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AFEFHATE 9T SNAFALEL7|= A9
At AW A A A= BE R8T E 1817}
= AW A76

2 482 918 ARAEAALE Wolol wrh
wglol U@ st a7 L AE A, A
L Abgel o2 A BAe] AxEkd, AY

A, AP 59 TlerlEel &

,olE Fig. 1& 4% 308 + Ak 4
F fotol e A
W A63E S s WA PA A% o)
SEERE Fgol gulso] Qo E@

AA vAg el FRAGALT BAE
=}

olul Aw faHI @4

d dA7IES & A Al AAE ] QT

Table 1. Inspection items for spent fuel transport cask

No. Inspection item

| Visual inspection of internal and external
appearance

) Load test of hoist or cohesive (or bracing)
devices

3 Performance test of radiation shield.

4 Non destructive test of key welded parts

5 Inspection of maximum normal operating
pressure using hydraulic or air pressure;

6 Leak test of containment systems

7 Inspection of heat transfer performance

Huz FHAZAE LT FUAGA A
= 717 BetdlE eI ALEEA goww
A3 A A2013-515 A|9%

A A Fdol 2

§4NE S5
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A%, AFE, 39, HAN, 03
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1. A& Aol mAE FFo] Anw APz Wstel] uwf
g AAnzel Aotk UTe A$ dAd
AF2Y AEFAAR 4 - AGAN2Y FHAd wAAFAS AvzE YREH AR W
A ASAE Vet dNEA HATRAAB) T 2ol 7F 25°F (14 TC)ol = frA ¥ o] ok & vk =
£87] 4atrd 22 (Drop Test Model) S ©] &3 7l S aEstgEE AlgsEzAe] Aold B
Ul 4e8AT vata A LA FS S5 A AA A AF A AL v RAHAAY Y
o ASFAdR S5 ALY BA e @FAcdn: 27 Syt
A7 AHFEANIRIGAA chFe AU 2H
W SN vy PgApR S AAEta o, B Figure WC-4265-2 .
N N Typical Partial Penetration Weld Detail for

A F o e FHAAEE N )| & = EFALA A} Category C Flat Head Closure Joints

He 2 &3 gdA AH(Ultrasonic Examination(UT)) &
AW Agsh AU2E BB SHE usE A
Agwet T MFARAAY RS 9 24
o AN RANFARZRE WANAAE 9D
A, A, e, AAAR, 349F 5
< _ (a) Single Closure Weld Detail
& FAsrt ¢
9. BE Fig. 1. Canister Closure welds of Drop Test Model.
21 ¥l # AFAF . . . L
NeFaeln 4. A% Adesld Ba Bz Table 1. Canister Closure inspection & Acceptance Criteria
N _ ASME
713l = Fig. 19 AU =¥ 2HE&4- o Closure  Weld
Weld T NDE Methods Acceptance
gk v s gA i o 2A PT, UT, LT(Leak ¢ ype Criteria
Test) 2 WAtz FAHS HAAFLA Ho] B VT on Track Welds NF-5360
- 5 = - PT Root Pass NB-5350
3} zl}__g_zj—r 3+ A7 fﬁ_ Alsk51 °)
ASME 3 FEAZIES AN 3 Lidio. Partial PT Final Pass NB-5350
gl g de] Hy wjETEE AFEHN ) 0" v. VT Final Pass NF-5360
Shell .
U2E WRe ZZ2AAe d4a9 AolEo Ax groove) UT / multi-layerPT NB-5332
. Helium Leakage Test Sect.V &
Hol guo] ofy REWWom wWienz v 14
LTS A& A=y He-d2t §45 e VT on Track Welds  NF-5360
_ Lid-to-
stdot 24 PAARDNAE Table 10 \ll‘imo/ partial DT RoOt Pass NB-5350
- _ : PT Final P NB-
Bl A AW ohFd dEFAR wE £ o) Drain  (Bevel inal Pass 23
) B ~ c VT Final Pass NF-5360
?l' H] ‘\14—3’,]73/&]— Hc)}—tg gl HLZ“l 7]% le%/\}' E:ﬂ [4]% P(l)a\,’teer groove) Helium Lea_kage Test Sect.V &
s & 9l ANSI N14.5
IS v A zkz)r HNLew 2= Lid
Fepr g el dgdzng 2z {84 & -Cover VT on Track Welds NF-5360
A FA7IES AT FAs TddA & Plate PT Root Pass NB-5350
moE A 544 BU AAbEEe Hgwx g Fillet  (f multiple pass)
= . - PT Final Pass NB-5350
s A Alme] FA, ==, mudE el Cover VT Final Pass NE-5360
we FA71E) AP $2 L AT A Plate
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2 71242 (Pyroprocess) 477t 1 % dlxA ¢E87] 2Holt
olg} 3 & gt} Ieolv FAL o @A At
F A9 A AL AN HNEd, o
Hom Qs AF L A %ol AFH u,
AT AW A% Aol ofelgol wrh 1A
B4R o FESHES o g mo| AET 9
ARE Axdtel volz ¥4 ATE TP
stk sholm 27 A ARY WEP A A
T8 0% 29 ASF IAuYo] Baste] ¥
o AgF AARY AZE AT FA AL B
A2 o Sy
2. 28
2.1 87AY £
AT FAdgEol ARE Il L2(F 400 C),
I]F(eF 150 bar)oZ AAdteE &< Figld 2
o] U0y 2AA S Zircaloy-4(Zry) 353 Alo]d
3heta Wkgo] doju Zry/UO, W35S A%
oH2,3]. o] WHgFE AAAZEe] AFE, F AL
=7F #&5E O FAVE Sobsta 4o AY
sto] AMEF A ALEE A% 295 3A
Aol ATA FHrgo B A ulWTH23]. Fig. 2. Conceptual design for equipment.
= < =2 5 Z} %] © Q
SR R LR
- PWR 16X16 type (=4 ¢ 82, I&5¥ A el AEE ST 7HLD? _M A I
2 42 AAEA 4 ALe FPstanh 71E9
' 9 83) Aol F %em T8 b5 HIP (Hot Isostatic Press) &9} fAFslL; A=
- HEE 2 AL ARESE)0 @ A7
of WAl & - we webe] L ¥ AZE A% 554L gasel R gol
A7, A=sraek. (Fig. 3 3F+x)
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7tgHe] AzE 5 7 o] FdE F AUe
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s dE 87 BEE AZA 24 (Bolt closure Type)
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« AMEFA 1509 x 345 H ( mm )
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=487 AFE 0 SUS 3161
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Type Temperature Controller ( P.I.D Mode )
= 24 o] (Data Acquisition System) :
Screen + Program Logic Controller
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« ARE 7R Ar(REE7] B He(A 858 W)

Touch

Fig. 4. Equipment for manufacturing simulated

spent fuel rods.

(a) before test

(b) after test
Fig. 5. Simulated spent fuel rods produced from

trial operation tests.
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2. &

21 8954 474

FRAE HAFE& 93t Oxide ¥ Nitride A&
59 U % UCL9He] W34S Gibbs free energy
changeZ %8 dZ3sdct. 2 23 Y05 ZrN,
TIN7} U-&8&#9] whgeoA st oz kst

2 39 @ 5 Qe

22 ZYAH &4
Aol A% vwigoR Y,0; ZrN, TIN &S
Plasma spray®< ©]83}9] Graphite plateol] 3%
WAy vk ZW A
XRD®} SEMS o] &3}
Fig. 12 Z47ke] 2”4

w4 Aol e},

3+ Graphite plateS
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where CVi=contribution to variance at phase i,

CCX;= correlation coefficient of X variable at phase i
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1. INTRODUCTION

Pyroprocess technology has been considered as a
fuel cycle option to solve the spent fuel
accumulation problems in Korea. The Korea Atomic
Energy Research Institute has been studying
pyroprocess technology, and the conceptual design of
an engineering-scale pyroprocess facility, called the
Facility (ESPF)[1,2],
has been performed on the basis of a 10 tHM
paper, safety
requirements of the ESPF for the protection of

the off-site

Engineering-Scale Pyroprocss
throughput per year. In this
facility workers, collocated workers,
public, and the environment were introduced. For
safety SSCs  (Structures,
and/or ACs

the following activities

the identification of
Systems, and Components)
(Administrative  Controls),
were conducted: 1) identifying hazards associated

with operations, 2) identifying potential events
associated with these hazards, and 3) identifying the
potential preventive and/or mitigative controls that

reduce the risk associated with these accident events.

2. IDENTIFICATION OF POTENTIAL ACCIDENT
SCENARIOS

2.1 Hazard Identification

A hazard is defined as a source of danger (i.e.,

material, energy source, or operation) with the
potential to cause illness, injury, or death to
personnel or damage to an operation or the

environment (without regard for the likelihood or

credibility of accident scenarios or consequence
mitigation)[3]. The fundamental hazards affecting the
ESPF can be

hazards,

categorized into process-related

natural hazards, and manmade external

hazards. Among the hazards, spent fuel, radioactive
combustibles are

materials, toxic materials, and

included in process-related hazard materials. Hazard

identification activities were conducted, and some
process-related hazards and natural hazards were
identified. However, manmade external events were
not considered as a unique hazard in this study, and
that could be dealt with after establishing security
design policies.

In this study, a preliminary hazard checklist (PHC)
evaluation was used to identify potential facility
hazards. Materials and energy hazard sources that
have the potential to lead to an uncontrolled release
of radioactive or hazardous materials from the ESPF
were investigated. An SF cask area, active material
storage area, transfer tunnel area, air cell area, argon
cell area, and operating area were considered to
determine the preliminary initial events. As a result
of a PHC evaluation for the ESPF, a total of 41

candidate initial events were determined.

2.2 Hazard Evaluation

A qualitative hazard evaluation was performed to
select the potential hazardous events and causes at
the ESPF. Internal events happen as a result of
operator error and equipment failure during process
or facility operation. An analysis of postulated
accidents caused by malevolent acts is not within
the scope of this study.

In this study, a hazard evaluation of the ESPF and
associated operations was conducted using a
preliminary hazard analysis (PHA). The results of
the PHA serve as the basis for hazard ranking so
that bounding accident scenarios can be selected.
Hazard

assigning frequency and consequence estimates to

ranking is determined by qualitatively
each hazard or accident scenario developed by the
PHA. The hazard frequency, which is based on
available data, operating experience, and engineering
grades: (A)
Anticipated or Likely, (U) Unlikely, (V) Extremely
Unlikely, and (E) Beyond Extremely Unlikely, and

judgment, is categorized into four
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the hazard consequence severity is classified into
four grades: (H) High, (M) Moderate, (L) Low, and
(N) Negligible[4]. A risk ranking matrix is used to
compare all hazards and accident scenarios identified
in the PHA.

The facility hazards may result in an uncontrolled
release of radioactive or hazardous material and a
direct radiation exposure, and were evaluated using
the PHA; preliminary bounding accidents were then
selected. As a result of a PHA for the 41 candidate
initial events, ten initial events falling into hazard
ranking 1 or 2 were determined as bounding initial
events. The first column of Table 1 shows an
example of a PHA for initial events selected as

bounding events.

2.3 Preventive and Mitigative Features

From the analysis in accordance with the PHA, the
controls for ESPF were derived, which are shown in
bold/italic text in Table 1. Some additional features
are also listed for hazard events not requiring
formal derived controls.

The hazard evaluation results described in Table 1
show that the ESPF is designed and operated using
a defense-in-depth approach that protects the off-site
collocated workers,

public, facility workers, and

environment from the associated hazard events.
Based on the estimated risk, some safety-significant
SSCs and ACs were identified for the facility and
the collocated worker, and one safety-class SSC for
the radioactive material release accident was
identified for protection of the off-site public. The
identified SSCs for each event will be credited for
preventing or mitigating the events through accident

analyses in ongoing study.
3. SUMMARY

A hazard evaluation for the facility was performed
for identification of the safety SSCs (Structures,
Systems, and Components) and ACs (Administrative
Controls), and some safety-significant SSCs and ACs
were then identified for the facility and the
collocated workers, and one safety-class SSC was

identified for protection of the off-site public. This
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study will be used to perform a safety evaluation
for accidents involving any of the hazards identified,

and to establish safety design policies and advance

a more definite safety design.

Table 1. Summary of accident scenario and identified
controls
Preventive and Mitigative Features
Hazardous Event Design Administative
Fire and Explosions: Transfer lock dual AQ) on transfer lock
Air enters argon cell door airlocks operation
via open, active Argon cell atmosphere  AC on quarttity of
ion (transfer nonitoring i
lock)  resulting in Transfer lock door muterial inside argon
exposure of pyrophoric  positions monitored cell
materials to air and Hot cell exhaust system  AC on transfer lock
release of radioactive  Building exhaust system rate
nmaterial Building structure ini
Approved procedures
Radioactive Material Storage vault design to  Radiation protection
ease: prevent damage of program
Damage and neltdown  spent fuel

of spent fuel assenrbly
resulting in release of
radioactive material

Direct Radiation Air and argon cell AC on direct radiation
Exposure: exposure restrictions
Loss of air or argon Air and argon cell Radiation protection
cell shielding resulting program

in direct radiation Operator training
exposure to facility

workers

Inadvertent muclear cell shielding AC on p !
aiticality: Waste storage cell access

Inadvertent nuclear /i

criticality in argon cell ~ Building structure

or waste storage cell

Nomradioactive Evacuation S) ining
Hazadous  Mhterial Chlorine gsyr;wgnmmng Amwmoédmpomm
Release: system and alams

Chlorine gas release

Natwral Phenomena Cell structure AC on quartity of
Hazards: Building structure pyrophoric muterial
Earthquake results in dneg inside argon cell
severe building Ac on AFC radioactive
structural muterial invertory
damage/collapse _and Erergency numagenent
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Fig. 1. Photograph of engineering scale salt distillation

system.
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Fig. 2. Temperature profile during heating of engineering
scale salt distiller installed in PRIDE Ar cell.
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Fig. 3. Photograph of deposit crucible after 2 hours run

of salt distillation.

(a) (b)

Fig. 4. Photographs of recovered salt and salt ingot in

salt recovering vessel.
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Table 1. Density of uranium dendrites after compression

molding
Dia
Test Height Volume ‘Weight b
meter N Density
NO. [cm] [cm] gl
[cm]
#1 6.0 1.36 38.45 376.6 9.79
#2 6.0 1.93 54.57 550.2 10.08
#3 6.0 1.65 46.65 370.4 7.94
#4 6.0 1.34 37.89 301.9 7.97
#5 6.0 2.13 60.22 516.9 8.58
#6 6.0 1.53 43.26 360.9 8.34
#7 6.0 1.41 39.87 304.5 7.64
#8 6.0 0.85 24.03 219.1 9.12
Total 3449 3000.5 8.70

* Volume calculated from diameter and height of the
compressed U-dendrite
° Density calculated from Volume® and weight of the

compressed U-dendrite

2.2 44349 U-dendrited €34 7}

U-dendrite® W& 4FAd Pt dojzl =4
F¥ U-dendrites ©]&3le &al7tsAdS H7t
3 ®okth ¢k 3kgd ¢EAY  U-dendrited
Y0378 ZHE FAE7Ye W& & nFy f
T2 Yk %311!.“11% 5 x 1072 torr?

[e

4 olstz JFur] F 1400 °Ce 2%=HA 5
L3kt 1400°CY] S xol A 2417 A F AF
B 71l A Wztetdeh. Fig. 2014%E whgo] =
T AYE F doj U-IXe B S ik

Fig. 2. Obtained U-ingot after melting test.
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AR Al 3 wt%9 Loss 7F EASA =
dl, o]= INLelA g A9 fFASE grojtt
olglgt A g&=AAPWA o U-ingots E&F
o2 AxE T F YSE Table 20 & HAF

k.

Table 2. Yield of ingot consolidation by a melting test of

uranium dendrites after compression molding

Material Weight[g] Yield[%]
Inserted U-dendrite 3009 -
. U-Ingot 2909 96.7
Obtained Dross 89 3.0
Loss 11 0.4
3. 38

U-dendrites 4&4 o2 ¢F3to]

10 g/cm® density U-dendrite @olg]& A%
3T

o oF 3kgo AHAFEH U-dendriteE ©]-&3}4
AE3A o7 U-ingotS A=x3t4tt
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[PFel" [BF I [CH;CO,T
[NTf,J [OTf,)" [CF;CO, T, [NO,T
[BR R,R3R, ] IN(CN), T Br, CI, T
[ALCLT, [AICL]
(b) Anions

Fig. 2. Some cations and anions for ILs.
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Table 1. Results of puncturing test for dummy rods

Calculated Measured Inserted Measured

Void Void  Ermror  gas gas  Error Kr Xe

No. volume volume (%) pressure pressure (%) (%) (%)
(em) () (kPa) (kPa)

1 597 6.02 0.8 301.8 2956 -2.1 6.1135

2 601 5.79 -3.7 3037 3028 -03 10316.8

-3.0 2983 299.5 04 59 58

Table 19 A@ZAFAAA YEIG R ZFE
g Fuilste] FALAE 03 ~ 37 %, FA
Aol Z2AHAE 04 ~21 %= Ve 183

ER3} FE2rr2 VAAES BA3 A Kre
59 ~103 %, Xe2 58 ~168 %9 FHLLAE

ofr
>
friec)
N
i)
ES
x>y
K o
B o

AH AnLol
St A] AbE AFAZEA Al
gth. 2 Z3= Table 201 UE Wi
S A= vl of B2 =E Table] e
WA ekskth AlEUY AR F

A& e ZAAE 02 ~ 79 %2 UEYE
t}.

30 gt

Table 2. Results of puncturing test for irradiated experimental
fuel rods

Calculated Measured Error
No. Void volume  Void volume o Remark
(om) @ "
1 4.56 4.57 0.2
2 4.56 4.59 0.7
3 4.56 42 -7.9
4 4.56 4.59 0.7
5 4.56 4.55 -0.2
6 4.56 4.68 2.6
24 2% ¢ 13
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9 AeAdATe AAste BristtH A5 Al
ol digt Brle Adsivtn dddr. 283
shupR oA ZAME AAl APEAsES dEdoR
Al A= 6719 AFAET F 579
A58 AGATE vl F5g ez e
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ughA] o RE JIHATRY AR APAA
NNE AAAE e AdAdR T g A goe
7bestthe e skt

3. 28

AFEE dAsE Ui B FUHAHSAHAIEAA
Mt ARY dsEue Adsie deANgH
Aol e A4S 2t APAgBso g A
s AT F duE AS ATAEY ATA
$S Fsto] st RFEEE o83 HF
Aol A Bugel W@ FHLLAE 03 ~ 37
%, &AAY ZHoAE 04 ~21 %2 Ve
b 2E]a AA SURoA 2AE HPARES
gdez ANdS % 43 2a% 02 ~79
%2 YElRT mEid dozE ZAFASAY
AoME 2AHE 2 AFgdased dd
g B FHALSAANTE 4E3] FIL 7 2
t}.

o ™ O

W OFR, S B 012 FASE
s =89k, pp. 157-158, 2012,

[2] o1& 9, Ntaossﬁ— W R FAAH A

=3518]2013 FAISHET

SE =AY HZAA I
%

L:L:i i)



=
[>
[
o,
5=
[t
rhd
by
oo

Nad 7

A

FgAs, AR5, ARA, WS, §9S, AW, A7)e, v, FAHE, A4, A8
FH AT, HAGIA 4T B2 989N 111
xyschoo@Kkaeri.re.kr

Z (dimple) 3] #]9]
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!
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213-D EAAZXN MLll]l R 2=/ F w=
AT #F§ g R Bojz23= 43
3-D SA A= Fig. 13 o] =
(controller) 2 PCZ T4 5 o] ),

Fig. 1. 3-D measurement system for measuring the cell

sizes, springs and dimples of PWR's spent fuel grid.

|

A e HeolE, 7hdlgel HE4 AlA
(touch sensor)& F53tal, XA Axe A7]E 1
3l 329 FAHFAC HeolyE ZVIE 300

(e}
mmW x 300 mmD % g, X-& ¥ Y-= W

o2 77 A 200 mm7tA TFEEH, v
A

6(‘3]:

zrmmst 454 ANE 2% geggon 4
9 250mm7HA TESE, 53 2 dEe] o)
8 2437 A8 454 A4S 3605 3R

s A st AEEE Eo]7] 9
Hl ELE|(step motor)& A3 1, FHE
29X (limit  switch)& %414 (photo sensor)&
&3ttt ST HolE s vge &
7ol AEE
40mm A o2 7}

L
[s}
(linear scale)S 283}

FHd £ QL2 F(groove) S
o, FERE AgYd
PC T2
o] olsHS

[¢)
Az ovm R gelsy] sl AEA~Y FA

It

(coordinator)& 4 -&3
AA AR 227 9 JFe] fAE= AAAH
o Yejo] we} =Ak Hf 60 mm 3tetel 9
25kl lar, Aol dHAv]= 010x10 mr ©] 8ho]
thoolE nydte] Holzmx o AYRE AAE 9
mm= 3L, 7]Ee] A Eo] U FF2 Al
e AAZ T YEAEE Hojrmx 9 Ho
Aok A3l HA(interface) S A4

Fig. 2. Modification and installation of the

bore-scope and CCTV to observe the surfaces of

the springs and dimples.
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22 HolA3E DU CCTV Ax ¥ A%AF

ZAAAEAL Msa 34 el 2A 2 29
s gl 3D AN W w4
g8 CCTV 2 HojA2m3x g HAX & H5A38
& %47 #9sgom, 19 dAE Fig 3 2

Fig. 4o 27 Wepigln) 53wl
AAR el M WAL

23z AZLE 901 == HAsY T

()

Fig. 3. Performance test of CCTV for observing the
interfereence between the grid and bore-scope. (a) Photo
of before inserting the bore-scope to the grid, (b) Photo
of after inserting the bore-scope to grid, (c) Photo getting

from the CCTV to observe the interference.

(b)

(©) ()

Fig. 4. Performance test of the bore-scope, (a) Photo of
cell of the grid having springs and dimples, (b) Photo of
the dimple surface at top position, (¢) Photo of the spring

surface at middle position, (d) Photo of the dimple

surface at bottom position.
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Hd/mH 5o B8 AES st $YH-¥IE R AR FAATE BAFS HRHES o] &3 &4
A=E 78 F o, o &4 7Es A 71% 719k AP S Festolor &, el DB %
719k dlo]H 2 Ab&Erh Alg dele #AM& Fd CSED #s =&
FoaM &£ VIEE AWt AEFAAR]
223 Alg dlolE &4 & B37hE & ¢ Adv
E# EHAD dHolHE o]&3ste] &H-HIPFE
Aws AMdE 5, Jdegs #HEste dA ¥HF [ N7 T I 430 M A A ]
quxA AxE ALggo=zx &N &4 J|F ': EPRL 0] R2AA A4 =
(CSED )& 4¥eth. CSED #& HAbRA A SR 24 BZ(LIS 24
=S E3 d& gEHo] WHE oy x
(FEM) <) e S °H 1= J’] ] ] ] _1 ] [ Hel 7= X2 =9 ]
U= (Strain Energy Density, SED) %3 H|1 L T
FozA vEpe &4 YrhE @ 5 Yokl B S SF R 2 e wl
HC}-HS% 7]‘{‘1’—0—31‘—, j’]%‘:ﬂl LH —T‘iﬂ'%(%%, ]:\'A%' [ &AF 7|= 7|8 NH =3 ]
W BFE 23 ¥, 2%, BuY 5 udd L D=7 =9 Atejat sl
WEE WakAZl A dd 7t 54 dolEE LA ET 52 S0 o 24
- | nj=3 £ Al
dol 7z} W] W& CSEDE =3 3 ¥, (/=T D /= B S)
H7RAE B CSED HEAE BEW £ A [ sFdolciese oot = =0l
CSED 1= #x Mg 33 FHoZ I8 L A% 005 DB ==
EXE #3 5 859 =3 (Probability Density
. - . . MNE Holg B4
Function, PDF) ¥E+& 2z & ¥3<=(Cumulative [ 18 HI015 ]
. . . - — SH-BYES ME At
Distribution Function, CDF) %9 A4 A4g =
dAe T Gl SO e s el (i —{ CSED & W A sEEH IIFE £5)
AaE B &4 &5 AL 4 Qv CSED | CSED e = A2 (PDF, CDF £)
A Al AHEFEAR B4 B S Mt || £ 0= 9l aA stE ®Wo}
Aol gomE BA AHert Erbu sk =
2719 HFAL B mEH &4 o= 4 Fig. 1. Scheme for damage criteria and prediction measure
ARWAR T AEFAAR 9 EH SED @< of spent fuel(SF).
CSED¢} wlagt 5 SED gkel CSED giith
A% 2 AT 9ER REeR 4FY % 4 el
slew], PDF 3= CDF #& o8 3o &4
e Hre & Qo [1] NRC, 10CFR71/72, “Packaging and Trans-
= = [e] = e .
portaion of Radioactive Material/ Licensing
2.3 224 A Requirements for the Independent Storage of
Aezadn AR HAE 9 &4 J|F Spent Nuclear Fuel, High-Level Radioactive
;ﬁ%}’% _,13’]?-‘51_ —ir%_]_x‘ﬂﬁ]% l‘a]j 1:‘1]_ Z;}O] X“]A]TS‘}%Q‘. Waste, and Reactor 5 2013.
[2] EPRI, Failure Criteria for Zircaloy Cladding
3. A= Using a Damage-based Metal/Hydride Mixture
Model, 1009693, 2004.
AgTaame &4 7% YL ALTadn [8] F=dAHBGed, Aquer=gd HAAS
olxl oS8 EE Wyl £ 9= ;A ax J|E A& AgFdds 5A HVHAA TF
olo] wal 9TE EPRI HidE wlxwl s, [4] EPRI, Application of Critical Strain Energy

Density to Predicting High-Burnup Fuel Rod

CSED e A8 Zu AsFads &4
= Failure, 1011816, 2005.
E
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PRIDE A AH FAZX salt test

AYF A, FAA, g
Fa A4, GG FAT Y 98w 111
jinhyoungju@Xkaeri.re kr
1. A& AN E5dE LTLS ol &3t Ayrz &7
Ak AWER SAAW, Ay Azl
a4 AsAd FAe 75 $eEe ¥ 2 Ad ¥ MSM Addow @iduaAg o5
% F0 % &% 43} BAE LCHKC WA 2 Fig. 2004 BelFm Qok niaAgE] 99
SehEel d71Eet Asel o dadr A7 & FYaFe o 3073Bkg Y& FAdYPeH, F
FUEEE f8 we dFAEsd o8 FAEHL 9l 200kgS w7l 93 U ALdE wHES A
th1-3] AHE F 3dER B &5 $dEs 3 st e skt
etz 9% wew fEkwel AL
LiCI-KCl 4§92 2k 352°Coll A &357] Al 2st
32 ool 2RellAuk Mste] o] Fo] Y&ste]A|
2 A7lsed wes FddE # vk 2 AT
AME HA7gts Asel dad A FHS 99
zd ste dEs FAE ol&dsion, FA 9
B QtoA Az Adde 534S A

2
o
rlo

PRIDE(PyRoprocessing Integrated Inactive
DEmonstration facility) Wlell MSM(Master Slave
Mainpulator)®} A= QlS o83l HPHo=
LICI-KClE ZE dAlste]l A8 d84& AAsH
#H&asc

Fig. 2. salt charging process.

2. A3
9 @4 FAelA LIC-KCI41-59mol%) @42 3. 42
AR &5d-E Fig. 104 9 o] Sejuutxs ¢
o BENAe Ax g 5d waAdoR &7 AT e MSM 7 Z# e A<l

3l 2

At 3 QYA wASNE AFE AaskAc
MSM 7 =291 ol &8 Azgel A

7 glol Yol AL gl= AL

oM, 9 100kgs | 22 Aol

4. ZArel =

B oATE vgRtgs Fuste A48
AFTNEA Sl Ao ashei g

5 F3EA

[1] A9z, <94, 34z, o]&7], Applied
Fig. 1. salt dehydration process. Chemistry, Vol.2, No.1, pp. 508-511, 1998.
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[2] J.L. Willit, W.E. Miller, J.E. Battles, Journal of
Nuclear Materials, Vol.195, pp.229-249, 1992.

[3] T.C. Totemeier, R.D. Mariani, Journal of
Nuclear Materials, Vol.250, pp.131-146, 1997.
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1. A8 df 9172 %2t7] (Master-slave manipulator, MSM),
QA B ZZ7] (remote  servomanipulator), =
FxdAgAT Al e Fdolm Jaefts HT ¢ so] AAHo] Stk dAxATIE A AWE
PRIDE (PyRoprocessing Integrated inactive 7y Al b AR 2/Sdd 14 A F 342 9]

R

DEmonstration  facility), DFDF(DUPIC Fuel A5 o) HFig. 2). AXE LFx2A7(5Y
Demonstration Facility), 221 ACPF(Advanced HWMALY] 2d All0)= 7AYoz EEolr

spent fuel Conditioning Process Facility) 59 &, 2FFHE, it2H o 5 A MY REZ 4
Al 7| Aol gtk PRIDEE #&E$dhs ©E A H 2, 7|dgoelth Euld RER AW 97
SFdds U8E2(surrogate) S AHE3se] 3t 271 EdelB H(A HFe dAHol )
TE Zol2 AT FE AY T F e A of mg A, Ao 7|dE FAsEA EHolE &
o @A el A fFdsA AMEFIARE HF o A wA7F ol EHolR 4o fE F
¥ 4 3l& DFDF AAoA = AMEFodsE 7} wolee Y99 gl g AA 15 kg °]
Fate] dol2 AdFFAHA AgE dEEAS o, A 25 kg(FS Az @2 A" AAADE
A z% 1t ACPFE= DFDFolA Alzd 9884 AFL £ Ik A= HAF Fol2E AYAG
o] &3te] FolR M TATHS AlFste= AlA )% Bl 2Fblister)7F A Eo] 9low, Al
2, 84 AEFHARE ATT F dv AAR g shidle dAMRZAV7E AR E
AHEsE7] 918 R Foll ATk DA RZZ7 = A npgFKo] AXH 4 wx
PRIDE, DFDF, ACPF AdE& 715 5 A <t B oy} Al QrFe] M HAG o]F A 1
Zow APzt "ol BUMFEY] wiEel A Agel g dyxzmy FH Zde] Riad
AZo A FAEHE FHFA] W E FARSF ¥F &l oz FAHHT(Fig. 3). 9AAMR
T RE Y-S Az, dAARzZY], A 278 AR gukg V)eg o, dd
A 3 e YAHFA NS ALt 94 EHolB 42 25 kgd AT F Urh of2IA

g Z 47 A9 343

A
ol A& PRIDE, DFDF, ACPF AlAde| A Ao g 9A

=
|50] &&F< AAHAFAI=HA O 7

2. 28

2.1 PRIDE 93 FA =4 - ;
PRIDE A4 (Fig. )& 3% F+XE2 F7]E97] Fig. 1. Constructed PRIDE. '
A15)H ot=22AQTH 3F)E TAEH Uk
o2 Aol YR A7](Fig. 2)+ #Heo| 403 m, %
48 m, ¥°] 643 m °|H, ¥} vlg-S 27z 6 mm
o 10 mm 2HQlEs 2E2 FEH T of
234 AW FANE 247 1748 349 A7
Zo] MR o] glo] A otzo] =] AFFL 7HA| Fig. 2. MSMs installed in the argon cell of PRIDE.
[e]

o il
=t 2UHY ¥ 4 g

oz TAEA dAxYEE 4

o
[
e
i)
2
s
“
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Out-of-Cel

Fig. 3. Remote servomanipulator installed in the argon
cell of PRIDE.
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Table 2. Major procedures in the electro-reduction and

their hazardous effects
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recovery, and their hazardous effects
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1. Introduction

The lead slowing down spectrometer (LSDS) is
under development for analysis of isotopic fissile
material contents in recycled fuel material and spent
fuel at KAERI[1,2,3]. In spent fuel, the content of
uranium and plutonium isotopes is various depending
on the burnup history. Therefore, in order to reuse
the fissile material in spent fuel for fuel cycle, a
content assay is required for safety and economics
of fuel burning. However, an isotopic fissile assay
in spent fuel and recycled fuel is very difficult in
real application because of intense radiation
background and weak radiation emission from fissile
materials. Therefore, a direct use of emitting
radiation from isotopic fissile material is very hard
in the material content assay. Normally, an indirect
mechanism is used for the content assay of isotopic
fissile with the help of burnup code. However, an
indirect methodology has a limitation in getting the
accurate fissile content.

For future nuclear energy system development, the
pyro processing is under development to recycle fissile
in spent fuel. LSDS uses external neutron source to
get the direct fission signal from each fissile material.
The source neutron slowed down continuously in the
lead medium and induced fissile fission in fuel. Each
fissile material has dominant fission characteristics in
the resonance energy region and below resonance. In
that energy region, fission measurement has a direct
relationship of fissile mass. LSDS does not need
burnup history information or burnup code help.
Spectrometer  technology and  source  neutron
mechanism is required for optimized LSDS system.
For spectrometer design, geometry was determined
and neutron spectrum analysis was done. The detector
geometry and sensitivity simulation was performed.

The source neutron production methodology was

decided and several parameters were determined. The
source system consists of target[2] and electron
accelerator facility. The neutron is produced by (e, g)
(g, n) reaction. The fissile fission will be measured

in the spectrometer.
2. LSDS Development
The fissile materials such as U-235, Pu-239 and

Pu-241

neutron energy. The surrounding threshold detectors

have their own fission characteristics to

discriminate the fast fission neutrons in the complex
radiation fields. Therefore, the detected signal is
proportional to the content of fissile material. The

detected signal is expressed as

/.

det

E,
/ Uf¢f(T7Et)dEClA7
El

where 0 is the fission rate at the detector, (bf is

the fission neutron arriving at the detector and Sg
is the detector area A. linear detection model was

set up over the slowing down neutron energy
Y ge=a* Xu23stb* Xpuozotc* Xpuwa,

where Yqe is a detector response function. X
represents a content of fissile and a, b and c are
the reference contribution parameter to detectors.
This model assumes that no significant self shielding
is present.

The neutron spectrum was analyzed in the lead
medium and fuel area to resolve the fission[4]. The
source neutron spectrum represents broadening as
interacting with the lead and nuclear materials. Fig.
1 shows the energy resolution in the lead medium
and fuel area from 100keV to 0.1eV.
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Fig. 1. Resolution of source neutron.

The energy resolution is well defined in the energy
range of keV to eV, even in the fuel area.

An electron linear accelerator with a target was
decided to generate intense source neutron. A
compact, easy maintenance and low cost system is
considered. Electron energy, beam width, current and
repetition rate are important parameter in neutron
production. , ~E12 n’s/sec is required for source
neutron. At least, 25MeV electron is necessary to fit
~E12 n’s/sec in the simulation. Accelerator column
will be designed. As a first step, electron generator
was designed and manufactured. Four parameters
(bias and high voltage, pulse width, cathode voltage)
electron

were  examined to  get  efficient

production[5].

3. Results and Conclusion

The LSDS technology is very feasible option to
assay isotopic fissile content in spent fuel and
recycled fuel. From the calculation, the geometry
and parameters were determined for the optimal
system. The neutron spectrum was well resolved in
the lead and fuel area, from keV to eV energy
range. The neutron generation system using electron

accelerator is good choice to produce enough source

neutron efficiently and economically. 30MeV,
500nsec, 500mA, 240Hz electron can produce ~E12
n’s/sec. The threshold fission detector can

discriminate the prompt fast fission neutron from
fissile fission in the complex radiation background.

Finally, an accurate fissile material content will
contribute to safety of spent fuel reuse in future
nuclear energy system and optimum design of spent

fuel storage site.
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2th. DRYSIM6E A4 AHEF A5 % 6718 e 49 BEXE Hrista dA4 S 94
Abgste]l  dabsadEle] A AR 3o A 2ol AL 93 LREXE Fasgrt =9
BT £ gle AR ddze ZE F3g] A% 4 WTAANES EYZ DRYSIM6S 2
Tol digt AsE Hrista, F17re] A=A A el Dot APt FHPE AR
EQASE AAste] Hrtrd 9 mEsfide
o] &3tA Hr} 21 715Ad 2%
DRYSIM69] =9A4% 2 FAdAIgel 3= DRYSIM69] 7] 5A18-S EFAE, 714AE
AAHE AT U dA e FHE F3 2 AZ7)/3H 5o AeAdn AxRAgen
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3 9 yFEAEAFEoR $35 o] DRYSIM69] (27258 liter) & FFolA WMEA 7= Aldo=z
VN4 215 Hystdon, A4 AES 9 2 Alde dess g8 vFd X" 5 F
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2g Ao}, A 5] Helium Gas$tg ©]&3 #&A S

AAstTh Zhul A 3 barol A 108, 2

1) AH8% ddzg F7A-A H7F FFAIE A, DRYSIM6(DRY storage SIMula- tion test system with 6 spent fuel
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Table 1. Specification of Cooling System

o2 3 cooler o} = 3 chiller
F ZF 2 o F 7 2 4
g 2] Shell & DX coil | & A A3 AFA
& 80,352 laal/hr €% 90,000 kal/hr
A A SUs

23 WA 2" AA AFH
WA sgle] Wzg R S, W 54 WA 5

Az ARALL Fdkel A W ¥ 5 o

gystel Fashl AA LEWIIBT ~ 400)
Wel A el shsshelt

Sd7e Aol snews Ayl wE Ay
$7b shEste] WA sde ¢d WE 2
Aoz ogol MM WAAzYS] Lol w
Fasith meb F4oR dug) e ¢
F5% A stel WARES Fuls sholo} @k,

WA =" AN A/F Eds= ofdf Table 2
pa

Table 2. Cooling Capacity of Before & After improvement

EaNch 27
. 2] o)
AZE(C) D (keal)
A A 50 45,000 Cooling Water
NA 2 5 90,720 R22 Freon Gas

Ar Cell Cooling System Test Graph

16 \

g \'L
;H“ 1538 ~\_\ R
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1 4 7 10121619 22 25 28 21 34 37 40 43 46 49 52 55 58 61 64 67 70 73 76

80 | 2014 sy |28l ZAlEEE =220k

Ar Cell Cooling System Test Graph
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Fig. 2. Cooling system Test Graph.

Y
rot
i
o

2
lo
f
b H
M
it
NS
I
=]
ﬁ‘
[®)
(@]

l
B

o 43

w
Do
{
w
Do
a1
@)
o
do
=
9
X
[ N

i)

[17] ANL-7959 Hot Fuel Examination Facility /North
Facility Safety Report, February 1975, Argonne
National Laboratory pp. 42-53.

[2] The EBR-II Fuel Cycle Story, Charles E.

Stevenson, American Nuclear Society pp. 16-25.
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2.1 MUF £ = AZF g4 N4

E  dAFE= AGNS(Allied-General — Nuclear
Services) 4142l PPP(Plutonium Purification

Process)[1]Z i@ e® MUF EB8x AZS +
gttt Fig. 13 2], PPPe A AHL ¢
H g &£ Fdo] oFdE % FoEAHAAA

(Flow Key Measurement Point, 270 #%)3} =)
I FeZ=HA A (Inventory KMP, 77/} A #H)o =
TAHAUT. HS o A A AEA
ARG 7P EY] i dEd A8 A

aL
o oEE, B g AAe b 8Az 7712 9
4 Age FRRda Agsgon, 54 77
BAZ 19,179,259, 1 g2 4459t

1BP(Input)

From |_Flow KMP
——

‘Wash Column

3PCP(Output)

Pu | _FlowKMP
Catch W]
Tank

Fig. 1. Plutonium Purification Process Accounting Area.

3P
Concentrator

Table 1+
8 Azt 2
o} Al KMPdl EAlstE AED S
A A gu el

ghe vhebac

Table 1. Plutonium Concentrations, Flow Rates, In-process

Inventory, and Material Accounting Measurement for PPP

Flow Key Measurement Points

Standard Standard
Deviation  Deviation
Pu
Stream Fow Concentration of of
(L/h) (@) Random  Systematic
Error Error
(1o, %) (1o, %)
IBP 400 5 1.4 0.6
3PCP 8 250 14 0.6
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Inventory Key Measurement Points

Standard Standard
Deviation  Deviation
Identific Pu Inventory of of
ation(i) (kg) Random Systemati
Error ¢ Error
(1o, %) (1o, %)
1BP
7.4 42 0
Tank
2A 4.6 10.0 0
2B 2.8 10.0 0
3A 5.4 10.0 0
3B 4.8 10.0 0
3PS 1.2 10.0 0
3P 15 1.5 0

22 MUF £8= #AF
NG =4 71 B oA Asel oF F4 B

g (o)E A 1119 938 YEH, NS Material

Balance 4, me 319 KMPolA] 8 A7 B¢k =
¥ e d=d & vedid 3 dA e 9
4 A dig #ab 7 ouA e &9 54
Algel ot &4k, vhAut e Ay FHeo] £4
o ezatell oF EAF grelth RE IdEH AT
A= FA L9 Fo| wA(Recalibration)S 4

2 _ 2 2 2 TN 2 2
Ovur = (Ve i pp(0?  ppt ol pp) + NIN=1)mi p » 045,113‘1’]]:”/”#

7 2 2 2 o A— 2 2
N« 1 pepl0} 3 pept 0% s pep) T NIN=18 pep * 02 3 perloupu

7
2, 2
+ Z [2’"7, ¢ Jm]rnmnm,

sHZE 7YE o83 d=d A" AEdol
Ae Hg KMPIA S a" % AEoxe] g7
Ax(1o)el o8l AAR AFREERE T2
d5E ol gdtel oF Fe, 1) ATYL FUS
gov, NG gEe A 29 Lol RS A
4 sd A st

My, :mz(l-‘rc-‘r’r/) (2)
Z4e vl 8A7 vk 9 % Y 2ol &
4 Aol e WEYsh: A1 KMPol A
= Ag3 vl %4& +Pske] MUF
T EFSAT AlEHAE F3e 100,000
| MUF & @7 F, 8ld @5 BEX=4y
MUF 28%(0,,,)5 2A3
Table 2% PPPelA 22} Hute} EHZZ 7|9
S A& MBS St =& MUF &
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Table 2. MUF Uncertainty in Error Propagation and

Simulation
. Number of MUF Uncertainty
Accounting Material (1o, kg)
Period Error Monte-carlo
Balance . . .
Propagation  Simulation
8 hour 1 1.4391 1.4355
1 day 3 1.5540 1.5533
1 week 21 3.4320 3.4299
2 week 42 6.0794 6.0682
1 month 84 11.5492 11.5706
3. 28
AT A e i AAE AlAelA dEd A
g Al FA QAR 3 HAsE MUF £8 % ¥
M AR e F 7 wrer dste] HE
stz Wetel il Fsiitt. MUF &3:= A3
Az, tFe Z4 710 st 23 Hdi Ao 9%
# AlEHolds Fste] =E% MUF =gk¢
Al g ;s Hole= AL FAsrh AA
S gt dolE Ade tde AEd AT
Alz=glo] A gHo] glom, R IAEH 55 T
MUF &% #7to] d3s F+ vdds A=l
EA g e 2 AFE Fohe, 7EHoR
o3} Azte] o3 =EFP MUF &35t AlEdHo|
Ag& B3 =9 MUF 28x¢ va A5&
ﬂﬂoi’ﬂ Aol B °oF TE Y

[1] Darryl B. Smith et al, Dynamic Materials
Accounting Systems, Los Alamos Science, 1980.

[2] Jaech, J. L., Statistical Methods in Nuclear
Material Control, TID-26298, U.S. Gov't Printing
Office, Chpt. 6, 1973.
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2.1 2k3}A 2] & X) (protype) A TA1d

Fig. 1-ash 2ol 43pde) 33 45482 53
sk 1 A% wgs] shs Feak) o 2
wesl AATE, FAMENL TE % 94
AAgel FEatdrh BT AP L werbs
A 500°C fFANFAA Fig. 1-bsh 2ol
500°C  EAZ AAHHNAN  LEFEE

(heating rate) 3.3C/min®A4] 150% 2L %Al

25+ 16 AtEd dASA FAHAL =3
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37 B 2amlon 02 5% WSy E3A7
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Temperature (T
ﬁ

T
(a) test (b) results
Fig. 1. Heating test of prototype device.
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Reactor rotation : 5 rpm

Hullweight, kg

Hull in-put 2.5 ki
Hull out-put : 2.45 kg
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Time, sec

Fig. 2. Recovery efficiency of prototype device.
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Fig. 3. Thermal analysis of tube and reactor size.
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Fig. 4. Improved reactor and device.
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Fig. 5. Recovery efficiency of tube and powders.
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[1] B. D. Cul, "Advanced head-end processing of
spent fuel," 2004 American Nuclear Society
Winter Meeting, Washington DC, Nov., 16.
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2.1 Shrinking Cylinder Model
S CREE S ARE
g3 a4k wAY

Shrinking core model&

2=l C4=Cys
&>
z=L, C4=Cyq

Fig. 1. Shrinking cylinder model.
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Fig. 3. Calculated conversion by eq (6) at
A=7, B=1, td=2.
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Fig. 1. Calculation result of Ce®* and Nd metal
reaction using the HSC 6.0.
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Fig. 2. Experimental preparation of Ce® and Nd
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