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Burnup Characteristics of Burnable Poison
and Core Characteristics of HTTR

Nozomu FUJIMOTO and Naoki NOJIRI

Department of HTTR
Oarai Research and Development Center
Japan Atomic Energy Agency
Oarai-machi, Higashiibaraki-gun, Ibaraki-ken

(Received December 9, 2005)

The HTTR uses burnable poison to compensate the change in reactivity with
burnup. The burnable poison is a rod type and the change in effective absorption cross
section become large due to its shape. Therefore, change in effective cross section of
burnable poison due to burnup, temperature, fuel enrichment, etc. were evaluated and
the core calculation model for burnup calculation was revised. Using the calculation
model, burnup calculations are carried out and compared with results of experiménts
and other code. It became clear that the calculation model showed reasonable results of

change in effective multiplication factor with burnup and power distribution in the core.

Keywords : HTTR, Burnup Calculation, BP, Shielding Factor, Power Distribution,
Effective Multiplication Factor
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1. RU®IZ

iR T2 BRIT9E 4 (High Temperature Engineering Test Reactor : HTTR) 13&iBA
- RIFEh O EEELL. SEOEHEVRREENE U TERINZ, INET, 1998 F
10 A OERLSE. BRRBE O ERRBEERL. 20014 11 A 7 BIOEFFHDO
WHFRE 850°C %, 2004 £ 4 H 19 HITIL 950°C & =R L 721,239,

HTTR DO#EMEOFEIZBNTIX. HTTR MM O — R A F LI K 5 3 KTk
BETELE T HINOFEICLDMENTONTE TS, HiZ, BRI AFERHOK,. #
M AR B DR O — ROBRLEHEETIN ORENED SN TV, HEEEICBNT
. ERRBROMETN S, REFTHWTWZ HTTR SHETTNA KB I, FORY
ERRAHINZED, ZOHBULSEETIVTIR. Ay afBE YL RICEREM
(Burnable Poison : BP) OFLATOMEEZERTEBLSICLAEZE, BP A OWE
REZXOFMICEZSELD, BPENVET VR 2RILrZETINELEZEZIZLOBE
BRI Z{T A5 & DT LT, |

B LUESEETI T BP OBRIBRTHD., E£-RB T 0w 7 OBIzERINT
WHEEZEZEL T, BP BEVOYERE2ZEB L TEYMEEOERZIT> TNBENR,
ZOFEETINTIE, BRBROBTEZEENEL TWEI ENS, RECXDEBHEOE
LOBEITONTE ST, BENEALZREOEAFEOREIIDWTHSN RS T
Wialy, /. HTTR @ BP 3HFHEFRIATH DR UVREHEEN 2~2.5wt%BETH 5
7z, BRIBEIC LB BP BE D OF T RAFOBINKREL 2D, EHWMEBOBLANK =
{75, ZOZEMNS, HTTR OBREFEREDOFTMEIZ BN TIL, REEICK D BP OREZ(L
EEANCITS ZENEETH 5., '

AR OMT T, WIERFLTHORENIIZEAEREL TBETRIEEEETS
HENZNOT, BP OEZWTERIIMREE 0 B OREBTIMEL Tz, REFEL2EET S
WHE0, BP OBRBEREIC O W TR 218, BIR0O BP O & RHMHEOE/L
DEBEH M Uiz, ZORERZEIC HTTR BT O — R AT A THEET 3R
AT OFETTIVEERL 2.

BT, ZOREETINEAWTREMTZT o EERIIOVWT, JAIgERTESTFHIV
03— R MVP TE LR EDEBRZTW, RS EICBIT 35 EEEORIEETH .,

AIREEIL, BP OREEREE) & MBI A OHET TN K B EREORIZRIZDON
THETBHDOTH 5. |
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. BREEETEICBIT 5 BP ORBEEE ORIETIR

2.1 BARBAERHOHETT VOME

HTTR O E LT, BB TREZANWEY A 70y BB THS 2 & BR
DT REEEY (Burnable Poison : BP) ZAWTWS Z &, FLNOHNEES % &l
T BHT=DITIFENT 3K TTHRRERER S 2fTo TH 0, 12 FBEO 250 ORMEERREH
5k, BERRICBWT, BEFFEOADEHDOT 500C U LOBHMOIBEEND D,
R R ERBEEENELS SN T 5N 5, Fig2.l IKFELANOENEER S & BP EE
BOMARERT, CNET. 25O HTTR KREREBEZR LB 2T “C%-S?t
2~

BB O HTTR MM I — R AT LAEAWTITo e AO— RT AT A
DR E Fig.2.2 IT/RT,

ERRBR O A NESTEEFVIL. BT 0y 2 2EET24 Ay 2 ic88L. B
BHEN D BP BOMEBEEEBTELLSICLAEDDTH S, FLFEICHANVSEEET IO
S B OMES TE D B2 K % Fig2.3 KU\ Fig2.4 ITRT, MEHEAOWEEEIL. BP O
MEAZETESLS, VH TREMAZREERE BP i Tna, BATEII DWW T,
MBLT Oy 7 ZTEITHEL TN S,

PR DS EREE HTTR B ESEI— R AT LAOFO LRI EIVRESHE I —F
 DELIGHT THERLTHD, LATABEIETNZRANTVYS, ZORIVETIVONE
3. BREHEOE v FlcE DO EE L, EROBREHER D OHRETFARY MVEBHTHE
AL TNWB,

BP OEFWEEIE HTTR BEEFHEI— R ZTAOHD 2 KoumEaHEI— R
TWOTRAN %ZFWT, BP BV ORMEZEL. Fig2.5 IR T 2K rZ KRR TETIL
LTI LT3, £, Zhick? BP EPMEMEIL. Fig.2.3 ITRT LD ICBP 281
HONMEBICHIRT AL DEELZIT> TS,
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2.2 BRBEICZHED BP DL

WEEET IV OER TEE & 725 O, BP OEIMEMOER TH 5. BRRBCIIEE.
MBEE D OREBOERWERE 2 /ERTRIT I WA, BREMFRITTIE, BEKRE. BREKED
EHMTHBEZER T DHNEND S, '

HTTR Tt 100%H 78 QRTARA DEE 395C, FIT-45H DR 850/950C & 73
572, FATIE B00CEEDRERBEEZENELTNWD, 20D, FREWS DNOHE
BIZMT, T ETNOEBICOWTREERRET S EICXVFERNORBELGHE2EZEL 72,
30MW TERFJFH R E 850°C DIREEDMHTIZH W 5 IFNIRE 7376 % Table2.1 IZ57 9 9,

FE72, 0% TOFRNEEIIL 120CEED LIIFIRTH 20T, FKHIREN S 100%
HAOETOBDOFELBEDOEILbREL/RS,

ZDEIBRENMEERBL T BP OREXEFHORFN 2T VEND B,

2.2.1 BP OIE#RET

BP O X D7 H T ORIUAL, RFEE EHRETREENAEZILL. BP B
DOFEFRAMBOHRESBINT D, JFUTEN, BP OEFMEBE D KX BT 5,
INETO HTTR OFH T, I 7 OBERBEAWCEEZIToTWS, ZOHFRTR
BEEtRE 2T 5858, BP OX D ITRBEIC K2 FETFRAAOENAE L, EXHI 7 ok
WEREDOMRBMEEENKERDBDIZDONTIE. ZOREKEREZEDL D ITEET 0N
BEIRD, FI T, BPELULTHAINTWAHED S b &b T FIRINEEREO K X0
WB {ZDW T, EHI 7 nRNEROREIC L 52 E. UTFICRTERRT2HNT
KT LELE,

sy)§c=2.“—’e'i
O0
ZZT,
sfx : WEEEHETF  []
Caett - BP H10D 10B OEF) I 7 NKIERE  [barn]
Cao0: 9B ORI 7/ OiINEEFRE [barn]

fEFTCI. I/ DRNETEEE U TERFROEEZARL. ZHICERRT 280 TR
B, MBHEKF ORMBRETHRZEZRD DI EET B, ' '

Z? BP DA TIL, Fig.2.5 IZ7RT TWOTRAN i2& % BP IV OFHETHSN-HF
HEFRAIAENS, LTORICK ORI EICHEL .
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Joav
BP _rod
SﬁC — o.a,eﬁ = VBP _rod
o-a,O IWV
BP _region
%4

BP _ region
ZZ T,

o FHEFHR  [n/cm2-s]

V {45 [em3]

=D BP_rod I TWOTRAN )L T® BP #ICET 584 (K ’BP pellet' D FEIR)
%% L. BP_region I3 TWOTRAN £)L'T® BP fHi (K ’BP pellet’&’Graphite’ D
) &Y,

BP D 19B OMRIEIC & 3R TREBEDRBMIZONWT, BB K 2EBRETOELE,
TWOTRAN 12 &% BP EIVDEET, BP 70 B ORERFREEELAFREZTIC
wkoEET 3 Lz, BAEMICIE, BP o 0B OFRTFEREEEZEILIE, ZORKO
HERETF 2 TMEL . RIS & D ERETORLERT & &L, #EEICKD BP #10 10B
DEFEBEEDOEIE. THOETEEE No ioxdd 5t N/No TET . RRBEDINEIL
N/No= 1.0 TH D, BEEDHEDIZT DN T N/No 2T B, '

FRARIIEOENE S AR, T3V E—BE 6 BT, DELIGHT 2 &> T TWTORAN O
BIVEIEIZ VA WEEEER L Z. TR F—EHEZ Table2.2 ITRT

2.2.2 JEHRF OREE

O OREHIE LT YT M 5.9wt%. BP R OR T VB 2 5% DRE T Oy 1B 5.
BRIHE EE 1300K, I AR EE 1180K DA DMk R T OfRAT 217 - 7. T DIRMEIL HTTR
DOEHPEMEEICHY U, IRESMAE S0MW SEiskF ORBITHINT 5.

(1)BP AV OHHEFRAG

TWOTRAN O )V EHE TE SN L E SO FETF RN % Fig.2.6 KU Fig.2.TIZR Y,
HELNF—FOPRTFHRE, IV ORIEDED 1.0 12725 LD ITHHILL TS,
%Eﬁ&1~3ﬁ‘%ﬁé4~6ﬁ&?ét\%1%®¢ﬁ%ﬁ@%ﬂﬁ@tm&fﬁ%
EIRTIE 2 BIEEETLTWS, ZIULE 1 BoTEFIIRBERTRET S EITLS
HTHD, B2 BORETFRISREMESR & BMFEIR TOEIVNE L, 5 3 BOFHETH
35 1 BROE 2 B SBEINTL 5720, BHES TOESREHERK D DT HICE
{7Eo> T,

BTl 1B ORI L > T BP BR TOFEFROBETAREL o> TED, ELx
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WF—BIFEFDETRRELZoTND, TIT F 4 BEOE 5 BORETFRISRE
HEEARBEL. IV OHL (BP rod) ICHNAS TETFLTWSA, £ 6 BITRBHERTO
WINMRKENZ &, EEEIRINF—BHNS ORBEICL D, BNEE THEFROBE N
Ronsd,

PLED S, ERETFIIEERTIOIE 1.0 IKEWEERD, ELRVE—HTIZ 0.85~
0.75 FRE L /NS IR0 T2,

Q) TR ORREEC K BEAL

MBESHED I DN, BP 1D 9B QR FEEENRD U BP BHNERT O HHEF D RITANE
t3 2725, BP BEDOFEFRMANARELENLT S, ZOLE, FHEBL. Fig 2.6
WRTEDIZBP KEBHFETFRAFOOTHI/NI NI &, BP IFEB TR E RN M
BEHD., BB TORNEEBII/NINWI ENS, BEETORBEICLZBIITAEN
2, BEETORETFRANMGOBILBRERDEBZENS,

BP B 0 10B DMBEIZ & 5. 58 4 BRIV 6 BEOFET RO DE/L% Fig 2.8 R U\ Fig
291FT, ZITRIBRIL. REBORETEEL THRN, _

Fig.2.8 IZ7RT 5 4 BT, BBEE & DI VB WA T 3 Z &Ik KD PO ETIRS
MM LTz, BEECK D, FLIBOBBLHETROMEIETHK 0.7 25K 1.05 BEFTL
AU, -

Fig.2.9 IR 6 BT, 5 4 BEARICREEE &b I OERO TR ML 72,
F OO P HEFROBEEIAHON 02 058 1.2 ETREL EFL TV,

()RR T DI EEC L B2

FEOKERRICIHEL . BP OERET D, BP Hi( 0B OREEC L 2L % ik
R OBFIZ T T Fig.2.10 KO 2.11 1ZRF, BRC/RLU 7% Fig.2.8 KU Fig.2.9 ITRLT
VB I TFRSE OIRBEIC & BB 5 TR N2 X DI, BB TR X 2 Kk
FOEFNIN, Tz, 53 FHIIRFENEDICON 1.0 KV RERFEELRO>TNBM, Z
U, BP BRED OHREFRMREEE EHITRBE L DE<S B> T ZEIREDHDTH
%, '

BBIIONWTHAD &, Fig2 7T ITRLUTWAHEFEMENS FHIIND K D12, EilkR®
FIRITRNE—DENBIFE NI REER> TS, i, REEE & bITFOMEIZWML,
BP MFEMRAEL TL £ 572 N/INo=0 fHEDKE S TIRNTND 1.0 Kb ThICAERES
o TWB, TR, %3 HORMEZ M, BP B OFETRIMEHEL VE< 257
DTH 5,

@ERE T OREIC L HEL
R T OREI X DEITDONT, 7T IBHEEE 3.9wtU MBI O BB I DN TR Lk,
3.IWtBMEHIIF L O R TRICEF S N5, HAEERICIIRbERICRD, Bolh
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Bl DREENEDAELI RS, ZOBRBHIDWT, OMW BiEREE (B K OsE AR
300K) & 30MW JE#REE (BREHEE 1320K. JBEMIRE 1280K) OERKE T2kl 7z,
a3, BEEHI TR /NI WEZRL, BEECLSEB(LORENE 6 HITDOWTITo 7
LB DfER 2 Fig2.12 I27RT, ‘
FRICRET LD, BEMNERNSHK 1000C ERETHZ&ICED. 56 HOEKE T
0.39 M5 0.42 NHEINL TW5B, iz, WMEMEDICONFEFRIIETH S 0B DR T
BEMNRDTHDOTEOEIINE < Ro>TNWS,

(BYBREHEREE DB WIZ X DA T DAL
HTTR DFENTIE 3.4wt%h S 9.9wt%E T 12 BHEOBHE DRBINER SN TN D,
:@%%W@ﬁM’ié%%KDmfﬁﬁbtoNﬁ%—&&bf WENBMIE %2 HTTR
EHINTVWAREZIN—TBL DT, 34wt%h 5 9.9wt%ETE{LI ¥z, BP HD
ﬁmx%gmzw%&btoﬁﬁu£mfm‘ﬁg%ﬁéﬂbaﬁétw\%Hﬁﬁ&uﬁ
BHIRE S S 300K &Lz, ZZTOREERIYDE LK,

EREF OREHEM EREEIC DWW TORESR Fig.2.13 ITRT. ZORENS. REO
ERENE <25 EERETEDTNCAE Aok, . ZOEMEKEEIE 6 #
THEDBMLS, TRIVF-NELRBIONTELIBR2EAND 2, BMEHOEREFEREE
ANERBNIZNWZ EMDo TWBD, T TIREHE 4. 5. 68) IZTDWTKRET %,

BRELDOEEE I XM ETRAMOEL R R DD, 5 6 BOPHEFRDMOMRME

;é%v%ﬁotongmkﬁ4m%wﬂ&99m%%ﬂ@%6ﬁ@¢ﬁ?iﬁﬁ®w
BERY .

ZOEME, 3Awt%BREI T, BHERTOHRETFROBMBZFEAERA NN,
UK Uy 9.9wt%REI T, BMER TORRTRIIBNEOMED 1.2 FEEETERL
T3, ZHd. 3.4 wt %REHIHE LT 9.9 wt %R OFEE. BRERETOR 6 BHITH
THRNMEENARZ L o TWEEDTHD, UL1HS, BREOREENSE RS &,
BP ICNE N5 hiEFOEETHEA, EBREFNIRELRS,

2.2.3 SEOENTICA W2 IER R T Okt

HTTR OO 3.4wt%h 5 9.9wt% DB 28 L, £ DIRE ®HIR(300K)22 5 1000C
BEETOERREBICEDRELBITS, ZOEIRFELORKEELZRL T, BITICH
WA IERE T, RE2 B0 1BH. 2B H. 3EBRERU 4 5EBED 4 FEICHEL.
ZFNENOETRELTIEREORBIZDODVWTOERRATTREIED LU,
Table 2.3 IZ/FR OMEHEREEERIS & SEERES T DEREOBRERT,

FELEE TR, #BRBICREEZED TS, £, 1BH. 4 RU'5BEEODBP 0RO >
BEZ 2wt%THY., 2BERVIEBIL 2.5wt%ERo TS, BREOBHREEIRUERT
HRESEEOND DN, BNOEREDZZREOEBREEEZXLD/NS N, £ BPORO
VEELRLLIENSERBECERRTEEDDHIEE U, B, 4BRBERVOSERAR
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BREENFU &, 2wt%DROBED BP ZHNWTWS Z &, BB R OEEMEE S [
CEELTWEZENS, BUERETFERAVWSZE &L,

WA T OREROZR, BEKEFILEOYRITO W TORKE O enTh iRk
I RO TITRT, '



Table 2.1 Core temperature distribution for nuclear characteristic calculatlon

JAEA-Technology 2005-008

(Rated operation mode, 30MW)

Fuel colclllljnn Replaceable | Permanent
(C. R1) reflector reflector
Upper 680
| Te= 1050 680 680
1st layer 840
Twn= 900
Ter= 1230
2nd layer 1020
“Twm= 1060
740 740
T:= 1300
3rd layer 1160
Tw= 1180
4th layer Ty = 1320
' 1260
5th layer Tw= 1280 740 740
Bottom 1260

T¢: Fuel temperature
Tw: Moderator temperature

Unit : K

Table 2.2 Energy structure in calculation

Group No.

Upper Energy

[eV]

1

1.X107

1.83 X105

961

2.38

0.65

OOV

0.105
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Table 2.3 Representative fuel enrichment for selfshielding factor

Layer Fuel enrichment Rzil;iiﬁlizstve
(Top to bottom) [wt%] [wt%]
1st 6.7. 7.9, 9.4, 9.9 7.9
2nd 5.2, 6.3, 7.2. 7.9 6.3
3rd 4.3. 5.2, 5.9, 6.3 5.2
4th & 5th 3.4. 3.9, 4.3, 48 -39
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Layer Fuel region number BP
number | 4 2 3 | 4 |density
1 6.7 | 79194199 20
2 52 |63 72|79 25
3 43 | 525963 25
4 34 {3943 (48}| 20
5 34 (39|43 |48 20
(Unit : wt%)

@ N:Fuel region number
e : Burnable poison(BP)

Fig. 2.1 Fuel and BP distribution in HTTR core.

Dimension and specification of fuel, control rod,
core component, core internals, etc.

!

Number density of each
components

1

Group constants

For fuel block
DELIGHT-7

A 4

\4

Group constants for
control rod and BP

TWOTRAN-II

I Group constants for core calculation

|

Three dimensional core
calculation

CITATION-1000VP

Y

Nuclear characteristics

Fig. 2.2 Program structure of HTTR nuclear characteristic evaluation code system.
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Fig. 2.6 Radial neutron flux distribution in TWOTRAN cell(Fast groups).
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Fig.2.11 Change in shielding factor of thermal group in burnup.

(5.9wt% fuel, 2.5% BP, T£=1300K, Tm=1180K. N/NO=1.0 corresponds to
beginning of burnup, N/No=0.0 corresponds to end of burnup)
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Fig. 2.12 Comparison of shielding factor for 6th group in different temperature.
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Fig. 2.13 Relationship between shielding factor and fuel enrichment.
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Fig 3.1 Mesh division of fuel block for 24 mesh fine model.
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Table I.1 Representative fuel enrichment for selfshielding factor

Layer Fuel enrichment Reprgsentative
(Top to bottom) [wt%] em‘[:il;;:]ent
1st 6.7. 7.9. 9.4, 9.9 7.9
2nd 52, 6.3, 7.2, 7.9 6.3
3rd 4.3, 5.2, 5.9, 6.3 52
4th & 5th 3.4, 3.9, 4.3, 4.8 3.9

Table 1.2 Selfshielding factor to effective multiplication factor

Number of sfx Kest []
4 0.99045
16 0.99020

AKete 0.025%Ak
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Fig.I.1  Relationship between shielding factor and fuel enrichment for thermal group.
(2% BP, T=Tw=300K, No burnup)
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Fig.1.2  Relationship between shielding factor and fuel enrichment for fast group.

(2% BP, T=Twn=300K, No burnup)
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Fig. 1.3 Comparison of column peaking in different kinds of sfx.
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Fig. 14 Comparisdn of axial power distribution in different kinds of sfx.
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Table II.1 Effect of temperature of selfshielding factor to effective multiplication factor

keff [']
sfx for 300K 0.99372
sfx for S0MW 0.99045

Akeﬁ’ 0. 3%Ak
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Fig. I11.1 Comparison of shielding factor for 6th group in different temperature
(3.9wt% fuel, 2.0% BP)
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Fig. I1.2 Comparison of column peaking in different temperature condition of sfx
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Table 1.1 An example of correction factor for BP

Number density ratio of
1 8p N/No[] 1.0 0.8 0.6 0.4 0.2 0.1 0.01
1st group 1.000 | 1.000 { 1.000 | 1.000 | 1.000 | 1.000 | 1.000
Correction { 2nd group 1.000 | 1.000 } 1.000 | 1.000 | 1.000 | 1.000 | 1.000
factor 3rd group | 0.998 | 0.998 | 0.999 | 0.999 | 1.000 | 1.000 { 1.000
- C 4th group | 0.989 | 0.992 | 0.994 | 0.996 | 0.997 | 0.999 | 1.000
[] 5th group 0.980 | 0.981 | 0.984 | 0.988 | 0.993 | 0.996 | 1.000
6th group 0.975 | 0.974 | 0.978 | 0.983 | 0.989 | 0.994 | 0.999

Table 1.2 Effects of correction factor to effective multiplication factor

Ketr
Without correction 1.1325
With correction 1.1357
Ak 0.0032

30colums core, All control rod withdrawn,300K
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Fig. .1 Schematics of BP cell model.
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Fig.ll.2 Comparison of effective multiplication factor at criticality approach.
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Fig. V.1 Comparison of effective multiplication factor in different initial condition of

Xe & Sm(30MW, CR2900mm)



