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Preface

The objective of this workshop is to open all the results of experiments carried out at the
Kyoto University Critical Assembly (KUCA) and develop all future activities of joint use at
KUCA through the discussion about the experimental topics together with all researchers and
engineers. In the Institute for Integrated Radiation and Nuclear Science, Kyoto University
(KURNS), the accelerator-driven system (ADS) is composed of the KUCA core and the
fixed-field alternating gradient (FFAG) accelerator, and the research and development of
ADS are being conducted to examine the feasibility of the application of ADS to the nuclear
transmutation techniques.

It is very important to share the experimental field with the mathematical and
computational (M&C), and nuclear data (ND) fields in terms of the analyses of reactor
physics experiments. From this context, another purpose of this workshop is to share the
results of experimental data with the researchers in the M&C and nuclear data fields through
the discussion with them.

Further, it is expected that this workshop could be contributed to the human resource
training for young researchers and students in domestic, through their research
presentations.

Finally, we would like to give special thanks for their support and patience, by Prof. Akio
Yamamoto of Nagoya University, Prof. Go Chiba of Hokkaido University, Prof. Tomohiro
Endo of Nagoya University, Prof. Naoto Aizawa of Tohoku University, Prof. Satoshi Takeda,
Dr. Yuichi Yamane of JAEA, and Dr. Masao Yamanaka of KURNS, to hold this workshop.

Cheol Ho Pyeon
December 2018
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A study for the estimation of the sensitivity coefficients using adaptive smooth-lasso
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Study on the Impact of Thermal Scattering Law Data Improvements on Nuclear Calculation for Light

Water Reactor
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Effect of Differences Fuel Material on Neutronic Parameters in Kartini Research Reactor
*Argo Satrio Wicaksono', Takanori Kitada', Satoshi Takeda'

'Osaka University.

This research offers a possibility fuel material conversion from TRIGA standard fuel assembly, U-ZrH; 65 to others
fuel materials for solving the operation problem in many TRIGA reactors. In this work, neutronic parameters
assessment of TRIGA Kartini reactor’s core is loaded by UsSi>-Al, UszOg-Al, and UO, then simulated using
SRAC2006. The neutronic parameters of each fuel materials were compared based on the calculation of parameters
for utilization of reactor and safety operation.

Keywords: TRIGA reactor, SRAC2006, neutronic parameters

1. Introduction: Fuel fabrication of TRIGA standard fuel assembly has been suspended, it is important to get a
solution for TRIGA reactor with alternative fuel assembly. A reliable estimation of neutronic parameters, for each of
fuel materials will play important role in decision making of selecting suitable alternative fuel materials. In order to
get exact information about core characteristic, the standard reactor analysis code SRAC[1] was chosen because of its
general geometry modeling capability, and provide multi-dimensional diffusion code. The objective in this research is
to study the possibility of TRIGA Kartini reactor’s core that loaded by others fuel materials and to select the optimum
based on the calculation of neutronic parameters for utilization of reactor and safety operation.

2. Methodology: The collision probability method lattice transport 2 P —————

115 e T ——

code SRAC-PIJ and the SRAC-CITATION code are used to perform 2 B
: ¥ —a— U35i2-Al

global core calculations of Kartini reactor. The TRIGA standard fuel s | § T
geometry and original core configuration are used for U-ZrH;ess, ug: uoz

Reactor core K-eff

UsSiz-Al, U30s-Al, and UO, respectively. Since the alternative fuel 09
materials are in the under-moderated situation, fuel geometry changed e
0.8
by increasing the Moderator To Fuel Ratio (MTFR) from 0.226-4.291 0 1 2 3 E

Moderator to fuel ratio

(Fig.1). Neutronic analysis of the UsSi»-Al and UsOg-Al are carried

.. .. .. Fig.1 Relation between MTFR and K-eff
out when the reactor core is in a critical condition, MTFR = 0.330. &

3. Result and Discussion: Neutronic parameters of U;Si»-Al and

® Thermal = Epithermal Fast

U;0s-Al, as alternative fuel materials have been compared with
U-ZrH, 65 as the TRIGA standard fuel material. Safety parameters such

as power peaking factor, core excess, and shutdown margin have been

compared with the limit value in the safety analysis report. Total flux
distribution at irradiation facilities (Fig.2) shows the higher result in

UsS1;-Al and U;0g-Al than U-ZrH, ¢s materials. However, at the center

core region and edge core position still needs moderation to change

Conter ore segion Eelge core position Rotary rack region

usoEA

fast to be thermal neutron by increasing the MTFR at fuel regions.
Fig.2 Flux distribution at irradiation facilities

4. Conclusion: The parameters for utilization of reactor and safety

operation for each fuel materials are evaluated using a comprehensive neutronic code, SRAC2006. U;Si>-Al and

U30s-Al, can be utilized as TRIGA Kartini reactor alternative fuel materials by considering MTFR.

References [1] K. Okumura, T. Kugo, K. Kaneko, and K. Tsuchihashi, SRAC2006: A Comprehensive Neutronics Calculation

Code System, JAEA-Data/Code 2007-004, 2007.
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l.Introduction
Kartini Research Reactor Profile

Fuel Central Supenor
otary E men!s Tube Grid
= 1 of 70 TRIGA reactors in the world (35 in US, 3in JPN). =t ’

I'LI Sample
aanaa LA

=  Commissioned at the National Nuclear Energy Agency .
of Republic Indonesia (BATAN), Yogyakarta on March __ .
01, 1979. ACTIVE
CORE
=  QOperates steady state at 100 kwth and since 1994 e e
using TRIGA stadandard fuel elements U-ZrH (type 104 e
and 204) manufactured by General Atomics (US). Ly”'i] =g

Inferior Grid

= Used for neutron activation analysis, sample
irradiation, and nuclear physics experiment
utilizations.

TRIGA Kartini Reactor Core

l.Introduction
Reactor Fuel Materials and TRIGA Kartini Problems

~ Fuel Shortage ~
Fuel fabrication of TRIGA standard fuel assembly has been suspended.

~ Requirements for alternative fuel assembly ~
Fabricated in domestically or many are produced globally.

Utilizing TRIGA
Fabricated US (suspended) INA, etc. INA, etc. US, JPN, etc.

~ Desirable alternative fuel assembly ~
I.  Sufficient excess reactivity.

[I.  Produces the high neutron fluxes.
[ll. Power peaking factor for thermal-hydraulic
IV. Nuclear fuel life time for the long operation period.




l.Introduction
Kartini Reactor Core Conf. and Fuel Assembly Dim.

Fuel Assembly Cross Section

Zr-Rod [Outer radius=0.288 Cm]

Fuel Meat [Outer radius=1.780 Cm]
Helium Gap [Outer radius=1.790 Cm]
SS-305 Cladding [Outer radius= 1.850 Cm]
Water coolant [Outer radius = 2.029 Cm]

d. Fuel Assembly

Reactor Core Configuration
Fuel Assemblies [71 pcs]

B Control Reactivity Rods [3 pcs]
Graphite Dummy Element [14 pcs]
Neutron Source [1 pcs]
Irradiation Facilities [2 pcs]
Water Coolant and Moderator
Graphite Annular Reflector [Outer radius= 30Cm]

Kartini Reactor Core Cofiguration (2017)

Il. Calculation techniques and Tools
Fuel Materials and Core parameters

U235 enrich. (%) 19.75% 19.75% 19.75% 3.0%
Material density (gr/cc) 5.96 12.2 8.3 10.96
| CoreParameters
Thermal Power 100 kw

Active core dia. 43.81 Cm

Active core height 38Cm

Annular reflector 30Cm

Fuel Temperature 403 K

Water Temperature 313K




Il. Calculation techniques and Tools

Simulation Methodology

SRAC-PIJ JENDL-4.0 SRAC-
. CITATION

1GT=3 Cylindrical cell reflector

Central thimble, B and C-ring model
1GT=11 Annular assembly with asymmetric pin rods

D-ring model
all fuel rods kR
- . .
o £ Graphite axial
ko] A
° € reflector 9
= : o T
@ E-ring model E =
> 1 control rod o = =
Q0 f_U | -
£ 23 fuel rods 38 =) ©
§ 5 c =
: . é - :
<] O = [4+]
=)
find w <C Q@
F-ring model g Molybdenum Disc 'S_
14 dummy rods © . . ©
5 Graphite axial =
13 fuel rods 2 P U]
©
()
o

0 Centimeters

[Il. Result and Discussion

Multiplication factor (Reactor Criticality)

Under moderated Over moderated
Fuel Material | Multiplication Factor "
Moderatorto  0.226 0330 |
Fuel Ratio . . Ch
X 7" Doppler (pcm/K) =-1.91 ; -2.04
o ’ MTC (pcm/K) ~ =-11.46;-10.88
S 1
5 |
[J]
U,Si,-Al 0.9469  1.0438 =°°
U504-Al 0.9587 1.0540 . b.330
uo, 0.8100 0.8864 o 0226 4 2 3 4
——U3Si2-Al —-—U308-Al uo2

Moderator to fuel ratio




[Il. Result and Discussion
Neutron Flux at Irradiation Facilities

I Center core region |

2E+12 - Thermat—m Epithermat—mFast—
Rotary rack region | | Edge core position ‘
1.5E+12
: 1E+12
S5E+11

Edge core position | Edge core position | Rotary rack region
Kartini Reactor Core Whole Model

lll. Result and Discussion
Power peaking analysis

The power peaking factors have been defined and
analyzed in terms of the following parameters:

[a] fHot r(()d pow)er p7aking factor 2.05 —UZrH  —U308-Al  ——U3Si2-Al
=(P P 8
HR rod.av ax cqre,ave . Q 1.85
= hot fod factor determines the power K
generation in the hottest fuel element g 165
[b] Axial power peaking factor § 1.45
- >
z a avy . 2 1.25
= a)?lealkpeaﬁ to average power ratio. =
. . 8 105
The total peaking factor f; defined as atproduct of hot 3
rod factor and axial peaking factor are found to be: z 085
fr =frxf; “ oes
Type of 0.45
far 1.7908 1.536 1510 1529 ' 10 16 9y
f, 1.4050 1.281 1.155  1.166
fi 2.5161 1.968 1.744 1.783 Distance in Cm (radius)




1. Result and Discussion
Nuclear fuel life time and burn up

Fresh fuel ﬂ 1.06
UZrH (0.5 gU/cc)
Irradiated :t;
[ fueI / | SRAC-PJJ | % 105 U308-Al (3.26 gU/cc)

——— U3Si2-Al (3.26 gU/cc)

1.04
SRAC- .
| SWAT | CITATION --------- Maximum Burn Up
=103
<):U :
Irradlatlon EE
1.01

burn up 1.00
_--- 09
45 60 75

Maximum burn up 0 15 30
Burn Up (GWD / ton of U)

11

V. Summary

»Neutronic parameter calculations, such as muliplication factor, power peaking factor, neutron flux,
nuclear life time and burn up have been performed for alternative fuel materials on TRIGA Kartini

reactor core:
> Especially for UO, the reactor core is still in a subcritical situation on the all geometry changes.

> For the excess reactivity U;0g-Al > U;Si,-Al > U-ZrH, 4

> For total neutron flux U,Si,-Al > U;04-Al > U-ZrH, .. . However, U-ZrH, - can produce the highest
thermal neutron flux at all irradiation facilities.

» All fuel materials produce power densities that are still in accordance with the peaking factor safety
standards.

»The high level of uranium content makes the U;04-Al and U,Si,-Al fuel life longer than U-ZrH, ..

»Based on utilization and safety criteria, U;04-Al and U,Si,-Al can be utilized as fuel materials
alternative but with different fuel density and different MTFR.




V. Future Work

New core design of kartini reactor using alternative material fuel element plate type.
- Study the fuel type conversion, from TRIGA fuel rod type to the fuel plate type with the alternative fuel materials, U;O4-
Al and U,Si,-Al from the neutronic point of view, as a solution to the fuel shortage.

End of this presentation




BRRGBEBEORRCERGEEZER LT
BEE—RFAREEMNBOMESRES A2 b &
Radioactivity inventory analysis in the Fukushima Daiichi NPP
considering such as various nuclides generation and decay
TETEE, TH %

R SERNE S

VLA BN = — N CBZ 2 W T @S5 — R 3 BTN AAE T D U A > N U b &2 17
Too T DRNTClIkk % I SIS~ BURTEME R BATT 5 2 L 2SR ET LI K o TRVLDOD, BRESH
(2 K DB FP OA RO B &b ARE L, EEMRHE 21T - 72,
F—I—F: BF. EBEE—RFARER. BRZEIR. KEBERPHTFIEE
1. #E AT IRENOBEIFIEE T, FEEOWRI LN EETH S, AR TRV E S @EE 17
FEHTAT IF)TWESFE AR Z L2 BE T TH Y | ERRFEFIFIIIAFEE LR W ERTIC b U E 3R
WL TW5, &2 THAETIL, SAMPSON X° MAAP &\ o7z SA fiffit =2 — RIZ X - T, IF WNHE O FbhE
NN U ED TV 5, ﬁﬂn@{ﬁ%i%%%%ﬂ%ﬁﬂ~h&Lfﬁmémiwﬁxmz%@%
L. BEHNEEZ WL O ORI S B L, B D EBEO EHRIL A B & 2 e E 08174
e EHFEMICRE LA R NI Z(T ) 2 & Th D, o, A Xy MU AT BT, BREEY
SR O T K D REEEL 0 ZEESH SR & o THERR SN 7B FP o 8 M 72 £ LY fiTe,
2. En@ﬁ@:ﬁ%ﬁfi %&uh:%ﬁﬁ$@m%*4yxybUﬁ%ﬂ%ﬂ@ﬁﬁ%%%ﬁ#é:
EEMELTND, BATNER & JE O ZE ISR IS 8 L7 A . & D WA C&SE 12381 2 K%l o BT
Wﬁétb®ﬁ&FMﬂoﬂﬁoﬁ\ﬁﬁT%uTwio:E%#é ::fvﬂﬁiliﬁﬁﬁﬁ\aiﬁ
SR DORBA TR, P ITAEIC L DO BB MR L2 KT, AT, BITRECE oHE 2 L5 2 TR
AT O D ZOBATRREUC DWW TIE, T s STV 284 22l ERE RO e R A2 B & 2 TRET 2.
Vj%:_)\ Nij(t)Vj — ch—u Ni,;(t) ‘I'Z/\%’\r BV Pe—>%+ZC*J—>J\‘eJ(")"3
J’

3. BPEER AW IR TN R IRE, ST AL,

RSA W, ey NT . BR. AL —1 527 o Limes —— F
. SMEREREED 7 SRR U CREE L7z, ASRATIE e

U LOBATEB) 2 T R RIFOBATHERL, KT ~DHK oss |

HOHEERER 72 LICHE SO THB]L, £O®BICMOITHE os |

ZHOWTIE, 7 7 & A TIT DAL s F il Z BSR4 51 =1 | T

L72[2], X 1 IS TS T D& o 7 D DOTFEAEEIS O R o w e owow o W w

Bt AFERNSAEEREA~OKRH L. £ AL — H1 o AOHEIL o R

27T NAORRS DR LR TE T, IR % A COFERI G

4. #E  AH%IT, BITFHERRIL, FHER OB W E O RK P A~OILO T — 5 70 L 26t h LTt

ATV, KM A X N U AT O,

SEXE : [1] EIEER( R R R A TEERZEAT). HAET- 154 2015 KO kS TRk H26

[2] AARFE%2 DKIEY) 2, Phébus FP 7'm ¥ = 7 MIB DR EMMEBIO E L

D

Fedesial

0.2

Ratio [-]

* Akinori Ishii!, Go Chiba?
'Hokkaido Univ.



BRR BB DRIRPERNMR 2B REUL
EEH—RFHFEEFMAEBOIMETHREL >N\ N R

Radioactivity inventory analysis in the Fukushima Daiichi NPP
considering such as nuclides generation and decay

Ep30E118278H
Session IV:iERZL - ARFIV

. S EBEXRFAF R L Fk
1L E K& TRV S 27 LB
HOKKAIDO UNIVERSITY [RFIFTEARRZE

OaHBE TER

- BEE R FHREEFOREFIERICENT,
TRETREA >R NIDEET W E T D,

« T T\ BEESEHEET I — MRV TSEBEN S,
RFIFREBDIRGTREA >R NI PR TITHNTULS,

« ENEBRNMSIREITIC, METEMBORIROUNMBEIDONTIE.
ZDREBRMFELTED, INBEERAIDILICLLOT,

FDEFETED N NEITMTZBEZE ZBND.

- KIAFRETHEAL TS, 1400 BIZE DFIT I AT HER:

FERERr ] — RCBZZRAWT, REFAAIEBDOFRIRD 1T E%
sIELA INY NIFHEIDMTA B L SICR DTz,




ASAK 2

aH mEl —BREIOOVT, BT2 N5 1400FFZE D AT NFITIETETVBDT, TNE/-T12J33IULLO T, REBEPIAEIORRTNTE
BEICBITENIA—S
B 527, 2018/09/01

BH5 tmEEHH
B 578, 2018/09/02

CBZI- K3 ZFLTAILBNTLS 2
IBORRIRLIET O BET )L

HAFETERICH T IBEEVNE DB B DFEN

oIy hIIIL

4‘|_IIII IHHHHHII

RFAZN

X REEEEEME DTN

BEEMEI EOCSVDOKEICEDIEEEE T SN DEEENEE




CBZI-R¥AFATAMSNTLWS 3
AEDFRREFBATOSTEET )2

BRI, 33— Nj(CHIFD. [RF DA A NIORESTHM I F5IETN

dN; ;(t
v :z,;( ) = —Aii\ri,j(t)vj | Z hJ(t)VT + Z Aif,N,',r,J' (t)‘/l;‘Pi’—)i i Z?\Ti,j’ (t)V:,-r
4 i’ 3

f *
Pk AEIRA LIl & B LR

fhpBisk; A AR fhpBEtsy M DFBITICL D
BATIBLICLBRA D A& DIENN 5

CBZ1-RIATATHLLSNTLS 4
EABDARRCATOSTEETIL3

0L, 3B/ — Nj(CHIFD. [RF DA A NIORESTM I T5HETN

dN; (1 fl \U r
it ) _ “AiNi i (0V; 1 D (CiimiNed 0Vl D X No (VP 4 D | ifYigt ) Ys!
i’

et
J’ \ 3

Vi

COBITHRICE ., TR EICRTET Do
COCREFTIREMERPEHIEZHIATERET D




CBZANTITONSBEFZ D EBSUIC, ] 5
P FCLDREERR D ELEHR SO TEL

A BICESHIERN(ERRDREEZRNEE)
dN; ;(t)

Vg_dt == —/\u\?’,',_,-(t)V_',- - ; CI,J—FJ'NhJ(t).V.} -+ ; Ai’Ar-i,’,j (t)V;Pl'—H. + ; C""J‘I_’J‘jv'i’jf (t)"/Jr

CORERAMLABICELICHDDT. ENZFREDILEDEATTINET HE

Ly n(3EEE
A1 Ci2 ... Cin d_'n, . ‘@K
Cyn A ... Coy |:> dt
Cmi Cm2 ... Amn n(t) = 6Atn(0)
CONEFRVTUKZEICID T BEEE (AR MY DOHD

| VT COSBEICBRIENDAHDOZEEEREIS |

A=

CBZATITNNB BRI BRBUIL, 6
T B RER TR BB SO 82

1EORDRICIOTEMSNZFIIOFHEFER

BEKDHE(CLDEM ANPY
REEFRPHFIEE(CLDER ANY

BREZOEZIEN . BRZD RS
FBTTECLOTELRFHEDFEFER
@ X ST EFALS BT T

Cm-242, Cm-244%%MH
Ajn Ciz ... Ciyp
Coy Agy ... Chy

A= . i ] .

le CmZ .. Am.n

FE2OOFEZAITHCHMAH . ETEEITD




e

) 71:0)%'{/7-_
BEE— IR FHFEEBFRAEEO
RE3EE1 N> bU DEE ) 15 54l

Fle. COMTRBEDB(HID LT OLOIBT—9%ERTS

BPESREMERUTVDIFOSERS
B TITHON TV ZIBEEEHEERRED HE‘F%
OB EESEEARAT I — RTHASNER
TDIFN, BHIEICIFICBIL TIRESINIET — I (B2 $BHRIEDCs-137ORT PR RE)

E5(c, CDEICAINY PRI ZED B DS BFEXRDRDEZERECOWVTEFHTT 5.

>N

= HARS AT (3saimatm) - 1

1. BRIOBEEESWVCOVTIE. 95%MEEBLUTVWRLRET 2.

2. F9. IREBHATOEMIERICEDVWTERIKPNDCs-1370F811%
BiRd3,

3. Cs-1370EE%ZHBIRT DIDIFHEUL TSI ADBATIREZEEF
Z C, MDITROBATIHREINEERTE T D MDITRICOVTIE,
Phébus/R FIFDFPT3NEERIGEERZHECUTERTE I Do

4. FPT3DFGRZIEER CEHE I 9 FPTITRATIMERRSA L3R
DR TKBIEDH DV E 0)5'7*73‘%7 TIBURELIIZEE. IFKAE
ODBODB@“/\_C$94T§“5C4}§Eb?ti%éd)zifiiﬁ_@ﬁﬂﬁ




REAGIAEAT (3omtAmin)-2 ) 9
27 [\ (cs-137)DIBATIRER eiratmn) s TE DAL TS

« BRFELE~10HZE8 = S5
- BIUEOTIUREHLHAR

- 11H~30H = 12858
© 3/23&0BHIBIEERIT, TNICLBMALVROE FAEE
- 31H~400H = 104 =

C SEKERET L. SRRSO SN EBRT
. 400H~10008H = 1.5% !

{5
o BRIOBERECI O THRIZICHRET BN/ ! % /
. 1001 A& o1 Aééé?/ﬁ ......

- SEnET

®

- T
S A DFERICO VT, BEE MRS ED BOLEIE01
HHEERER T, £ ADBTREICIL T B THRE.
R HAEIARAT (35at5m74T)-3 10

REABIAET DA X—[X

KRR FEXR

Fuel Purify system

1. ISACIRBESE VTH. S5%EREL TVSHROET 3.
2. 59, IFERNTORITR R LT 137
B ERKhOCs-1370847%

""" £\ mHE

BATOMSICPhébusHEERIER# B F——




R ARRIAEAT (3tattARIT)-4 11
B4 IKPDFPT 3 & sxat DEEATIE SR

1010 EE%’%(E,HH)
_ |_|EgokspTld
T . MO FI LI L
s I BRI REE RS
E |
ﬁ 100 i
.‘é 7
S 10°
g L

10710 I

0 400 800 1200 1600 2000
Time [days]

REAGIAEAT (3REARHT)-5 12
%1‘? ﬁ’f” Dz 51

1010 I I
L 134,

2T LDRGTEE

1| Cs-1341°Cs-137
DRZENERN

=
o
3]

100
10*5 /

| ]
SRR 4 | | | | | i

Cs-136M7ZE& (3550 0 400 800 1200 1600 2000

Radioactivity [Bg/ml(Bg/cm3)]

Time [days]

FHHSRAMEINRIBTHLBEZKPTR. BREZDRICLS
FEFAHAFPY, BREZDRICL O TREVEPEFICIIRDBERITORZER DB




Radioactivity [Bg/mi(Bg/cm3)]

RAAEIAEAT (3%EEE4T) -6 13

F D RDOFZE M2

1010

8 | BERERDHEL
z o) T .
[ —

105 -

100 |

EHEREIRIEDZ VT (T
SWEBREADEENKEETS
ERETEERENENNT B,
Ll
UhUBDS, 53K DiET6EE
BEICEX3REIEHTNEN

=

<
[
|

10-10 I | | | I
800 1200

Time [days]

R HAEIAZAT (34584 )- 7 14

3TEIEEFAT COFEER
« CNETO., BEOEHFEERLEELHRENEYIEORITOHL A ZERD A
N AFSTBERKIOVWTERIZUZ,

- SEIFFC. THATICs-13705 LK P DIRETRRED.
PhébusB 4R CORERIERESZICL T, FRATLT.

—>SEIOFEMT(E. BREZDRICLDFEHREAFPHYE 2K OIETEE
1IN NICEZZEE, IREFRTEPRBRVEEZEND.,




Yo EAMEIAZAT (748 m847)- 1

Y cBZTHEICHI A R

FEANTAR SR DESE

« IXCHORERRANSZIEE R T 70818 TRENT

« ARINBARFZAIEDTY NI T)VIC
RNEBAEREL TE# AT

. %fvﬁﬁ%&@c‘fﬁ%ﬁ%%

EREUI,

15

BRE RT AN, RS1491)V. DTV RO IV, l??rIFLE\ ART0O. NEPERIR

%ﬁ

1
WFF

Pedestal | @i )
Ful Gy <o by EfEER
i HE
*SI- SR ) 2
ESS

51 R R F I BEESEICH I DA D R AE RN FEEN OFTE
6. 1BEEE AT I — ML 2ESHBIFOFPHUL - BITORET (2015FFDF R H26)

O HA RS AT (74Et58847 ) - 2 16
— = ——
BRATS FUA - ET VDR TE
. %E&Z?%H% il
. BREAREE T G 03
2 SRﬂb‘b'ijI\UI)L(L%’fuié’va %4%0_25
. i1 1BSRTRRE LE _
SR SRR (RBHRE) &8 e
- SBi1% 1 QISR R -,
ISR NI (REIRS) %fﬁ o1 — RTFRE
. BB 24DSRIIRE g " TR o
S®k O —

IKFBIRFE (1S H)
(% T IRRHADFT—HTIE
EBEENTVRW\WEHER)

0

20 40 60 80 100 120 140
AVSLEEINSDEZ [hour]

51 R RFIFBESEEICH T SMET R D RAE RN FEN DM
6. BEESEIAT ] — RCL 2B SHMIFOFPIL - B1TORES

(20154EEDES H26)




Yo HARA AT (7481 8847) - 3 17

HRTSAT

- SELBRPNSBITHIRETSL
R5E 03

Ue— o
. EEOI RO RELZECL l‘gT 023
T\ T3 AOBITRE R ERTE, SH o —r=yy
. TILOBATRECEDWVT. D g g o —zvbrz
TRIOVTEBTRBERE. N £¥ o it
(SREAEI O EHRICPhébus T 05 H— — fxom
FPT3MitERIER %S| iR, D T
o THRIBIAOEATERTEZBEINT 0 20 40 60 80 100 120 140
VVRL IKZRIBFE(CL DI EPIRIERN RHSLEENSDEL] [hour]
,';I:', 0),%2% 738{5{#@‘(% }15 3‘5 o 5| [RFIPBEESEIHICH T DS E D 24 s D ZEE DT

6.8 BT 11— RC L 2B B BEFOFPA Y - BITOIRET
(20154EEDES H26)

G HARBRAT (75847 ) -4 ) 18
FEATET IVOBIRGEER

ceztoEs |

035 — 6 L MR
: Dcﬁel op.Fl = = 0.25 p——
03 H WZWE| — EPI'W. =l ‘:‘{ ﬂl .
1 £ o
025 | e :E E ) — RS T L
= o2} B8 0l5 — kTl
) o W —RF2AYL
& o015 E ™8 o1 TAS)
ﬁ 8 — RFIFRE
01 _ R
3 005 H— —#~70
0.05 S LN — TR
- & 0
0 L - A L
5 55 % & & 166 156 i 0 20 40 60 80 100 120 140

Time [days] A5 LE#MSDEZ] [hour]
L) 1 E?%E 5| A [RFIPE BB CH I DR D 2L A R YD ' O ST
VROWT KFRRROZEGZREIS | 6. .BEEE LR 1 — NC LB BEBHEFOFPIL - BITOMRET
(2015FF0ES H26)




O HA RS AT (74mi38847)- 5
IKZRUFEFE

19

FDaZ%==(Cs-137)

Time [hours]

[-131(cHIF5
FIEAA >R NI I BRI TOFEEIS

035 I I T T T T 1020 T T T T T T
“Dywel —  OpFi
0.3 Wetwel —— Env.
025 - _____—————-F___—___—___—___—___—__. = 1018 L -
o :
T ozf - 2 [
é 015 g 108 L IKRIBFROSZE(CLD. ]
“ THER02 2% g RISRORETEEDFERN BRI |]
01 f T SEIERCMPBGRERE ||
0.05 | = - Pedestal —— RB ‘
0 - . 109 1 1 1 | me‘;f — Fn\r
0 20 40 60 80 100 120 140 ] 20 40 60 80 100 120 140
Time [hours] Time [hours]
Cs-137(cH133 Cs-137 DR MRIEICH T DIRETEE
HIHAA >R NS I BRI TOFEEIS
FRRABI AR (7581ER4T)-6 20
B2 %R % % FE-
7J</$I/\%0)E'/E ,E.E'\(I_].Bl)
05 T T T Pedgstu; i 1020 T T T T T T
5 eiwel —— Env. _-:1_-‘_‘-__‘_-___-_
_ o : y
E F :
= 2 2 |
g it e S S| g0y TSI LERIKE |
W ERED1.8%H = g IKFRBEFR(CLBMBEN BRI |
/ . SEIETICEHPBQIRER |
0.1 [ . F 1
0 ) L 100 | 1 L wle: : OFP;;! ‘
0 20 40 60 80 100 120 140 ] 20 40 60 80 100 120 140
Time [hours]

I-131 DR FRIEICH T DIRETHE




S HARI AR AT (7481 8247)- 7 21

DRAE (TT3R) DEFATIEER

05 T T T 1 == 1020 T T T T
0.4 F\J‘J\
. 1015 | E .
g [ il
pere 0.3 I . = I PP
g gl Laﬂ?ﬁ@@‘aiﬁnt“(:&ﬂiﬁiﬁqﬂm
0% T ey pyp— 5 T/ OORSIREERTTCEET |
FE/UFBATURBVEAR 5
| ‘ = . SEIERCMPBGRRERE |
0.1 F r 1
|| == oo = f
g o tReteeeetamseesas gaeasases TYIIIIIE TITTIIOCITIIE o 0 20 20 50 80 100 120 140
Time [hours] Time [hours]
F/UICHEID F /D DOBRMREICH T DHRETEE
FIERA >R NI I 2R MR T OFEEIS

fisa - SR OWR 8T

- RHIRIREAT O R (BRI T R)
SSEIORHT T, BRI LB P B oK O
{IRINICE Z3HE . HRR T BN E RSN S,
- SRR DR R
B KRRROF B TUREANS
RSB TR ORI REBH EDE BTN
fthTEROINERIE ROIRET HEDEA L R BER T BTN TETR.

Si&lL, FENEEISHRIFKITO
—EDOBITETINEZIERMU T A NEHEZITO TV




Supercritical transient analysis using Multi-region Integral Kinetic code: Basics and

applications

Delgersaikhan Tuya and Toru Obara
Laboratory for Advanced Nuclear Energy, Institute of Innovative Research, Tokyo Institute of Technology

Supercritical transient analysis in arbitrary nuclear fissile system generally requires a model that describes a time- and
space-dependent power while taking related feedback phenomena in the considered system into account. Multi-region
Integral Kinetic (MIK) code is a Monte Carlo neutron transport method- and integral kinetic model-based numerical
tool for a supercritical transient analysis in an arbitrary fissile system. MIK code allows complicated and complex
feedback mechanisms in the system to be treated through its time-dependent feedback modeling capability provided

that the governing equations for feedback mechanisms are given.

Keywords : supercritical transient; criticality accident; Godiva; MIK code; integral kinetic model;

1. Introduction :

MIK code [1] essentially consists of three parts: 1) an integral kinetic model (IKM), 2) Monte

Carlo neutron transport code MVP2.0/3.0, and 3) a time-dependent feedback model. The IKM [2] describes a time-
and region-dependent fission rate in arbitrary fissile system using secondary fission probability density functions. The

Monte Carlo neutron transport code MVP2.0/3.0 [3][4] is utilized to
calculate the secondary fission probability density functions at an
instantaneous state of the system. The time-dependent feedback
model calculates time-dependent feedback wvariables (e.g.,
region-wise temperature and density) via user-provided governing
equations.
2. Methodology : MIK code has been applied to supercritical
transient in Godiva core with step-wise reactivity insertion of about
8 cents above prompt-criticality as an example of application of
MIK code. Furthermore, the obtained simulation results have been
compared with experimental results. In the simulation, Godiva core
is divided into two regions of inner sphere and outer concentric
sphere. As for feedback, adiabatic temperature increase due to
fission energy deposit and approximate thermal expansion are taken
into account.
3. Results : The obtained results in terms of total fission rate,
region-wise temperature, and region-wise density profiles are
shown in Fig. 1, Fig. 2, and Fig. 3, respectively. Also shown in Fig.
1 is the total fission rate obtained from the experiment [5]. From
Fig. 1, it is seen that the simulation reproduced the total fission rate
quite well near the peak, but diverged after the peak. The reason is
that the tail region of the experimental results was due to a
short-lived delayed neutron precursors, however, this effect was not
taken into account in the simulation. On the other hand, Fig. 2 and
Fig. 3 showcase the time-dependent feedback capability of MIK
code in case of time- and region-dependent temperature and density.
As heat loss from the system was neglected, the region-wise
temperature kept increasing leading to increasing thermal expansion
(see Fig. 3), which in turn led to increasing negative feedback effect
that eventually stopped the supercritical transient in the system.
References: [1] D. Tuya and T. Obara. “Development of Monte Carlo
neutron transport method-based supercritical transient code with
time-dependent feedback capability”. Nucl. Sci. Eng. (submitted) (2018)
[2] H. Takezawa and T. Obara. “New approach to space-dependent kinetic
analysis by the integral kinetic model”. Nucl. Sci. Eng. 171. p.1-12. (2012)
[3] Y. Nagaya et al,. “MVP/GMVP II: General purpose Monte Carlo codes
for neutron and photon transport calculations based on continuous energy
and multigroup method”, JAERI-1348. (2005)
[4] Y. Nagaya et al,. “MVP/GMVP Version 3: General purpose Monte
Carlo codes for neutron and photon transport calculations based on
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[.  Introduction

Introduction

e Supercritical transient analysis aims to quantify a power profile, energy release, and dose
release etc in a supercritical excursion.

e Supercritical transient analysis in a given system is often complicated due to a presence
of complex and nonlinear feedback mechanisms, nonuniform distribution of material and
other variables/parameters, and complicated geometry.

¢ Generally, conventional deterministic methods such as point—reactor kinetics model and
multi—point kinetics model have been used.

* Recently, Monte Carlo neutron transport based methods' for transient/dynamic analysis
are getting more practical.

* Multi-region Integral Kinetic (MIK) code is a Monte Carlo neutron transport based tool
that can be used to calculate a power profile and energy release in a supercritical
transient excursion, taking the relevant feedback mechanisms into account via user—
defined governing equations.

1 Sjenitzer, Bart L., and J. Eduard Hoogenboom. "Dynamic Monte Carlo method for nuclear reactor kinetics calculations." Nuclear Science
and Engineering 175.1 (2013): 94-107.

Mylonakis, A. G., Varvayanni, M., Grigoriadis, D. G. E., & Catsaros, N. (2017). “Developing and investigating a pure Monte-Carlo module for
transient neutron transport analysis”. Annals of Nuclear Energy, 104, 103-112.

J. Leppanen, “Development of a dynamic simulation mode in SERPENT 2 Monte Carlo code,” in M&C 2013, pp. 117-127, Sun Valley, Idaho
(2013).
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II. Multi-region Integral Kinetic (MIK) code

Multi—region Integral Kinetic code — Introduction

MIK code has been developed in Obara lab., Tokyo Institute of Technology.

MIK code essentially calculates a time— and region—dependent fission rate
(i.e., power) in arbitrary fissile system.

MIK code allows a treatment of time— and region—dependent feedback via
user—defined governing equations for update and non—update variables.

MIK code essentially consists of 3 parts:
¢ Integral Kinetic Model (IKM)
¢ Monte Carlo neutron transport based method (based on MVP2.0/MVP3.0 codes)

* Time—dependent feedback model
MIK code can run in parallel mode using Open MPI 3.0 or higher.
MIK code is an open source code (as of now, MIK code, Version 1.0).

Request to use MIK code can be made to Prof. Toru OBARA of Tokyo Tech.

RRLEXAF 6

Tokyo Institute of Technology




Multi-region Integral Kinetic code — Integral kinetic model (IKM)

* The Integral Kinetic Model (IKM) for coupled system of R fissile region is:

Here, N;(t) is total fission rate in region i at time t (fissions
R 5 / s); a;i(t—t") is secondary prompt-fission probability
— — ! ' Py
Ni(t) = Zj=1f aU(t ¢ )Nf(t Jdt density function in region i provided by the first fission in
» the source region j with time difference t-t’ (fissions in i-s?
/ source fissions in j )

* Discretized form (with initial critical condition):

B (g kAt k=1 (k=kn)At
N (kAt) = Zj=1 {N, [Cy'.S)] s, + Zk’=k_kc Ny(K'AD)[Cyy(T',Si0)] (k! ~1)A¢

T

where, C; (1) = f a; (rHdt' & Cumulative distribution function
0

* The key kinetic functions a;;(t") or C;;(7):

e How to obtain?

RRLEAF 7

Tokyo Institute of Technology

Multi-region Integral Kinetic code — Monte Carlo neutron transport based
method

Arbitrary material containing fissile
material(s)

B — point in region j, at which a neutron was
born at t=0

S, and S, — points at which neutron was
scattered

F — point in region i, at which neutron induced
afission =1’

MVP2.0/3.0 code can be used to calculate a neutron transport time- and region-
dependent fission reaction per time interval/bin as:

mAt Emax
B = / d'r/ dr/ dE/ dv'Es(r, E)0(r' - r,7,E)
: Jv. Jo Jv,

(m—1)At

RRLEXAF 8
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Multi-region Integral Kinetic code — Monte Carlo neutron transport based
method

Cumulative fission by time kAt Cumulative fission by time entire transport time
k ke
Fyj(kAt) = Z fijm Fyy = Fyj(e0) = Fjj(kAt) = Z fijm

m=1 m=1

Total fission in source region at end of Total fission in source region at

generation beginning of generation
R F YK
sy P 7k Ky

Cumulative secondary fission distribution function by time kAt

Fy(kAt) _ Fy(kAr)

Cij (kAt) = F’ = Kp F,
J J

RRLEAF 9
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Multi-region Integral Kinetic code — Time—dependent feedback model

* In MIK code, a state of a system is partially characterized by set of variables related
to feedback — they are called update variables in the code

* Example of update variables: temperature, density etc
* These update variables change during a supercritical transient

* Accordingly, kinetic function Cl-j(r) changes too!

Fission ener o Change in
e gy Change in update Change in kinetic . g
deposition in the . ) dynamics of the

variables functions )
system transient

* Need to recalculate/update the kinetic functions at the instantaneous state of the
system

* How often/when do we need to update the kinetic functions?

RRLEXAF 10
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Multi—region Integral Kinetic code — Time—dependent feedback model

* The criteria to update the kinetic function is:

o
|Uw(kAt) Urv(k At)l 2 51'17

cfijtally

U,, v-th update variable in region r
IKM loop '
IKM at kAt starts

MVP input

m:=m+1

k  current time step U(m)=u((k-1)a8) |

! H . E '

k' time step at which the last update was 5 _ i
done i i

6,, update criterion for v-th update variable e | False

inregionr { (T U(kAt)):=Cy(r,U(m))
: Calculate N{kAt) and U(kAt)

IKM at kAt finishes

* Update when the change in one of update
variables in any region exceeds the user—
defined criteria!

 User can control the trade—off between
computation cost and calculation accuracy
via update criteria
. Fees
%:‘Rlﬁj{% 11
Tokyo Institute of Technology
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Example application — Godiva supercritical transient

A series of supercritical critical experiments' had been performed at Godiva facility at Los
Alamos Scientific Laboratory in 1950s

* MIK code was used to simulate supercritical transient with 8.12 ¢ step—wise reactivity
insertion above prompt criticality (delayed neutron effect was ignored in the simulation).

* In Godiva core, the dominant feedback is thermal expansion (although in high reactivity
insertion case, there is a delay of thermal expansion)

* The thermal expansion feedback without the delay was considered in the MIK simulation

Vacuum

Region-1

Region-2

Godiva core in its Godiva core as a two-region system in
disassembled state MIK simulation (XY cross-sectional view)
BERTHEASE IT. F. WIMETT et al., “Time behavior of Godiva through prompt critical, Report -
Tokyo Institute of Technology No. LA-2029” (1956)

Example application — Godiva supercritical transient

* Some basic parameters: Enrichment of 233U, wt% 93.7
Outer radius, cm 8.85
e, MeV/f 178

* Time—dependent feedback:
» Update variables: temperature (K), density (g/cm?), radius (cm)
» Non—update variable: energy release (J)
* Update criteria matrix:

5=(3 002 000%)

¢ User—defined governing equations:

Temperature
ar; _ eNi(t) cp = 28.4264 — 6.9587 x 1073T; + 29.8744 x 107°T7? — 1.1888 x 10°T; 2
e G J/K/mol

Volume expansion?

V(T = Vy(25)(1 + 32.03 x 107°T; + 32.87 x 107°T2 + 16.25 x 1071273)

1D. H. GURINSKY and G. J. DIENES, Nuclear Fuels. The Geneva Series on the Peaceful Uses of
Atomic Energy,D. Van Nostrand Inc. (1956).

RRLEKRF 14
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Example application — Godiva supercritical transient

e Obtained results:
1020

— Experiment
10%° H simulation
108
1017’

1016
£1015 i
g 10"
E 103 As delayed neutrons were
2 ig” ignored, the tail region of
= 1010 overall fission rate profile
10° was not simulated!
10°
107
10° i
107 10
Time, s
Experiment | Simulation
Peak fission rate, 2.9x1020 3.2x10%° f/s
f/s (1 %)
Fission release, f 1.3x1016 1.2x10%°
(1x103 %)

|| RELEAS

Tokyo Institute of Technology

370

360

Temperature, K

Wwow W w
] w -3 w
© © o o

(]
fuir}
(=]

—  2-reg Godiva(reg-1)
2-reqg Godivaireg-2)

0.08

0.07

Density, g/cm3
e o o
(=] o (=]
E 0 o

o
o
w

0.02

+1.86481

0.0001 0.0002 0.0003 0.0004 0.0005

Time, s
— 2-reg Godivaireg-1)
— 2-reg Godivalreg-2)

0.0001 0.0002 0.0003 0.0004 0.0005
Time, s 1

Example application — Some other applications

For some other applications of MIK code including TRACY and SILENE, please take look at:

(2018)
DOI: https://doi.org/10.1080/00295639.2018.1540209

Delgersaikhan Tuya and Toru Obara, “Development of Monte Carlo neutron transport method-based
supercritical transient code with time-dependent feedback capability”, Nuclear Science and Engineering

(a) TRACY (b) SILENE

|| RELEAS

Tokyo Institute of Technology

— Vacuum 4\:‘-
= S:“‘] \
el
—

| —— Region-b

| Region-5
Region-4

|-

| — Region-3 :-,\:\_“-

| o Region-2

[ Region-1 ~_]

™o

3.0 a0 RO A0 1M.0

(a) TRACY (b) SILENE
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Conclusions

¢ Multi-region Integral Kinetic (MIK) code has been developed

e MIK code can calculate time— and region—dependent power in arbitrary fissile system
following a reactivity insertion above prompt criticality

e MIK code allows a treatment of time—dependent feedback mechanisms via user—defined
governing equations

e MIK code can run in single or parallel mode on shared—memory system using Open MPI
3.0 or higher

* MIK code is an open source code and can be requested from Prof. Toru Obara of Tokyo
Institute of Technology

e MIK code was applied to Godiva supercritical transient and the obtained results were in
reasonably good agreement with the experimental results

* MIK code was also applied to supercritical transient in TRACY and SILENE (not reported
here)

RRLEXAF 18
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Future study

* Currently a work is underway to include the effect of delayed neutron in MIK code

* A work is also underway to investigate the possibility of coupling MIK code with an open
source thermal hydraulics (CFD / thermo—mechanics) code to improve feedback modeling
capability

* As MIK code is an open source code, if you have interest and need, please request and
use it; modify/improve it; or find bugs and criticize us (not in a mean way!)

RRLEXAF 2
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Estimation of experimental covariance in the Feynman-a method using the bootstrap method
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Estimation of subcriticality and neutron generation time using the particle filter method
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Effect of neutron spectrum on reaction rate in ADS experiment
with U-Pb zoned core and spallation neutron source
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