application (installation) of hydrogen concentration meters to the unit can (UC), container,
and transfer cask was examined.
= Based on the results shown in the table below, the transfer cask was determined to be feasible for the
application (installation) of them.

It is possible to use conventional hydrogen concentration meters for continuous monitoring because
they must only be capable to indicate if the hydrogen concentration is below its lower explosive

limit.

It must be noted the impact of the installation of a hydrogen meter in the transfer cask on its strength
needs to be examined separately.

.. ——

Unit can

Canister

L

Transfer cask

Figure: lllustration of the transfer
cask ready to be carried out

TRID

Table: Comparison of the feasibility of hydrogen concentration monitoring among fuel debris containers

Unit can
(UC)

Canister

Transfer cask

Made of mesh
sheet metal

A vent pipe is
attached

Sealed

[ ] , ,
Frequency of Signal Continuous
o - transmission | monitoring
X

High X Structurally
impossible

X

Due to frequency
Medium X and difficulty of
signal transmission

Low o) o
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[Supplement-16] Details of hydrogen measurement No.139

technology (3/18)

a. Study of required technical specifications and the criteria of applicability judgment (3/12)

(i) Study on when (in which process) to carry out the sequential hydrogen concentration
monitoring (1/2)
The following requirements need to be met by the hydrogen concentration measuring
method that will be used for the sequential monitoring:

v' The method must be accurate so that the hydrogen concentration around fuel debris in the
canister after the fuel debris is kept in it for 7 days with a hydrogen generation rate that is
estimated based on the hydrogen concentration measured by the method in the sequential
monitoring in a certain process and the gas flow rate of the process is below the lower
explosive limit of hydrogen 4 vol%.

v' The method should not affect the throughput of the fuel debris removal operation. (In other
words, there should be no additional requirements in the operation flow, such as requiring
new process for measurement and analysis)

After screening the methods base on the above-mentioned requirements, the following
processes were found to be feasible for sequential monitoring:

Process to replace the gas in the canister or transfer cask

Processes where there is no work that entails a risk of gas leakage

|
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[Supplement-16] Details of hydrogen measurement No.140

technology (4/18)

a. Study of required technical specifications and the criteria of applicability judgment (4/12)

(i) Study on when (in which process) to carry out the sequential hydrogen concentration
monitoring (2/2)

* Fuel debris drying process

* Inert gas injection process (canister)

* Inert gas injection process (transfer cask)

* Process that combines above three processes

v' The range of hydrogen concentration that needs to be covered
by the measuring method applied to each selected process is
estimated based on a hydrogen generation (rate) estimated for
the process.

v' Whether the estimated hydrogen concentration is practical or
not is assessed using the lowest measuring limit of a
conventional hydrogen concentration meter as a criterion.

Table: Result of the study on when to carry out the sequential monitoring

Process Measuring point Feasibility Points of assessment
Unit can/drvin Gas in the drying chamber is discharged out of it during drying, and a
[8] Fuel debris drying chambt—?r/ 9 O hydrogen concentration can be measured by sampling the discharged
gas.
[16] Fuel debris drying Canister o Gas in the _canlster is discharged out of it _durlng d(ylng, and a hydrogen
concentration can be measured by sampling the discharged gas.
Gas in the canister is discharged out of it by inert gas injection, and a
[18] Inert gas injection Canister O hydrogen concentration can be measured by sampling the discharged
gas.
Releasing the canister Releasing the canister vent pipe will cause part of gas in the canister to
[24]) g the Canister X flow out of it, but the amount of the gas coming out through the vent pipe
vent pipe . . o )
is too little to represent the hydrogen concentration in the canister.
Gas in the transfer cask is discharged out of it by inert gas injection into it,
o Transfer cask - .
[26] Inert gas injection . . O and a hydrogen concentration can be measured by sampling the
(Inside the cavity) .
discharged gas.

|
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[Supplement-16] Details of hydrogen measurement No.141

technology (5/18)

a. Study of required technical specifications and the criteria of applicability judgment (5/12)

(i) Summary of the results of study on when and how to carry out continuous and sequential
hydrogen concentration monitoring

(T [Continuous
monitoring ]
Transfer cask

xpande Lifting machine Manipulator Lifting machine
l building I P \\ Y

.~ /
X
o [Debris treatment cell] [Sealing celﬂ :y"s'?;z lidfastening S;:g;ﬁaw lidfastenin -— reparation cel
Gas injection system/ ~ Gas injection system/
Canister lid fastening Gas infecti — leakage cr;ecklng facility Ieakaee checking facility
system Drying az)lll;jlztlfr:lon ﬁ n l

/ 1
Work
e -_—
Fuel debris monitoring ‘ﬂ Canister / apparatus
retrieval device camera Port e L LA
‘ - ' — Transfer
{ vehicle
) uc Access tunnel -
Fuel debris n ' Ié_l — . eey sl u - — -t
== /} = .
UC transfer Drying apparatus Canister transfer weightmeasuring  transfer cask ~ 1ransfer cask transfer
system system system system

. [9] Loading UC into the canister ([15]Connecting the canister to drying [19] Placing the canister on the weight . A
[1] Cutting and processing the discharge (61 I@IZ?’STHQ UC tothe expanded 71 Loading UC into dryi t [10] T ily closing the canister lid : 2 measuring system {S} I(.)oaetﬂir;g ‘:}Ziﬂig:cg:h? t;ansfer cask [35] Transferring within
[2] Visually checking the discharge unang = Doa_ ing Idmtgc' ing equipren [11] Transferring the canistertothe lid  § ([16]Drying the canister ) [20] Measuring the weight of the canister “__ i of the tran p ST the premises
closing area gas [21] Confirming allocation of the canister e — - “
[26] Injectinginert gas (inside the cavity)

[3] Collecting fuel debris by means of fuel debris
retrieval device and filling itin UC

[4] Draining the entrained water from fuel debris

[5] Transporting UC to the access tunnel outside

the pedestal

[12] Closing the lid of the canisf

*1 Besides UC, fuel debris blocks and structures are
[13] Confirming that the

transferred from inside the reactor through the access

injecti [22] T ing the canister on to the
rlid is [18] Injectinginert gas into the canister I port
tunnel to the expanded building. The transfer of UC is

illustrated as a representative example. ntamination on the \
b st

[29] Injectinginert gas (between the prinja
[30] Confirming that the lid of the transferfcask i

(secondary lid)
[31] Confirming allocation of transfer cask

\2 Implemented when drying cannot be performed in debris treatment cell

32] Loading the transfer cask on to the trarkfer truck
[ Sequential monitoring] [ Sequential monitoring] [ Sequential monitoring] \
(8) Fuel debris drying (16) Fuel debris drying (18) Inert gas injection [Sequential monitoring]
(UC) (Canister) (canister) (26) Inert gas injection
(transfer cask (inside the
cavity))
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[Supplement-16] Details of hydrogen measurement No.142

technology (6/18)

a. Study of required technical specifications and the criteria of applicability judgment (6/12)

(iv) Estimation of a hydrogen generation (rate) in the containers that were selected to measure hydrogen
concentration in for sequential hydrogen concentration monitoring (1/3)
As to the hydrogen generation (rate), the estimates in the previous studies shown in the table below are
used as reference, and the maximum (case |I) and minimum (case V) values are used for the estimation.

Table: Estimates of hydrogen generation rate

Canister

inner UO, content in fuel Hydrogen generation Energy | Hydrogen generation rate
Case di debris model used for hydrogen absorption in the canister
iameter 0 . . . .
(mm) (wt%) generation rate estimation rate (m3/h/canister)
| 220 26 TMI model Total 2.15x10™
absorption
I 220 26 TMI model Transport 383x107°
calculation
i 220 26 TMI model Test results 1.50x10°®
\Y 220 26 Radiolysis model s 1.09x 10
absorption
v 220 26 Radiolysis model Jigi=Rel 1.30% 107
calculation
VI 220 26 Radiolysis model Test results 7.36x107'

Cited from the FY2018 Final Research Report of the Development of Technology for Containing, Transfer
and Storage of Fuel Debris

|
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[Supplement-16] Details of hydrogen measurement No.143

technology (7/18)

a. Study of required technical specifications and the criteria of applicability judgment (7/12)

(iv) Estimation of a hydrogen generation (rate) in the containers that were selected to measure hydrogen concentration in for
sequential hydrogen concentration monitoring (2/3)
A maximum permissible hydrogen generation rate that can keep the hydrogen concentration in the container in discussion
below the lower explosive limit (4 vol%) after 7 days of fuel debris containment in it was estimated for each of the containers
(drying chamber, canister, and transfer cask) that were selected to measure hydrogen concentration in for hydrogen
concentration monitoring based on their volumes (See the next page).

Table: Estimation of maximum permissible hydrogen generation rate

Maximum permissible

Container to . Number of Gas phase .
Process that the container : hydrogen generation
Process No. measure hydrogen . canisters volume e
concentration in 9 (units) (m?3) (m3h)
Drying chamber (Drying process) 1 5
©) (Unit can) (Vacuum and hot air) 5 0.356 8.4x10
[16] Canister (DI [ ess) 1 0.02% 47%10°®

(Vacuum and hot air)

[18] Canister Inert gas injection process 1 0.027 4.7%x10°

Cavity of the
(26] transfer cask

Inert gas injection process 12 1.78 42x10™"

Note 1: The dimensions of the drying chamber are hypothetically determined by reference to the FY2018 Final Research Report of the Development of Technology for Containing,
Transfer and Storage of Fuel Debris

Note 2: Cited from the FY2018 Final Research Report of the Development of Technology for Containing, Transfer and Storage of Fuel Debris

Note 3: The dimensions of the transfer cask are hypothetically determined by reference to the FY2018 Final Research Report of the Development of Technology for Containing,
Transfer and Storage of Fuel Debris

Note 4: Maximum permissible hydrogen generation rate v,= Volume of the container in which hydrogen concentration is measured V,; X Lower explosive limit 4 vol% /Containment
period 168 h

=S
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[Supplement-16] Details of hydrogen measurement No.144
technology (8/18)

a. Study of required technical specifications and the criteria of applicability judgment (8/12)

(iv) Estimation of a hydrogen generation (rate) in the containers that were selected to measure hydrogen
concentration in for sequential hydrogen concentration monitoring (3/3)

The assumed volumes of the drying chamber, canister, and the cavity of the transfer cask are shown below.

1500 Secondary lid— -
—— Volume of the space
Primary lid — 1 = between the two lids
Unit can 0.02m3
. 840 360 .
Unit can 60 Fuel debris filing  cavity . -
compartment rate 1.78m3
30%
0.D. 210 /
Drying chambér 1.D. 198 Transfer cask 7
Total volume 1480L Inner volume 11.1L Total inner volume 1.80m3
Gas phase volume 356L Fuel debris volume 3.33L Cavity volume 1.78 m3
Gas phase volume 7.77L Volume of the space 0.02m3
between the two lids
(a) Unit can drying chamber (b) Unit can

(c) Transfer cask

Figure: Outlines of unit can drying chamber, unit can, and transfer cask

The gas phase volume of the unit can drying chamber is estimated by reference to the FY2018 Final Research Report of the Development of Technology for Containing, Transfer and Storage
of Fuel Debris. In the said report, the height of the unit can compartment was not specified. In the estimation, it is hypothetically set to be equal to twice of the unit can height. It is also
hypothesized that the inner diameter of the drying chamber is equal to the outer diameter of the unit can compartment and its height is 10% higher than that of the unit can compartment.

The gas phase volume of the transfer cask is assumed to be 1.80 m? by reference to the FY2018 Final Research Report of the Development of Technology for Containing, Transfer and

Storage of Fuel Debris, and the volume of the space between the primary and secondary lids is assumed by reference to the ratio of the same space to the cavity of the cask that can be used
for both the transfer and storage of fuel debris.
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[Supplement-16] Details of hydrogen measurement No.145

technology (9/18)

a. Study of required technical specifications and the criteria of applicability judgment (9/12)

(v) Estimation of the range of a hydrogen concentration to be measured for sequential monitoring and the assessment of the
applicability of a conventional hydrogen concentration meter (1/4)

A hydrogen concentration in the container in discussion after 7 days of fuel debris containment in it was estimated for each of the
containers (drying chamber, canister, and transfer cask) that were selected to measure hydrogen concentration in for hydrogen
concentration monitoring. In this estimation, fuel debris was assumed to generate hydrogen at the following three rates: the rate of
case |, rate of case Vi, and maximum permissible rate (See the next page).

The judgment of the applicability of a conventional hydrogen concentration meter is made by using the estimate with the maximum
permissible hydrogen concentration rate and based on the criteria for applicability judgment below.

[Assessment criteria]
Estimated hydrogen concentration with the maximum permissible hydrogen generation rate = 100 ppm: Applicable (A
conventional hydrogen concentration meter can be used)
Estimated hydrogen concentration with the maximum permissible hydrogen generation rate = 1-100 ppm: Conditional (A hydrogen
concentration meter with a higher sensitivity is needed)
Estimated hydrogen concentration with the maximum permissible hydrogen generation rate < 1 ppm: Not applicable (It is difficult
to detect this concentration by any of conventional hydrogen concentration meters)

[Assessment result]
* Drying process
v Hot air drying: The estimated hydrogen concentration is below 1 ppm, and it is difficult to detect this concentration by any of
conventional hydrogen concentration meters.
v’ Pressurizing and vacuuming: The estimated hydrogen concentration is in a range of 1-100 ppm, and a hydrogen concentration
meter with a higher sensitivity is needed.
* Inert gas injection process
v The estimated hydrogen concentration with the maximum permissible hydrogen generation rate is higher than 100 ppm
for the canister and transfer cask, and a conventional hydrogen concentration meter can be used.

| EEEEES
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[Supplement-16] Details of hydrogen measurement
technology (10/18)

a. Study of required technical specifications and the criteria of applicability judgment (10/12)
(v) Estimation of the range of a hydrogen concentration to be measured for sequential monitoring and the
assessment of the applicability of a conventional hydrogen concentration meter (2/4)

Table: Estimation of hydrogen concentration

Amount of hydrogen generation per unit

Gas replacement

c i rate time Hydrogen concentration (ppm)’
Process ontalr:l;c;r:)og?neasure (m3h) (m3/h) Ass;sssurlr:ent
concentration in = 0
@0° C, 100 kPa Case | Case VI " ge Case | Case VI
Fuel debris drying "
(Heating with reduced Drying chamber 2.95E+00 1.07E-03|3.68E-06(8.48E-05| 3.6E+02 | 1.2E+00 | 2.9E+01 A
pressure)
Fuel debris drying .
(Heating with reduced Canister 5.90E-01% |2.15E-04|7.36E-07|4.76E-06| 3.6E+02 | 1.2E+00 | 8.1E+00 A
pressure)
Fucl debris dying brying chamber | 1.22E+03"  |1.07E-03|3.68E-06|8.48E-05| 8.8E-01 | 3.0E-03 | 7.0E-02 x
(Hot air drying)
Fuetdebris dying Canister 2.4364+02™° |2.15E-04|7.36E-07|4.76E-06| 8.8E-01 | 3.0E-03 | 2.0E-02 x
(Hot air drying)
Inert gas injection Canister 1.98E-02" |2.15E-04|7.36E-07|4.76E-06| 1.1E+04 | 3.7E+01 | 2.4E+02 O
inert gas injecton Transfercask | 1.76E+00"  |2.58E-03|8.84E-06|4.24E-04| 1.5E+03 | 5.0E+00 | 2.4E+02 O

(Inside the cavity)

No0.146

Note 1: A gas replacement rate at 0°C and a pressure of 100 kPa was estimated by reference to the FY2018 Final Research Report of the Development of Technology for Containing, Transfer and Storage of Fuel

Debris.
Note 2: This is the quotient of the gas replacement rate estimate of Note 1 by the number of the unit can compartments in the drying chamber based on the assumption that the gas replacement rate of the single
canister is equal to that of the single unit can compartment.

Note 3: A gas replacement rate at 0° C and a pressure of 100 kPa was estimated by reference to the FY2018 Final Research Report of the Development of Technology for Containing, Transfer and Storage of Fuel

Debris and based on the assumption that a vacuum pump with the same specifications as those of the vacuum pump used for the hot air and vacuum drying is used for the hot air drying
Note 4: This is the gas suction rate from the canister during an hour of vacuuming that is performed once before injecting inert gas into it.
Note 5: Hydrogen concentration (ppm) = Amount of hydrogen generation per unit time (m3/h) /Gas replacement rate (m3h) x 10°

| NS
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[Supplement-16] Details of hydrogen measurement No.147
technology (11/18)

a. Study of required technical specifications and the criteria of applicability judgment (11/12)

(v) Estimation of the range of a hydrogen concentration to be measured for sequential monitoring and the assessment of
the applicability of a conventional hydrogen concentration meter (3/4)

The two processes in the table below were selected as primary candidates for sequential hydrogen concentration
monitoring based on the estimated range of a hydrogen concentration to be measured and the applicability of a
conventional hydrogen concentration meter to the estimated range.

Hot wire semiconductor sensors, which do not require the presence of oxygen, will be mainly studied as
candidate measurement devices since the atmosphere to be measured contains little oxygen due to inert gas
injection.

Table: Result of the evaluation of inert gas injection processes

Assumed atmosphere condition Criteria for applicability judgment

Where to monitor hydrogen Discharged gas by replacing operation/pump exhaust ~ The meter must be able to measure the hydrogen

concentration™ gas concentration of flowing gas
[18] Inert gas injection . . The meter must be able to be used in 10°C—40°C
; Atmosphere Room temperature and atmospheric pressure - .
(Canister) temperature range and in an atmospheric pressure
Gas composition Mixture of nitrogen, steam, and hydrogen 1D (EE st |9 Sl o GlEee! 6 eIegEn

concentration of 240 ppm in the relevant atmosphere

Where to monitor hydrogen  Discharged gas by replacing operation/pump exhaust =~ The meter must be able to measure the hydrogen

concentration™ gas concentration of flowing gas
[26] Inert gas injection Ay .
(Inside the cavity of Atmosphere Room temperature*? and atmospheric pressure IS ey el (20 ablg 0 U=t 1.0 A
the transfer cask) temperature range and in an atmospheric pressure
Gas composition Mixture of nitrogen, steam, and hydrogen U3 ST VS 03 £ 10 CEEEhE eI

concentration of 240 ppm in the relevant atmosphere

Note 1: The two assumed methods are listed as the details of the inert gas injection method are not known.
Note 2: approximately 10-40°C
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l R' D Olnternational Research Institute for Nuclear Decommissioning



[Supplement-16] Details of hydrogen measurement

applicability of a conventional hydrogen concentration meter (4/4)

technology (12/18)

a. Study of required technical specifications and the criteria of applicability judgment (12/12)
(v) Estimation of the range of a hydrogen concentration to be measured for sequential monitoring and the assessment of the

The two processes in the table below were selected as secondary candidates for sequential hydrogen concentration monitoring
based on the estimated range of a hydrogen concentration to be measured and the availability of a highly sensitive hydrogen

concentration meter that can cover the estimated range.
The availability of a highly sensitive hydrogen concentration meter that can be used in the assumed atmosphere and

cover the estimated range is investigated.

Assumed atmosphere condition

[8] Fuel debris drying
(Hot air with
vacuum, drying
chamber)

[16] Fuel debris drying
(Heating with
vacuum, canister)

Table: Result of the evaluation of fuel debris drying processes

Where to monitor

hydrogen concentration PUTITTE) GBS 1285

Room temperature™ and

Atmosphere X
negative pressure

Mixture of nitrogen,

ket steam, and hydrogen

Where to monitor

hydrogen concentration UMD G S

Room temperature* and

Atmosphere .
negative pressure

Mixture of nitrogen,

i el geiion steam, and hydrogen

Criteria for applicability judgment

The meter must be able to measure the hydrogen concentration of flowing gas

The meter must be able to be used in 10-40°C temperature range and in a
negative pressure.

The meter must be able to detect a hydrogen concentration of 28 ppm in the
relevant atmosphere
The meter must be able to measure a hydrogen concentration at around the
dew point

The meter must be able to measure the hydrogen concentration of flowing gas

The meter must be able to be used in 10-40°C temperature range and in a
negative pressure.

The meter must be able to detect a hydrogen concentration of 8.1 ppm in the
relevant atmosphere
The meter must be able to measure a hydrogen concentration at around the
dew point

No0.148

Note 1: approximately 10° C-40° C
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[Supplement-16] Details of hydrogen measurement

No.149

technology (13/18)

b. Investigation of hydrogen concentration measurement technologies (1/4)
Based on the results organized in section a., the technologies to measure hydrogen concentration were investigated extensively

with the focus on the existing technologies.

In addition, the three monitoring scenarios A, B, and C were formulated based on the processes and/or container selected as a
candidate for the hydrogen concentration monitoring, conditions and components of gas in them, and the assumed hydrogen
concentration in them, as shown in the table below, and technologies applicable to those scenarios were selected.

Table: Hydrogen concentration monitoring scenarios and assumed concentration measurement conditions in them

Processes and/or container
selected as a candidate which
the hydrogen concentration

Monitoring | Monitoring

scenarios method

Assumed
hydrogen

Assumed atmosphere .
concentration

Measurement method

monitoring can be carried out in

Continuous
A monitoring Transfer cask

Sequential (Drying process)
B monitoring C-1: Drying chamber
C-2: Canister

Sequential Inert gas injection process
C monitoring B-1: Canister
B-2: Cavity of the transfer cask

range

Room temperature and

atmospheric pressure Install a sensor in the

Mixture of nitrogen, steam, and It transfer cask.

hydrogen

Room temperature and Sample gas from the

negative pressure selected container using a
. X 0-100 ppm . .

Mixture of nitrogen, steam, and pump, or install a sensor in

hydrogen the pipe.

Room temperature and Sample gas from the

atmospheric pressure 100ppm selected container using a

Mixture of nitrogen, steam, and Or higher pump, or install a sensor in

hydrogen the pipe.

A: Continuous monitoring in the transfer cask, B: Sequential monitoring during drying, and

C: Sequential monitoring during inert gas injection
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[Supplement-16] Details of hydrogen measurement technology (14/18)
Investigation results of hydrogen concentration measurement technology (2/4)

No0.150

Sensor principle 1. Heat conduction type 2. Contact combustion type 3. Hot-wire semiconductor type 4. New ceramic type 5. Semiconductor type
Utitza the fact that H2 has a low combuston start  [Uniza the fact that H2 has a low combestion start
LUiza the fact that the shermal conductivey of 1ze the fact that H2 has a Jow oor start p B With pr metal casaysis temperature wih precous metal catalysts When cygen adsorbed on the swrface of 3 matal
hydroQen & graatar than that of ar, elc. nperature with precious metal catalysts. ciide sencenducion comes inlo contact with
Prncipe The cecragss in semiconductor resitance due to  |Précious matal wire ool supporting the ullra-fine Fydrogan, Ihe resistanca value decreases The gas
decrease n Presslance due lo drop n he inoease n resslance cassed by the rse of Pt felactrans gansrated by the chemical resdion metal oxde (new ceramic) changes s electic ¢ is obtared fom this darge n
termperature 15 measured by a brdge circuit rature due to contact combusbon is maasured [beteeen M2 and oxygen icns adsorbed on metal resistance cue %0 normal temperature caused by resistance Higher senstivity than the new cssamic
@ brdge arcult jaxde semiconcucters (In203, eic | is measured by a (hydrogen combustion, and this s measurec by a type
bndge crout bnoge citul
%100 % LEL
Measumg ranga and accuracy 1o 2000 ppm ppem to 1D0RELEL 0 5 200 ppem
it $5%FS
o 3 {Datenarnon varfication requied. hgh conceniaton of o 4 (Dewnicraton werscaton requeed, high concenration of
maregen NGJ hydrogsn NGy
Evaluation a 0 0
A (Prafminary gas sepamtion) Q 0 o
He (0,78 vl %), Ne. CH4, lammatie gas Flanmabie gas
H30H [repancl) CO. CHS0H [emanol, -Casd
- X v [However, e effect can be edminaled ty 502 coating
CO2 (-0.05 vol %), Ar, 02, elire * component of propace gas|, C2H2 /i Bots a8 3 mcbecul $ieve
Inderfesing gas el Flammebie gas Flammatie gss
C2 (012 vol %) Exc
Vabone 1t pararihesss show chinges in indicated vakies
e 30 41 vol % Juchiaton (apprusmsns sefuss)
o Q [ o o
Evaluation 0 o o o a
o [~} o <} Q
Responsweness Contnuous (esamard 10 be several tens of sezonds) jortinuous [90% response tme 5-10 seconcs) IConruous (30% response 3me sbout 20 seconds) {Comnuows (estmaned % De several tens of secands) (Continuous {esimated 10 be saverd ¥ens of seconds)
Irsnaled in vanslar contisnes 31alad in anshar LonEner MNeEhed in ransiee comane a3t  Yansfer contans Instaked i pansfar Contine
Installation method Irstaled n e exhaust ine talind in the exhaust Ine netafied in the eshizust Sne rsmaied 0 e exhoest ine Instatesd i the exnaust ine
IrsRied n e exhaust gis ine 0d in the edaust gas ine [nstafied in the axhaust gas ine rsmaied 0 e exhacst gas Ine " e edaus! gas ine
[Appiiczhie 1 continucus read-time mentoring Is nended in the pas [Qeypen & needed m the gas Onygen & nesdes n e gas VeriScaton of durabilty n i ssage anvironment regquned
Comprehensive 0 x X ' X
evaluation
L] X x L) L}
A |Pralminary gas secaration) x X ] X
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A: Continuous monitoring in the transfer cask
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Investigation results of hydrogen concentration measurement technology (details) (3/4)

N

Sensor Principle

6. Light wave interference type

7. Non-dispersed infrared ray type

8. Difference absorption spectroscopy (DOAS)

9. Gas chromatography type

| A
10. Proton conductor (proton conductive solid
electrolyte)

Principle

Utilize the fact that the refractive index of H2 is smaller
than that of air, etc.

IThe LED light is split into two, and after passing
hrough the sample gas and standard gas, they are
lcombined and the position of the interference fringes is|
measured by CCD.

[The target gas is passed through the
measurement cell, infrared rays are
irradiated, and the concentration is
lobtained from the amount of change in
infrared rays due to absorption.

Gas concentration is measured by utilizing the fact that
ight of the wavelength determined for each gas type is
labsorbed. Measure the concentration of gas present
between the light source and the detector.

Utilizes the separation of H2 from
other flammable gases by gas
Ichromatography.

H2 is separated by gas

a metal oxide semiconductor.

Ichromatography and then detected by

Measurement method using an inorganic
proton conductor. Using the Nernst equation,
|the potential difference is converted to
hydrogen partial pressure ratio between the
reference gas and the measurement gas.

Measuring range and accuracy

0 to 100 vol.%

IAbout = 1%FS to +£4%FS

Hundreds of ppm to tens of vol.%

1000 ppm to several vol.%

0 to 100 vol.%

IAbout +10%FS

0 to 100 vol.%

1% +0.1%; 10% +1%; 100% + 3%

A o o o o o
Evaluation X A (Preliminary gas separation) A (Adjustment of optical path length required) A (Additional sensor required) A (Verification required)
C A O o o (o)
02 (0.16v0l.%), IGas that absorbs large amount of Dust, fume, mist, etc. that cause light scattering and
infrared rays absorption
ICO2 (—0.96v01.%),
(H,O, Co,, etc.)
Interfering gas CI2, etc. None Oxygen gas (combustion)
* Values in parentheses show changes in indicated
values due to +1 vol.% fluctuation (approximate
alues)
A O O o o (o)
Evaluation B o A (Preliminary gas separation) A (Preliminary gas separation) o (0]
C O A (Preliminary gas separation) A (Preliminary gas separation) o (o)
. [Scattered (also continuous) [Continuous (Filter regeneration IContinuous Scattered (1 data/ 10 mins) Continuous — Response time 1s or less
Responsiveness required)
[Installed near the cask to collect gas Installed near the cask to collectand  [Transfer cask installation (light source and detector) Installed near the cask to collectand |Installation of transfer cask
A analyze gas analyze gas
Installation method B Installed near the exhaust line to collect gas Installed near the exhaust line to collect|Exhaust line installation Installed near the exhaust line to [Exhaust line installation
gas collect gas
c Installed near the exhaust line to collect gas Installed near the exhaust line to collect|Exhaust line installation Installed near the exhaust line to Exhaust line installation
gas collect gas
Low concentration and depends on CCD resolution:  |Interference gas filter regeneration IAdjustment of optical path length and filter for dust, etc. Multiplexing for continuous monitoring[The temperature of part to be measured is
Difficult required high. Heat shock countermeasures required
Comprehensive evaluation | A X X A A (Suction pump required) A (Damage countermeasures required)
B X X A A (Additional sensor required) A (Concentration measurement required)
C A A A o (o)

3
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B: Sequential monitoring in the drying process (decompression heating)
C: Sequential monitoring in the inert gas injection process
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technology (16/18)

b. Investigation of hydrogen concentration measurement technologies (4/4)

Based on the result of the investigation of hydrogen concentration measurement
technologies, technologies applicable to the monitoring schemes A, B, and C were
identified and evaluated, and the following methods were selected as candidates.

A: Continuous monitoring: Heat conduction type hydrogen meter

B: Sequential monitoring during drying process: Gas chromatoqgraphic
method or proton conductor hydrogen meter

C: Sequential monitoring during inert gas injection with a gas
chromatographic method or proton conductor hydrogen meter

3
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Principles of hydrogen concentration measurement technology (heat conduction type)

1) 2
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Figure. Diagram showing the principle of the heat conduction type analysis device

Uses the fact that the heat transfer coefficient differs depending on the gas type.
The difference in temperature of platinum wire heated with a constant current in the reference gas atmosphere
and the gas atmosphere to be measured, is measured as the difference in electric resistance.

Source:

1) Fuji Electric Co., Ltd. HP “Thermal Conductivity Gas Analyzer - Optimum for concentration measurement for H2, Ar, and He; Type: ZAF”
https://www.fujielectric.co.jp/products/instruments/products/anlz_gas/ZAF.html

2) RIKEN KEIKI Co., Ltd. Document “Riken Sensors - Introduction to Technology”
https://www.rikenkeiki.co.jp/cms/riken/pdf/support/PC9-0314-180610S.pdf

|
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No0.154

Principles of hydrogen concentration measurement technology (proton conductor)

Electromotive

/— properties

H*
® @)
PH,(1) PH,(2)
g KT l“[ PH, (1) J
2F | PH,(2),

Application example: Hydrogen sensor

L

Figure. Diagram showing the principle of a proton conduction-type hydrogen sensor

A solid that selectively permeates hydrogen ions (protons) is called a proton conductive solid electrolyte,
and when the hydrogen gas concentration at both ends of the proton conductive solid electrolyte is
different, an electromotive force is generated according to the partial pressure.

The generated electromotive force can be converted to concentration by the formula in the figure.

Source: TYK Corporation; HP “Hydrogen Sensor for Gas — NOTORP-G”

http://www.tyk.co.jp/02Productinfo/product02-04/details01.html
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