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An Investigation of Fuel and Fission Product Behavior in Rise-to-power Test of HTTR
(No.2 : Results Up to 30MW Operation)

Shohei UETA, Koichi EMORI, Tsutomu TOBITA*, Masashi TAKAHASHI*¥,
Misao KUROHA, Tarou ISHII* and Kazuhiro SAWA

Department of HTTR Project
Oarai Research Establishment
Japan Atomic Energy Research Institute

Oarai-machi, Higashiibaraki-gun, Ibaraki-ken
(Received October 1, 2003)

The first-loading fuel assembly of the High Temperature Engineering Test Reactor (HTTR) is a
pin-in-block type, which is composed of fuel rods and a hexagonal graphite block. The coated fuel
particle is a so-called TRISO (Tri-isotropic) type with four coating layers. The fuel kernel is
low-enriched (average 6 wt%) UO, with a 600 um diameter. In the safety design requirements for
the HTTR fuel, it is determined that “the as-fabricated failure fraction shall be less than 0.2%” and
“the additional failure fraction shall be small through the full service period”. It means that a small
fraction of additional failure is allowed during operation for the HTTR fuel. Therefore the failure
fraction should be quantitatively evaluated during the HTTR operation. In order to measure the
primary coolant activity, primary coolant radioactivity signals the in safety protection system, the fuel
failure detection (FFD) system and the primary coolant sampling system are provided in the HTTR.
The fuel and fission product behavior was evaluated based on measured data in the rise-to-power tests
(1) to (4). The measured fractional release, (R/B), of 8Kt increased to 7x10” at full power operation.
This result showed that the release mechanism of the generated fission gas is recoil from the contaminated
uranium in the fuel compact matrix at lower reactor power, and diffusional release in the fuel compact
matrix becomes dominant with a fuel temperature rise at higher reactor power. The predicted (R/B)
becomes 9x10” at full power operation, which showed good agreement with the behavior of the fission

product gas release.

Keywords: HTTR, Fuel, Failure, Fission Gas, Rise-to-power Test, Fuel Failure Detection
System (FFD), Primary Coolant, Radioacivity, Fractional Release, (R/B)
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iR THRMFZELE (High Temperature Engineering Test Reactor : HTTR) D #)3ERi#AEHE 2 Fig.
1-1 2R T, HTTRBREHIE VA V- Ty 7 BTH Y REHE L SARRKR T o v 7 hOHBR S
D, BRBHREEIF13 Fig. 12 R T & 5 RIUEHB OV 5 TRISO BT AEHLIZE A 600pm
DIEREE CEH 6%) —B{LY S THD, HERER FIXRMMKRBI VT = 7 — g1
FLlLblIZBERULRR a7 T35, BEHEIE, T a7 FLEMR Y —ThHRR
D, RAREBMT oy 7 OBAFLIEAINS, ~Y D LATRIIREIa L R7 FEHALTNS
BMA V-7 BT u vy 7 MORRKRZ2HEND, R FORERB ISR ERY & I12IF5%
BIZAADHZENTE A, B¥EHEPH/T R, TICHEE BEOMRKE (PyC) BRUK
fbr A4 % (SiC) K) MR L7-MEi+ (ThbbEEMEANF) »ooRuHEhsY, &Y
AT DO L ONE L | I EBARL Y Lo, @HEEO BRI 1T HEHEE & A R E
BOWTHD (RB) ETRTILNTED, HAHAL | RGARBICLE LW H, | RGH
MHPOF N AMETFLAOERY 7 o RROBEMREBERERIRT 51,

AR OB F#HTiE, PIIRISFA L TR 61, £ EEPICHIANAE B A1,
EERRF O RE2BEE (I FE E UTRE D Z i p 0, @R AFERE T, 0RO
KRB OWERREIRIF (HTTR T 10° 8) 2 BIERE S P IC2<BE SRV D LR
ETHBY, 2D, HTTR OBRBHIXT B RE FEHTIIS D ORBIERIZHFR L TRV, 7]
BRERRIT 02%LA ) . TEEP OBMERIZ+2FAEL 2 2/ SRECHRT S LEDTW
54, F7xbb, HTTR SREHIELG T OBMEES —ERE THFASHTE Y, HTTR ORI
YoTik, BERREZCBNICHEL, REOFEL MM T 24ENRH D, ZD7, HTTR Tit 1
KGHA P OBHELRIET D701, | ROHMHREF ., MEHEIRRHERE (Fuel Failure
Detection System : FFD) KUt IRHM Y 7V VI REVREBEINLTWHBE,

AHiL, Table 1 1T $HA ERARRICBNTIT o 7o, MER T | RGEM T O AR %
IOV TR LR E2BRET 2 b0 THD, 2B, AT THHIEARR 2) T TOKE
EFRELTVD, ABIIEORHE LT, HH LARR@E TO | RGHM PR ERE,
FFD #EERER O | KGAM Y 7Y TEDRKER. RUESRERMA A S8
WT, R (R/B) fEIC L 9l LR E POk~ 3,
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Table.1 Start up tests of the HTTR.

AR RFFEHARCEEGE—F S 1L
OMW EFE - Bl EER 2000.04.30~2000.05.27
) LR (1) IMW E#E « I ¥l iz 2000.05.30~2000.06.06
- 2000.07.03~2000.07.08
Hh EAER (2) 20MW iR - BARGEE 2001.01.29~2001.02.12
20MW E# - W5 EER 2001.02.16~2001.03.01
W ERRER (4) 30MW TE# - Bl EER 2001.10.23~2001.12.14

30MW E# - W HIHEER

2002.01.25~2002.03.06
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Fig. 1-1 The first loading fuel of the HTTR.
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Fig.1-2 Coated fuel particle.
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2. A B AN A

HTTR @ | IRIGHERAE RH % Fig. 2-109RT, | RGP OFH R KRR UTIE 2 JIE
L. EEP OREHR M2 023 572012, HTTR TiX 1 RGHAM P OBIERREZRIET AU TD 3
BE OB 5 3Z T T D,

O | RS HMSRE Rk

@ MEIEERLEE

@ 1 KGHMY 7Y TR

2.1 | RGHMBURGEEHE

AT AP RERMBICB L. | KGHAMO -2V 7T NICHEBEHICEAL, £OHIC
BENDIHNEBEXEHE CHETHAHOT, TORER ERICH L TERR OB FFARS T
M©MEHERET D, WEIL Fig. 220" 4 X 51, WBIRHEL | IkR~Y & LR LARFER I Tl
FEREL, ML L3 RHKTITO,

BHEANOOHNMEBEIX, REEAZFLALV VY PROEHHALV O JIZEVHBIENS, FF
FA7 5 LRV DL, SRIRERLT O 1% (B ICHY T 2E0RERYA T A DK
HEEREE X7 T AREEE LTND, A7 7 LAHJEMIT. UTORICEY | REFM P OREER
MEHRER % Kr-88 i & L7-C, TE L. 0.07MBg/em’ (70 GBg/m’) & LT3,

C2=Axﬁx ! xkxR, x10° [Bq/cm’:KrSSeq] @-n
ZIT,

A 1 %D | KRTERAE N A HAERE (94X 10" MeV+Bq)

M TR~V YLBRE (k)

Eg ©  Kr-88 DEZPHTFILFE— (MeV)

k D BB X OEEAK

R, : Vr7TI7RECBTHNYTLEE (kg/m)

Thbd, E£7-, MEHBHIL, # 0.001~0.3 MBg/em® (1~300 GBg/m®) (REIAR 4% BEIZFEY)
Thbd, —FH. BREBREOREMALBHE D, BT R7 5 AR, EHEESS
T v NHEBIC LV REYEE (mSvh) OBALTHER 7y — /L COR LEEBERAL VI T
S>TW5, ERAL Y CORELHEIL 0.1~10'mSvh T, HAREREICHRE L-BE TRIZ 107
MBg/em’ (0.1 GBg/m’) RREE L 725, RPN EMIT. HABBHAT 0.2%ICH% %5 0.01 MBg/cm’
(10 GBg/m’) & LT\5, BMAEBMEIT., MNEREOSHER O HERESL 003 MBg/cm’®
(30GBg/m’) IZEHE L., | KAHM B OF/H A OBREMITEIC L A REEH,. BEFEHHOBTF
FE2ITO L L bIC, REMEERHER (FFD) X AEMBERITOZL L LTS, LLEDME
£%% Table2-1 (2% & ®TRT,
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22 REMEIER LB (FFD : Fuel Failure Detection System)

AFBEIT, BEEGEROREOREMLZERTIHOT, MBI LT A7 o v 7 FHICREHEER
DREZBRNT D, T742bb, BEPICH —F LVREIRRS A CR46, A%E 2 AV Ok
BEL TV D EEEZEET B9,

AEBEILFig 2.3 1TRT X, LT —F THRIBROGRS VAT oy snbY Y
YTTAHEE., RETHERINS, AEBIIMI L2 %H (A, BR#K) "oy, HyEER
FRYITREST D, JEX, 7ROV TV IBRED ) LERKEBINER | AL &KL, 1 KA
H P OB LRI OF T AR REBRYOBEREE2 L VYT —FNOV A YICRESE, 20
MBI KV R END BRENa(T)Y v FL—a v s ¥ Totid 5, sHRGERRIZ 1~10° cps
Thd, HA ERARBRPIX, B 1~4 % A R, 1 S5~7 % B ZRETHE LI,

HTTR @ FFD T RAF—GIF 21T H Z LR TEX ARV, BEENICERESD (RB) f%
RDBHZLBTERY, LnLRRE, SERICHIT 5 HHEREORLEL B2 = LATE S
DT, ROV REEY 7Y TR ERANCCB-ESRERMA T AED (RB) ExE
2, HRBORHREHET S LN TE D,

23 1 R&GHAMY 7Y TR

RIENOR T & 1, EERPOREHESHOBERIZ, 1| KEHMBHREFEIC LS | kAP
B REREOEGERMEICL VITOhD, —FH, LML ERE2ES CRMEBRERZ%ET2 8
BT, | RGEAMY 7Y TRIB X DB BERDHE T ZAOBBERENE CUUT, o7
Vo ZRELHES) ZMRMIZIT-o T3, | KEHMBEEIEL | RKEHMY 7Y 7
61z X 2 BN RERIE D FE A2 V% Table 2-2 (2777,

1 RGHMY 7Y o FRIBTIE, | REHM FBRIRT B =D ORBHRBERE (Fo—T Ry
R) ROY TV o TEND | REAMEBET H-HD0ORE, FEMEZON TS, 3o
TV 7RIE UTICRTEBD 10@FTHY ., RECGSLTRBRT LN TE 3, HAHLEAR
BT BITRHOREEL DR RE X5 BREIBIOGEWVRFFEH DB 3 MEEZIT- 1=,

® RFFAD @ BEKARGD

@ REHFEHD ® 1 RmMEAGHBZHA

® 1k~Y Y LH{EREAD @ 1ERMEASHBA IKA~Y U LFHERE
@ a—LFFra—Ar7y7FAR Ho

® a—NFFya—b7y7HAO @ PRAMZHREBA | KD U LAREREH
® WHBHO A

VoY TRETIR, Z7a—T7 Ry 7 ATRBRLE | KEHMTOZYTERYA N A %
BRI AN X —HEEICL Y ERT D, yRT ANV DT RBOWRK % Fig. 2-4 7T, EE
X, BMIE Ge MOy, HEIITE (MCA) | T— #7075 A, BRBHE~ VA,
HAYL T TEBTHEREND, £, Y7V U TREOHME 8 A 17T,

Vo 7Y VREROEEEOBNEREIX, KORUZL YR,

._5_
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C = x4 (22)

P_+P
V latm mp
s{ A.. }
T,

Cr YTV v IRBDOKME | ORKEERE (Bg/Nem®) |
AY AR INVF-HITEEIC L 58 OREME (Bg .

x YUY U TRBORRMIELRE,
V, ¥ 7YUIRBNER (m’) |
B, :KKRHE (=101325) (Pa) .

P YLV TES (Pa)  THD,

smp

BN A RAHBREICILE L2VED, BHMROBE L. BE»LOKEETHS (R/B)
. 1 RAY D LMEBREC L BRE BRPORBICIIRESE, Yo7 7IckvBFoh
HEEBEORNERN S, FLLEOEHNRBHELZEHTDZ &N TE D,

FHAGHED D B, Kr-88 1ZRELTTH L TEYZ2ENEY (028 K:M) 2R H, T
R RN X —DBHBIOE L . KITHOBERLRNEVIFIEEAELTVEY, Zolkh, B
BRPHEETAEOREREREL LT K88 2BEL, 0 (R/B) H%EHET 2,

A ERRBROBLEENC, EMEE Ge BT < HRRHIBOME TR L LT, MCA OofFREZ
PRT DO RLERERV, HEPREZITBTHLDOHNRRIELITo T, ZOK, &
ERBICHERA LEBERE L VXYL 7Y o IV RBORMEOFIROBNIC LD EHROEE
WETHED, 7Y Y EBORREEREREZEH L,

FARMIELRS £ 1T, "*Xe EHEHRER CBEERFEZ TN ETNERIF L, REE L L&Y 5 5k
Lk RO, Bb, REFOKHEICHTAHEBOLL LTRTIENTE, UTORUTL
hRIND,

" RIEROKRSTE (B

MARMERY [=—"p =0 Pd[d (2-3)
BHEERARNR R CBEZAHRXON <~ BRHBIZ OV TRD IR ER S E Table 2-31T7R 7,
k. HH ERRBOLBTIE. Y7 L REBLRABROBEERIBEERFEZ AT LI,
FARREIEMREGT 1 & Ui, BEEGRMERERIF O R % Table 2-4 IZ71T,

.1 REHMEY L 7Y L 7T BB, Fl-RESBERY A A ZBR Y ALHIZ, BT
NOBEH AR 7T 9 IZLVBRTILERD D, 7T v 7 RIZ, REEACLIR
EFEANYVIAL R M OBELERD LI, HBRUFHEHEZRELLL, ZhoDT7T7 vy
TR OZ S ERERT B - DICT - - RBRERIC OV T B 27T

24 BHABREIZLBARFFEHHOBE
A FARBRTIL, BHRHBH Ao UCAERPHEFRHE (WRM) RO ASEPHEFR
33k (PRM) #RETABHOKRERBRLIT-oTWS, 207, £HAHERAAREEL TRT
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FHAEBRBLT 2 LERDH D, BHARERRIC L R HAOMIEFEIZ SV T C TR
_Z,

Table 2-1 Set values in the primary coolant radioactivity signal in safety protection system.

REM (MBg/cm?) PSS Y THHEHEE (%)
0.07° FTIFEEA 7 5 A i
0.03° (0.028) FEVEIE - RHEREHERH 0.4
0.01" (0.014) KR - FHREH 0.2

" KB SRR AR M AR R 2O R,

Table 2-2 Comparison of the primary coolant radioactivity signal in safety protection system

and the primary coolant sampling system.

1 RH RS RERTH3E | REHM Y7 v T
- RRRERBETHD - BEFHERBETIXRW
- BGERIEETT - HIRBEEITD
YUY I EITEE YUY IMBIREIE (10 A)
- BRESMTIETE 2N - RS (K, Xe RINZK) %2175
- RIBEENR R, BIEREAE W - JIEREE A EV

Table2-3  Results of calculation of geometric correction factor of sampling bottle for

Ge-semiconductor detectors.

HHER TR AR IEGR 3K
LN, i HIR 2.673
BERAHRK 3.085

Table 2-4 Specification of solid volume standard source.

H # ¢ 150mm
- 7
dallis B 143mm(A&&EH 4> : 89mm)
7 LR
" % A & A7 VAR :
FesEHS WAE(LLE : 0.02 g/em’)
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Fig.2-1 Primary coolant system of the HTTR.®

Reactor pressure vessel
/' [ “
Tonization chambers
Auxiliary cooler
\J I
Primary coolant To main cooling system
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Fig.2-2 Primary coolant radioactivity measurement in safety protection system®.
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Fig.2-3 Fuel failure detection system.
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Multi channel analyzer (MCA)
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Fig. 2-4 v -energy analysis system
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3. R B # B

3.1 1| RS HMHBERE R

HA ERRBIZBIT 2 | RO BHEEEFE - RAFER7 70V Y (V=7) X5l
EREE % Fig. 3-1~Fig. 3-7 107 F, H 100%ICBW\Th, BoRAERMIBREIED TEL,
3 F ¥ L ANOIE B TRIBAME TH 5% 10° MBg/em® (1 GBg/m®) AT Th o7z, Eie,
ERA LYY G I & B RIEREE % Fig. 3-8~Fig. 3-14 |7, AF B 1R E S &R (mSv/h)
DEMCHA SRS, RPTIRERED vy BBE (6950 [mSvh)/[MBg/em’]) @& AT
BEICHRE LT, BB 3 Frrdi e bR TAESORHRA TH S 10° MBglem® (10
GBg/m’) AT Thol,

32 BREMEIARHEERE (FFD : Fuel Failure Detection System)

FFD (&% 7 FIR£2 TIZ oW T Fig. 3-15~Fig. 321 {7 ¥, 72, 33HTRRLZY TV
v 7 BRSO FFD #H3% Table 3-2 IZ7R T, FFD{E 513 SN R R, HAD ERITHIGL
TEHEEMNERL TV,

W ERRBOIBMICE W TIE, A RS FFD EMBEMIC ER L, T0%OH IR
Bz X v RETAEMAR OGN, Thid, BA BRI EEEER O 100 FREORD
KA BUERR M A A DSERED 6 75— 2 MRIZH S, 1 R~ O LML 2 —V FF x a—
AT o7 L BBRERVBHEIC L AMBELADEESERY (B 15 1) LV RE
NRDT B THDEEILNED, 2%, HH LERREED DIToN. ZOBERR
R ONARL 2ofz, £7-. FFD-A, B BB ERFHAE L TV 2REHEIR (A 58 : UK
1~4, B B4 : IR 5~7) OHERCERADONT, THHIZONWTIE, KETEET D,

33 1 KREEAMY 7Y o TR

1 REEM 7Y o 72 X BRI, RERESFRERDBRED LASREL TV
WD b B HRT A DI H e EET A HICERKT S (RRRUE) &, FLOKRENRK
LA CBEOMHEY RD B 1-DIZERKT S [EFERE] OmMEEIT-oTVD,

BEFFEHANDY 7Y 7 Uik E % Table 3-1 X * Fig. 3-22~Fig. 3-35 1Z°%, ZhE
TR SIS RERM A A 1L, Kr-85m, Kr-87, Kr-88, Xe-133, Xe-135, Xe-135m, Xe-138
ThDH, FOMM, HBIEARBO Ar-dl ROy 2 750 FE LTHFET S K40 BRH &S
nTna,
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Fig.3-1 Primary coolant radioactivity signals in safety protection system (linear scale) in rise-to
power test (1) at single loaded operation.
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Fig.3-2 Primary coolant radioactivity signals in safety protection system (linear scale) in rise-to
power test (1) at parallel loaded operation.
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Primary coolant radioactivity signals in safety protection system (linear scale) in rise-to
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power test (2)-1 at single loaded operation.
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Fig.3-4 Primary coolant radioactivity signals in safety protection system (linear scale) in rise-to

power test (2)-2 at single loaded operation.
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Fig.3-5 Primary coolant radioactivity signals in safety protection system (linear scale) in rise-to

power test (2)-2 at parallel loaded operation.
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Fig.3-6 Primary coolant radioactivity signals in safety protection system (linear scale) in rise-to

power test (4) at single loaded operation.
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Fig.3-7 Primary coolant radioactivity signals in safety protection system (linear scale) in rise-to

power test (4) at parallel loaded operation.
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Fig.3-8 Primary coolant radioactivity signals in safety protection system (log scale) in rise-to

power test (1) at single loaded operation.
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Fig.3-9 Primary coolant radioactivity signals in safety protection system (log scale) in rise-to

power test (1) at parallel loaded operation.
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Fig.3-10  Primary coolant radioactivity signals in safety protection system (log scale) in

rise-to power test (2)-1 at single loaded operation.
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Fig.3-11  Primary coolant radioactivity signals in safety protection system (log scale) in rise-to
power test (2)-2 at single loaded operation.
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Fig.3-12  Primary coolant radioactivity signals in safety protection system (log scale) in rise-to
power test (2)-2 at parallel loaded operation.
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Fig.3-13  Primary coolant radioactivity signals in safety protection system (log scale) in rise-to

power test (4) at single loaded operation.
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Fig.3-14  Primary coolant radioactivity signals in safety protection system (log scale) in rise-to

power test (4) at parallel loaded operation.
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Fig. 3-15  Count rates of the FFD system in rise-to power test (1) at single loaded operation.
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Fig. 3-16  Count rates of the FFD system in rise-to power test (1) at parallel loaded operation.
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Fig. 3-17  Count rates of the FFD system in rise-to power test (2)-1 at single loaded operation.

150 100

e
S

Count rate (cps)
Reactor power (%)

(2.
[—]

129 1/31 22 2/4 2/6 2/8 2/10 2/12
Operation date

Fig.3-18 Count rates of the FFD system in rise-to power test (2)-2 at single loaded operation.
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Fig. 3-19  Count rates of the FFD system in rise-to power test (2)-2 at parallel loaded

operation.
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Fig. 3-20  Count rates of the FFD system in rise-to power test (4) at single loaded operation.
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Fig. 3-21  Count rates of the FFD system in rise-to power test (4) at parallel loaded operation.
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Fig. 3-34  Primary coolant radioactivity concentrations of kriptons in rise-to power test 4) at

parallel loaded operation.
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Fig.3-35 Primary coolant radioactivity concentrations of xenons in rise-to power test (4) at

parallel loaded operation.
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42 BREREERHERIHERL YY) LA X D RERER RO LE

FHEEE— FIZOWT, YU TV T X VRIE LT | REHAMPO Kr-88 |EEL YT
7 LT-#§D FFD R OB % Fig. 4-2 1277, BEIXIRITHHIBKRICH D, BPIZIX FFD %
R & Kr-88 DFEHJHEX bR LT,

FFD THIE S 53 ERIT. FEEOBRBHEN LR EN-FHH A (Kr-88,Kr-89,Kr-90, Xe-138
%) OREFOHBEOMTHD, BEFTOERENRNZ LMD, FFDICEXOVRESATNS
b OIERED Kr-88 & Rk DU ZEBN R L TV 5 LHERTE 5,

43 BREEBOERBNER

EEEORRKNERII. HHEARBRED | REAMTEER RS ORRKNERE X
DRDB,

| RGHM FEHERIT, W FFREBATO | RIAFRE 120°CHREFIC X 2 FEE T 0 | RIGHM
JEANEVEUTOXRTRDE, TORKRKR kg B DOER % Table 4-2 (2777,

P, T,
= Pnu I. TZD'L VR,oy (4_1)

latm initial

(1
(¥

V. 1R&BHEA MY (Nm')

- FEREERRE | RGHMES (MPaA)

: K&QJE (=0.101325) (MPaA)
T 1 RGHEPIRE (=120+273.15) (K)
Tpe @ EREICRTS 1 KRGEAMRE (=20+273.15) (K)
Vir 1 RKEHREEONERK (=2389) (m’)

TH D,
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BREHERE L, MERDLY 7Y V7ERCEETIMNMICEET DRHEDZEML
T (2-1) REYVUTOLITREIND,

cw=%; (4-2)
ZIZT,
C* 1 REGHMPOKE | OWBRBNERE (Bq)
A R OREER )
t : BREUH 2 DRTE S D DOEIERH (5)
Th 5.
%, AoE 2 2BETHRETORE THRORATEZL BN D,
R AL AtV (4-3)
F,
T,
V.  BIEANLARRE 2V VT A AGEERE TO | REGHEMA X b
J
v, UEEEN»OEHAFRR (165VC31) TO 1 RBEMA XU MY
V, 165VC3I by Y T ER/RETO | RGHMA XU R
F  SBEERFE~OHHT T v Tk
E, 1RV U LHERE~DRY 77 v L o TfiE
t, C RERERB~DIH T T v v THERH]
Th D,

—F., HRI7u~v 77 7BEANEERATIRMTORUEDOHEG. BIERMIIKRATEXD
nd,
ViV, +1
1-"—7T—~
A ERARBREE LT, 4I13kDEH 2 BEOHA 500~600sec, ¥ A7 u~< k77 7HEDEHRE
HDPAH 800sec THhH - 7=,

BAiic, BYRARDA ABRESER AN X, FFFHO CORNERE L | KnHM A
vy P OHIcE Y ROBND, i, | KOHRNTIX, SFEBAFTROEBH LY b
HOEFEIT I RBAMDBBER L., EEBH/VARENY - LA TE 7D TH D,

& AT, BIERICBWV I HX 25ih s | RGEAMIL, HRE B E L7z IHX 231 R
BAYDOHATHY, HX 2 BEL THERT S | RKEHFMBFET D, ZhIFLRE (BB
45 th) 2 LT 1% (ERRF08 th) BETH D, | KEHREEDOEREIZ LD D IHX R#D
B1AHE. 2 (2389m°) KR LTH 1,710 (20.5m°) L&V, FDkD, | KBHHMN 1 K
HEZLZ 1 BRTIHMS 1 DB/ THLOICH LT HX 2 1 BRI HRMITZ0OSHERETHY,
REX R ERDENBERMFHN ADOERM L FSLT LA, 8- T, BEMEERICZBIT5 HX

(4-4)
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WD 1 REHMZ DN THRRICHFES LB REBIHADFIET DL EX D - T,
EEE— FICEK L TUTOREZ AV THERBNERZ RO,

AR =cre=y,, (4-5)

i

HIRE— FEORZROBBRKNERY Figd-3~4-6 |77, TORKR, ETOMEIZOWT
230MBq LAF T o7z,

Figd-3~4-6 DHAO LARAER W) ORRLEH/ITAGHEON v REH—INLX LV | B
HARED R/ A AR L DBERBUNREE RO, B/ N AGEON v EZH = /¥ —% Table
43 1RT Y, C i, A ERRBR@OICBV T, BERKAEEIIHN 8X10°MeV-Bq Lk S
oo ZHIE, @-DRTRD LN D | REAMKHEHEORHE TR EHAL Y : 10°MBg/em’
=8.02X 10°MeV-Bq : ¥Kreq) & v —Hr{E\>,

44 HTTR IZBT DD RERM A A RO
ERREBRDFAADKHEOHETIL, Vo7 ) TRETHIE R AR DRE D bR

i OBEEAREB L, RAFEHONLEREE LR T 5, B i okt (RB) fliX, ko

RickvRans,

_ BREIORHEER,

= BRI EREED, (4-6)

BREIOKRHE (R/B),

Figure 4-7 12, B ts 7 EARREFR E L, BEHHBGERZ % ta L+ 3HALICKT
5 1 KGHAMPBRERO B Z BRI RT, B R O2ED | KGHAM FRHAER (K4
WERTRT) i3, TR 288 U B ERC L0 il (A™) KBl@#E+5, 72, ¥
Y TR AT IS5 BIEE OS] 150, 1217 9 & T 5,

A KRR i SRR ICHRERD & 18 T 1 IR EK TP~ SBEL tem, £ TIZAFME (A™) I
EVOEBMEEET DL, MPOMMOL S RSN D, EREBROFEHCONVT, FELl tiy,
BANPDHoTEXD L, FU 7Y v ZRIE SN | ORISR 4 ()~ 4™ 1%, BT
AR FETHONTHRIEBIBRIDILNTEDEAD, £ TA,) % BROEEHIZ
BEXB|ZTROLIITEKT,

A1) = A" (1) m A (47)

A" B oftfiiEteE (Bg)
t, B ABIERZ ()
t, YTV TRERL (s)
THhbd,
T DR, R DR S DR | ORRHIEEE R, (Bg/s) 13, BHR TR T ERORUR (FER)
t,=0) TOWHBRIZLVIRED, BIb, (@-7) KLV KDL IRINS,
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_d4’'0) _ A44'¢,.,)
Codt 1-eM

ERERE Biix. JRTFIFOERIH 12 B OB REARE R, THICBREOE I RINE L R
CTHHT S,

R (4-8)

W
Bn’ =j’iNin =2’i—i'_'|TYi (4-9)
3.2x10
T, B : iR OARREE (Bgss)
N, HTTRE&HA W, (W) 123815 U-235 DL RMEHK,

Y, B OBRENE, THD,

BaZRIC X 2B R ¥ —Ii% 200MeV & L7z,

Hh EARBRIZEIT D Kr-88 DIRHES Fig. 4-8 17T, FORKE, MHRIX, Ein®— MoK
FETHONIH L T—EEEZR L. 57 100%80 Kr-88 @ (R/B) filiix 7xX10° L 2o 7, HTTR
DORBELEEHAIHF LORLTMEIT, Kr-88 122\ T 535X 10 UUF (1%REBRICHY) THhD
B, ThEDH SHARWEIETH - 7=,

45 HRIMEAT & DB
() N AR EFMEET NV

HTTR REN O OFH N ADOBHRFMCB VO Tix, @R FLOOMEE~ Y v 7 R
DERY T L ORME DL TRE S Z &, BB L OB BICREEEKRTFEELEET S
Tk, Fh BEaL 7 b bY v AWICBIT A HERICERERPEFRANETEELEE TS
el L, UFD & ik E 7 kLW,

O BEBBRTHNTRELEEAEREFEDO S b, KkKRHI N b DX, B E U R
B (BHELT= MY v 27 R IKTHiAENh, TRThOERETRBL%, BE =37 K
2o 1 RGAM P~ EN D,

@ BE@EBERFNTEA L, BB HIEEIC & 0 i Sh - RAERDIL, Bk %
FHLUTRE 27 bR ENS,

@ BRI U bRETIEDBRERDO > b RE 2 ) N REEF TRE L b DI,
KBkic & v EERIHE RS,

@ < bV v AEOERY T UoNORELEBHREBDIZ.~ Y v 7 AMEIE L I214,
BELa Ry b | RGEMP~EIE SRS,

ZOREBEXNTERT L, UTO XSRS,

R®B)= {(fk, P fm, d) * (fk, 4~ fm, ad )} o+ (Emye + fm,d) X ¢ (4-10)

ZIT,  fier  BREHEGD O ORBEBIHER,
fia:  BREHED b OILBURH R,
foas: BELZ 37 b= b Y v 7 AERORGBIMIERIC B30T 5 SRBOKH R,
for  BREE2 L %0 b DY w7 255 ORKBRIEBOR R,
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fna: BB %7 b= MY v 7 A0 D OILBRHE,
o CEUERHAR,
0. BB RT FOFRY T E
Th D,
BREHZE D D OHLERIERIT, Friskney DORMIICE S BITHOHREZE LU TOXT
HHET S,

1 coth\ﬁ; 1 1 coth,/uz 1 (@-11)

f, =3 —( )+ —( -—)|xfg
k,d U
N P L R PR

u
n=1--L
Ko
uw
Iy=1-—2% (4-12)
Hy
A.
_ 1
Hi—E‘

T, fBU: ﬁ&ﬁh’_c}:bﬁﬂifm

A BABERR (s (=LEITERE, =204 |

Dy BREHEP OB TIERE () (=L TR, i=2:43%)
Th b,

Kr RUf Xe & ZDRATHEORTIBRKOBRIT, ¥ v TV BHRBRER LSS ED
7=H DT,

D, =200D; ., D;, =D/, 4-13)

D'=55exp(-38000/T) (4-14)

WEVRDD, T, BREMPOMBITILBREUT, ¥ v 7V BHNRR TR O N IREUR I RIS

HEOEXEDD, BEEMERFIX. BAICX 28 FREGORME S BIHRELRIC L2208 %

EZBL-LOTHAEN, BATIE, ZRETCIOMOT —FIEIBOLNATVRWVED, Myers i

LB KEORHX DV EBEICUTOREEEL TN 5,

fBU = 0.2Bu + l (4‘15)

Z 2T, BulliEE (%FIMA) Th 5,
REHZED b DB RIZ, Krohn 512 X 2O BkiEsE L RN HRE AR THETE B,
3_R 1 R,
S = (Z)(Z) - (13)(;) (4-16)

ZIZT. R U0 P TORBEIEM (=10 um)?Y,

a  REEEERZ (km) | THD,
BBt 7 b= b)) o7 AL ORHER & LT, BHKAR RS R O %K
Y1ty RN
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f ,d =a>(fm

o +(1-axfy o (4-17)

.gd

TITC, fuge BEPRINILEUC X DR,

faa: BEORIRILHIC K D HUHE,

a: < hY o7 ZAHTED D BMBROEEEE
Th b,
PR RIZ, U TR RO E AV CEHET 3D,

D' A D'
fm,d = BJ;[coth( E) —‘/;] (4-18)

I T, DTSR () THB,
BRI OBTIEBAEIX. PYC NOIEBIREIZE LW EIREL., UTOXEZHWS,

Dyq = 7:32x10° 10 exp(~36200/T) (4-19)

BEKINOIEEHERIT, BRE L CHRIEBICHE R TED TNSWKIHEE 25D T, Z0OHE
BIRER~ ) v 7 AN L OBMBEROBERICEZ HEBIT LA LB, BB ROILBAAEK
IXRETdh 5 A3, Chemikov H1Z & 0 B - BRI R P OEMAL IV F—P 2V TUT 21K
E LT,
1.8x104

T

< MU o7 AEIZED D BHRROEREEIAIT. BEPHETRACLIBE 2RI b=y
I AEMDIET — X I EIDEEDD, T7hbb, @ERPEFRFICL Y BEkiomRA /M2
A LIz L0 BRI OEBEBIEN/NIL 2D B2 TW5H, D EERIHE (ZR$E) 11,
UTOX5RTENTED,

Dy =45%107 4 x exp(~ ) (4-20)

l—a=1-20 _y__m @4-21)
og rgVo
IIT.  pe  KRBHEEO< RN v REE (kg/m’) |
pe  BENRIDEE (kg/m’) |
m: ~<hYosAHER (ke) .
Vo KEBHNEEOBREIaL Y MEE (m) . ThHB,
BRI L S AREELIX, THEIGEOERAPEZAVD LUTOL 5125,
2

V()= v, (1 + LSO 017407, @22

100

T IT, OIEEDHT (B>29f)) BEHE (10%°m?) ThHB, (4-19) Rz (4-20) KERATS
ZlizkYy, BERICHTAERR, +hbbe b o7 AFITED 5 BMROKEFIAZRD
HILENTED,

BELa L7 hD= b)) v 7 ABOERY T o ORBEHBIE X, BRE X OPEDFEORE
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avRs bORRMPL, UTOXTHET S, ZOR, < b)Y o7 205 OKBERBIIRMTSH
BIENDH, T TIXUO, P TORBIEREL R U L {RET 5.
R{S(ri + ro) - 2R}

m,r =
6(r§ - ri2)

(4-23)

TIZT, 1, BBl T FOAE,
r SREL a7 NORNER,
R  :xBkiEEE, TH 5D,

Q) HHEERBOFAREFD

HTTR @ 1, 30, 50, 90%tH Ikex g & Li-Hh ERHABRPOREREEE, HVAKHERW
1 RGHM R OFH ARE DR EIT o7, BRBHEE X HTTR 33 CORBEF LEI/ S Z— 2 10
B OREFICENTH A 0% DIFIZ 200°C & U THIiERE L 7=, BREHREE IR = 7 VRS
ROBREEEETHY . FLEEE 4 BEHETRRIYE, @HRCIESEToy s, hoE 7o
v 7 NRBHEIX 4 FHAR & L7-, BRIARIT IS O 2 REHAIRE O ¥ % Table 4-4 (273,
DFHERXIBIZA Y v aBBILTT o 7=, HAZHIXFE T 10 HOBASFICHAEEEZRLT
BE Lz, B#EPETRT —F1, BREERE (660 B) O@EPH FRNRELIZHRTE L,

FHIANTICAW - BBROFBER Y 7 R, SiC BEIAR, E@EEEL Table4-5 1277, Zh
b O, PMEFRHOMEERKICL DO THH, MEHRMERCRET 2&HY 5
Rid, 2ETHI2X10° Th o7, RKIZ, BREL 27 MNP OBBREIRLT | BIFABEKIE LT
WAHBA B Y T VR 107 E 2D REF 2 287 MR 10 B ORBRERL 7 5+ 510),
IO D, MEMREERTIEBBERZIZLALEL TV RNWEELXS, —F., 2XI10°D
BHY T RIRINDY T Ui, WEROY N v 7 ABOBFRIZLBEHDOTHY . BT T
YR 2XI10%) B Y v RBOFERY T URERRTIENTED, L, 20 2X10°
EVHBEIITIFETRIETH Y, (5RY T URIIR I /NI ATREER H 5, BRREEE
i, BHY S URBW 10 UL o BB a L s FRIZE TR TR Y, ZOESMEIR24T
$2X10° Lo TUVB,

Figure 4-9 iJiRE DB T L OHHE— FRXEMNNERLELDOTH S, FRY T K Hil
MR L LICEEROEHETH S 2X10° 2{FE LT3, R CHEFE A5 5 8REHE
BEOHEAMT O 2R L TWEY, INooh3 X5, EHATIHBELRY I Vh b ORI
H, BHATIHIBERY 70 ORBBKHAXENTHY . | KEHMD ORI ABEX. BiE
BEI YV LBERYSUNLDOFEETRES L FRISRE,

() H®mE

HHRTIZ L O RO DOEALIZFED Kr-88 DIHE RB HOTHEHEL Yo 7Y o VRO
Lg% Fig 410 (277, FRIERR, FFHEHA 60%LL T TH 1.5X10°, 1A 100% T 9% 107
ERO N, FHEETNMCRAWESKRHEEBOEL S Hhw TP R, MESRITERY
FUMBDHBHL AV THY, FHHE L AEMIZE biIcHAICHT 3R L R LE, O
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Lid, BB R YU 2 ADEE LRICHEOTER Y T Lhs b OB BUE R RS KB s &
BEARH 2 KREROIC 72 B 7 0 L B S UG,

7o, MEENLO (B, BERO BRI, 5 0) KHREH 2X107° Th Y, 24k
DIIHBICAT 5 T 51T 1%RETH 0 HEBINE, 0L 51, KIHEIHET AL E NS -
Lick D, HTTR K5 0 BP 0 A W28 % > £ < BEY 5 L 8T,

(4) S BOBRIRE
bk iz, 450 HIZR N HHBIMET A% BV S & HTTR 6D H DR %8 2 131F

BRTEZENoahot, —J., BHARMTIRTFAEOSFMEL . AHIMITIETRIED HH

BWERER-TE, ZORRIZHOWT, UTO3 ARELLND,

O BEHIMITIHERY Z b ORBBHAIEN TH 25, KBKHET NV Tk, BREHZR
CRE 2 %7 b= Y v 7 ZOWF BT EBELY 7 BP0 KBIER 2 RE L TV
D, BBl R/ b= ) v 7 AP CIL, BE - RTENICRT, Z8by 7 &P LY
bRk RNV X —DREN/NSINEEZZXIOND, T2, BREa I b= Y v 7 A
O O SUBEEERE A @/ VAT T & D FTREMENS BV, BH P COBMARR Y- OFIERIT O X
N —HKIT Bethe DAR TR IN, TOMERIX Bragg IR TR AN D EEZ RTZ L BHS
NTW5S, LOLRL, EBREFOBRSRAIBKBEPICHEE»OETFEZITIMY . ER
2T D HEH%IT Bethe IR T ERMLTHE T LV, 5%, 51 EME BRI EED D,

@ JHAMTIIRE 237 b= ) v 7 APOERET Z oL OIERETV ( (4—20) K)

DRERZY TRV D LRI NLD, AKILRET /VIL. HTTR FIEERHREL O BT RN HER
(JMTRY4F-9A B X ¥ 7ML D) THRG L (RB) T —% L OEBIZKI DRI LT
WAD, EITRARRTIE. BRE¥ v F 2P OMs Uiz 2 HOREICE 2 @02 b
ZHAL, Zho%x IMTR FOCa L TETRICESILBH Lz, £/, AEEBRETNLVEF
s 50, EBEITORWAY DAY T (BEZEREREZTHRVIREE) BEORBHEE 600
~800C TORBYEEZEEFE L7, Zhn XV, MEHREICxT 2 (R/B) EOE(LES % HE
HEETNVICED VI 2 b—va T B HETHRETVEFM L, TORE% Figd-11
WZRT, MBOFBEET VL b, EREZ AR E<HRLTVWDIEIICR A, —7H.
HTTR BB O FERBREFR THD ¥ TRETOREM (RE 700~900°CHHEL) 22\ T
X, 94F-9A FHHET VX HTTR FHEIET L & 0 HBKRFHETH Y, —F5 D HTTR FHliT5 v
., EBRBOBNF—FIZoWTOLEHER<BFBRLTWVWSLIICRA S, - T, &
BET NV ERITT HIZY - > T, 94F9A AT —#IZ oW\ T, BIEROAE, Xx 7tk
A EBRUTFERRE OB, By S ROBE, B &5 ICHMICTET 3 HERD B,
INIZOWTIE, BESI & iERILED TS,

@ MEHREOFFIMATHEIX HTTR R UROFEICL VY ROBFETFHRMETHY, EBEIV B
BRFMETHHFRERENH D, 5%, HAFHAERERELAVIREHREFEOR R &
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Table 4-1 Results of FFD test.
BRI FFD-A 5= X 2 RIEME (cps) | FFD-B S#iC X 2 EME (cps)
SR 1 93~98 117~127
TR 2 89~93 111~122
fEUE 3 95~96 119~125
R 4 94~-96 119~123
FEI 5 95~98 122~125
I 6 89~94 115~123
FEIR 7 90~93 114~120
Table 4-2 He inventory in rise-to-power tests.
He A/~ /M Ve e
R e — QUCKIUERE) He £ 71
Nm® g
A EAEB (1) TE R B 3970 661
Hh EREBR (1) TEHE AL F| 3931 654
WA EREBR (2) -1 TE R B 4081 679
HAOERAR 2) -2 TERGBUM - 51 3920 652
M ER#AR (3) R B 4568 760
Hh ERAR® () R =RiZ ] 4494 748
Hh EAARBR 4) TERE BB 4466 743
HAhEREB 4) ERG I F
Table 4-3 Efficient energies of gamma nuclides.”®
Nuclides Evyeff (MeV)

BPK ¢ 0.158

¥Kr 1.793

BKr 1.949

Xe 0.030

PXe 0.428

TmYe 0.248

PBXe 1.182
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Table 4-4 Fuel temperature distributions employed in pre-analysis.

1% power (°C)

egional

Axial ! 2 3 4
1 206 206 206 206
2 208 208 208 208
3 209 209 209 209
4 209 209 209 209
5 209 209 209 209

30% power (C)

Regional

Axial ! 2 3 4
1 356 355 364 361
2 441 441 449 447
3 468 468 476 474
4 464 464 472 470
5 467 467 475 472

50% power (C)

Regional

Axial ! 2 3 4
1 459 459 473 468
2 602 602 616 611
3 647 646 660 656
4 640 639 653 649
5 645 644 658 654

Table 4-5 Fuel compact matrix contamination and through-coatings failure fractions
employed in pre-analysis.

Contamination fractions

egional

Axial S ! 2 3 4
1 2.9X%10° 1.6X10° 2.5%10° 2.8%10°
2 2.5%X10° 2.6%X10° 2.3%10° 1.6X10°
3 2.3X10° 2.5x10° 24x10° 2.6X10°
4 2.9%10° 2.1X10° 23%10% 33X10°
5 2.9%10° 2.1%10° 2.3%10° 3.3X%10°

Through-coatings failure fractions

egional

Axial S ! 2 3 4
1 3.1X10° 2.0%X10° 1.9%10° Not detected
2 1.9X10° Not detected 1.9%10° 2.0%X10°
3 7.8X107 1.9%10° 1.8X10° Not detected
4 3.8%10° 5.8x10° 7.8X107 55%10°
5 3.8%10% 5.8%10% 7.8%107 5.5%10°
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Fig. 4-1 Count rates of the FFD system.
250 l
@ : rated / single
200 A : rated / parallel
A A

< 150 P
K (cps) = 3907 x (Bg/cm®) iy
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,/ AN
. (cps) = 4178 x (Bg/cm®)
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.

Fig. 4-2 Correlation of fuel failure detection system countrate and fission gas concentration

by sampling.
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250 T
W 5Kr
200 |—{A : ¥Kr $
g ® : ¥kr ' A
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Fig. 4-3 Primary coolant radioactivity of Kr nuclides in the rated operation (single operation

mode).
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Fig. 4-4 Primary coolant radioactivity of Kr nuclides in the rated operation (parallel

operation mode).
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Fig. 4-5 Primary coolant radioactivity of Xe nuclides in the rated operation (single operation

mode).
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Fig.4-6  Primary coolant radioactivity of Xe nuclides in the rated operation (parallel

operation mode).
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Fig. 47 Scheme of release rate of nuclide i in sampling test.

I l [ l

@ : rated operation mode / single loaded operation

A : rated operation mode / parallel loaded operation
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Fig. 48 (R/B) of ®Kr during rise-to-power tests.
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10-7 Total
. ° \>/
90% power / /
= 10° - C Z
%M 30% power S5 paver 74Recoil from contamination
: L] T
& N
g 9 Diffusion from contamination .
10 \\ / Dlﬂ‘usmln from k{ml
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10™° / M
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Fuel temperature (°C)

Fig. 4-9 Calculated fission gas release fraction during rise-to-power test.

1x10°® ] |
| Predicted
@ : rated / single (Total)

A : rated / parallel

Measured (b)

5x10° /

(R/B) of ®¥®Kr

L ] )
>

Reactor power (%)

Fig. 4-10 Comparison of measured and predicted (R/B) of 88Kr during rise-to power tests.
“Total” is sum of (R/B)s by the release mechanisms as follows ; (a) recoil from
contamination, (b) diffusion from contamination, (¢) recoil from kernel, (d) diffusion

from kernel.
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O :94F-9A results (Upper capsule) o
@ : 94F-9A results (Lower capsule) I <§
8E-8 ,’
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Comparison of measured and predicted (R/B)s of Kr-88 in 94F-9A capsule

Fig. 4-11
irradiation test.
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Table A-1 Automatic measurement cycles of moisture meter No.2 and gas-chromatography.

PEd BE R 7€ R 8

Koyt 2 RAAFH D 2 Bl 40 &>
1 R PWC HH O

PWC Al 1 R~V 7 AERBEH O
HX A 1 &R~V O AEREH O

HARya~w 77 7EREINEH FFFEAB 10 5[ 20 47
RAFEHA

1 IRA~Y U ARUEER AR

1 R~V U Lptifbak s CCT AR
1 R~V v Lgtifbak{s CCT HHA

1 R~ O AR R H 38 H O

Table A-2 He-gas inventory of sampling lines.

. He fv~ 7}
BE N EA ()
A4yEt 2 #eh 1
BEFEH0- MM2 1.59L° . #) 63.6NL
MM2-165VC31 0.11L" L RRES #1 4.4NL
165VC31-R kL ER 0.18L" 165VC31 &R EfE (% 0.2MPaG) #7 0.4NL
At 1.88L ot #) 68.4NL
HA7 afkl ]
JFRF4EH O - MMI 1.59L"° . #) 63.6NL
MM1-165VC31 0.10L™ LRI #9 4NL
165VC31-R kM VFHi 0.18L"~ 165VC31 B EME (#9 0.2MPaG) %7 0.4NL
it 1.87L At #3 68NL

T oEgEEGEAR (NEES SS-92259) #BMLIL,
? REERUREES XY RO,
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Table A-3 Live time of measurement for fission gases.

53 ¥R R X HBE LT OX 5
Kr-85m 4.5 K¢ 2000sec.
Kr-87 76 43 2000sec.
Kr-88 2.8 B 2000sec.
Kr-89 3247 500sec.
Xe-133 53 H 2000sec.
Xe-135 9.1 B5H 2000sec.
Xe-135m 16 43 500sec.
Xe-137 3.847 500sec.
Xe-138 14 43 500sec.
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- Return to primary To gaseous radwaste
m purification system treatment system
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Fig. B-1 Scheme of flashing.
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Flashing time during rise-to-power tests
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Fig. B-2 Results of flashing confirmation test.
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