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A study on correlation effect between elements of statistical hot spot factor, which
is also called “random factor”, for High Temperature Gas-cooled Reactor (HTGR) design
had been performed. Hot spot factor have been employed for thermal hydraulics
calculations of many reactors to consider uncertainty for physics and fabrication technology.
In general, evaluated values with hot spot factor reduce the margin between safety limit
and those values, and reactor specification should be degraded to remain sufficient safety
margin. Therefore, both of safety and reactor specification can be remained if the
uncertainty is correctly propagated. In this context, it is reported for light water reactor
design that the propagated uncertainty can be reduced by statistical hot spot factor with
numerical statistical approach, that is Monte Carlo method, because correlation effects for
each factor can be considered. For HTGR with sleeve covered fuel, it is expected that the
fuel temperature is also reduced by employing the same approach because the gap between
sleeve and fuel compact, of which significant temperature increase is subject and
restriction to increase power density, have direct correlation. In addition, Monte Carlo
method treats correlation effect at the price of evaluating contribution of individual factor.
Therefore, improved method based on conventional method has been developed in this
study. Then, statistical hot spot factor for fuel temperature of HT'GR was evaluated by
Monte Carlo method and the improved method. As a result, it is not found significant
difference between the results of the conventional method and improved method. Moreover,
usage of hot spot factor and its background were investigated, and we proposed new hot

spot factor reflecting on the investigation.
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Fig. 2.1  Schematic diagram of error
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Table 2.1 Size and tolerance of fuel elements (mm)

Design value Fabrication tolerance 30"
Compact internal diameter 10.00 +0.1 +0.00
Compact external diameter 26.00 +0.1 +0.10
Sleeve internal diameter 26.25 +0.1 +0.07
Sleeve external diameter 34.00 +0.1 +0.04
Cooling channel diameter 41.00 +0.1 +0.05
Effective heating length 39.00 +0.5 +0.03
50
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40 < >
< 30 /\
>
o
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s 20
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0 | |
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Sleeve external diameter (mm)

Fig. 2.2 Histogram of sleeve external diameter
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Table 2.2 Random factor evaluated by previous study

Film Sleeve Gap Compact
temperature temperature temperature temperature
increase increase increase increase
factor factor factor factor
Compact inner diameter 0.000 0.000 0.000 0.010
Compact outer diameter 0.000 0.000 0.370 0.012
Sleeve inner diameter 0.000 0.015 0.370 0.000
Sleeve outer diameter 0.017 0.012 0.000 0.000
Coolant hole diameter 0.014 0.000 0.000 0.000
Effective heating length 0.002 0.002 0.002 0.002
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(2) ARFIETRET 2 @ LR AT

(D) DVERE D EEREATIT(2-6) DRELBFANCESN TV D, L L, ZOEFANTEMT
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2ODHEMMMPFIMZ 6Tz, F2IH
HLDOThbH,
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1 [02AT,/ATN OAT; /ATN 93AT; /ATN
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ROEBEFESED, TOD, HBERESERIT R, >—FELTHEXEERLT
R FEAE LT aid, B, (A CELEBRE S R 2L LR BIE SN E & 72 5, & 2L JA 28 219937-1
EHEFIZREMMENREIZRLRNWANLE X - VA 2AZ—EWEWD, o, —FRIZHE
AT HEBUILLTOR v 7 X« 227 —ZFH W2 ERSMCEBRTE %,

Z1 = +/—21In(X) cos(2mY) (3-11)
Z, = y/—2In(X) sin(2mY) 3-12)

XY D2 DO/ —KRELIN S Zi, Z2 D 2 DD 0, i1 OERSMICEMTE D,

(4) FRFFEBEOT T BV 0B X B RRERIT

@DE T AN EOMEA Z & NECKR LIRS A A ST 2 L2k B OHRE
EREFHE L, FEAET S HETH DL, RKBRBOBNTH 2 AR FMOTHZFHECTX 5K
m, RATEORE EA~DOFGRRT o F LARTOFMATERNE NI RERH 5,

3.2 RIS R

ATETCRAZE L7 RIS X Db MAs B2 LLFISR T, TSt & LTk, HTTR O X0 7
HEARRSELH-ECETALTHY, HEINTEHETH D 1.165x104W/m, HEH it &
1.30x102kg/s, ¥ AT AJEJ] AMPa, HEBFREE T H N DR Yo 896K & L7z,

(1) 1€ 2k DL fir bt

7 v X LR OFAMRE R A Table 3.1 (233, SEATHFSE 2 CRlfli S 7-fE T % Table 2.2 &
D EEERMICBEV—ENRONS, 121E L, 287 PRAMRICET a8 MNEE
FRRTFOMIE, BITFERREREEZR LTS, ZHE, BT TIEa 37 MFED
AL AR EBEEOWAD & 5 2 AR EZ T SETWELD EHITE D, BREMTFORMT
X, FATHIZED T 7o —FIE LW, DR TRREE = X b D FEENES B 7 B2 |2 AT
THZELIFERETH D,

Table 3.1 Random factor evaluated by conventional method

Film Sleeve Gap Compact
temperature temperature temperature temperature
increase increase increase increase
factor factor factor factor
Compact inner diameter 0.0000 0.0000 0.0000 0.0017
Compact outer diameter 0.0000 0.0000 0.3592 0.0001
Sleeve inner diameter 0.0000 0.0148 0.3556 0.0000
Sleeve outer diameter 0.0168 0.0102 0.0017 0.0000
Coolant hole diameter 0.0160 0.0011 0.0017 0.0000
Effective heating length 0.0020 0.0020 0.16 0.18
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(2) ABFIETIRET D @ AR AT

fEd % Table 3.2 29, 2237 MR ERY —TAROX v v FIRE EHR 7 OfEIL,
Table 3.1 DfEi & il L CHTRKERMER> TN D, ZRUIMIFE CETH D, £ OREE
N5, N(E-HOH 1H, &2, H 3HEMYDEL Z i, Table 3.3, Table 3.4, Table
35T, L, FUAARAD 2 FIHET L Z LIZERT S, Table 3.3 1225\ T,
WEHIED 2 LTl & ERICHEET 5, 5B 2HICOW T, 2FRMICHEIHED/N S 7255 Th
Hl2, TV LRTFELTREREEZRT I NI MRERERY —THNEOX v v FIRE L
ARFIZOWTORFEERMENHELND, & 3HEIZOW T, BEEMRMEEEZRF a7 b
L2 —THEDX v v FIRE LFRTFOANMEEE->, 652, 3 HEMLCEDHELE
V. ZUFLRFEEMSEL/ERLE D, BER D TIEISRFHOMETWEZEST L Z
CIZE D AEMICHEEMER TS EOBREDTEEL L TWEN, RBB)ERHEY 42 HE,
BSHIXIE - AM G OEAERY S, LTEAOTHEIEIEZT. RFERHE LT 2 @R A
FEMTIZ B TITREHEE 2 8 K X8 2 ISR ZEMER T 5,

Table 3.2 Random factor evaluated by improved method

Film Sleeve Gap Compact
temperature temperature temperature temperature
increase increase increase increase
factor factor factor factor
Compact inner diameter 0.0000 0.0000 0.0000 0.0017
Compact outer diameter 0.0000 0.0000 0.3659 0.0001
Sleeve inner diameter 0.0000 0.0148 0.3626 0.0000
Sleeve outer diameter 0.0168 0.0102 0.0017 0.0000
Coolant hole diameter 0.0160 0.0011 0.0019 0.0000
Effective heating length 0.0020 0.0020 0.0016 0.0018

Table 3.3 First term of random factor evaluated by improved method

Film Sleeve Gap Compact
temperature temperature temperature temperature
increase increase increase increase
factor factor factor factor
Compact inner diameter 0.000000 0.000000 0.000000 0.000003
Compact outer diameter 0.000000 0.000000 0.129032 0.000000
Sleeve inner diameter 0.000000 0.000218 0.126421 0.000000
Sleeve outer diameter 0.000283 0.000104 0.000003 0.000000
Coolant hole diameter 0.000257 0.000001 0.000003 0.000000
Effective heating length 0.000004 0.000004 0.000002 0.000003
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Table 3.4 Second term of random factor evaluated by improved method

Film Sleeve Gap Compact
temperature temperature temperature temperature
increase increase increase increase
factor factor factor factor
Compact inner diameter 0.000000 0.000000 0.000000 0.000000
Compact outer diameter 0.000000 0.000000 0.001537 0.000000
Sleeve inner diameter 0.000000 0.000000 0.001754 0.000000
Sleeve outer diameter 0.000000 0.000000 0.000000 0.000000
Coolant hole diameter 0.000000 0.000000 0.000000 0.000000
Effective heating length 0.000000 0.000000 0.000000 0.000000

Table 3.5 Third term of random factor evaluated by improved method

Film Sleeve Gap Compact
temperature temperature temperature temperature
increase increase increase increase
factor factor factor factor
Compact inner diameter 0.000000 0.000000 0.000000 0.000000
Compact outer diameter 0.000000 0.000000 0.003286 0.000000
Sleeve inner diameter 0.000000 0.000000 0.003286 0.000000
Sleeve outer diameter 0.000000 0.000000 0.000000 0.000000
Coolant hole diameter 0.000000 0.000000 0.000001 0.000000
Effective heating length 0.000000 0.000000 0.000000 0.000000

(8) BRFMSLDE T BV a{BIZ K DR fEMT
AATIEEL 10 KRN K D55 % Table 8.6 (Z7k9°, Table 3.1 DfE & IEFICEW—FAE /R L T
BY ., AR TEHE L TEOZUERNMHR T -,

(4) KRN FFRIEOE T BV e BT X 2 R fRNT

AATEE 10 FEICEVEHME L7z, RO XD ICHERFICE LERFICEE L 52 2720, 7
VHELRRFERYD T DH LI TERNEZ T HRTRBEOE T AV aikORER LIz,
D FIED T o LR & ZFFOFHRIZ LY GF Li2fE% Table 3.7 \Z/r3, 22737 |
LAY —TNBROMAETHNENEND X v v TIRE EFRFOAPMEDOEA(LZ BTN
5. BEICHR 722 B0 | EEACTEIINERECHS, MAETHIRICE ) RENPSHBREL A
STWb, ZOZ L, FERFMNNATST2E L T I BEORRZEL Y b E T REEE
TEDLENTFROE LT HNLVAEORENINKEL RS> TVHIENDLHELWD &AM
WBTED,
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Table 3.6 Random factor evaluated by Monte Carlo method for each factor

Film Sleeve Gap Compact
temperature temperature temperature temperature
increase increase increase increase
factor factor factor factor
Compact inner diameter 0.0000 0.0000 0.0000 0.0017
Compact outer diameter 0.0000 0.0000 0.3594 0.0001
Sleeve inner diameter 0.0000 0.0148 0.3570 0.0000
Sleeve outer diameter 0.0168 0.0102 0.0017 0.0000
Coolant hole diameter 0.0160 0.0011 0.0017 0.0000
Effective heating length 0.0020 0.0020 0.0016 0.0018

Table 3.7 Root sum square of random factor

Film Sleeve Gap Compact
temperature temperature temperature temperature
increase increase increase 1Increase
factor factor factor factor
Conventional method 0.0233 0.0181 0.5054 0.0025
Improved method 0.0233 0.0181 0.5151 0.0025
Monte Carlo method for each 0.0233 0.0181 0.5066 0.0025
element
Monte Carlo method 0.0232 0.0181 0.5094 0.0025

_13_



JAEA-Research 2016-001

4. @A AP O TERNLEFBOLEL SR AEL

M), BERREE 25T 5 720 O TR 2R E L i, @R Lyl Bk e m 5 Ok i
EIRE A TR EME 2L LTERINTZLORFHE—ICHWTE -, @ EERRICR
T 5 BB OBAHIBRME X, HTTR (ZB L Cid. #ERE ORERME TR L 0 iR 10X iz
1600°CIC~— 0 % E 2 1495°C L LTV 4, 1D = OB &I [ 118 S o L e 384
WHBATIERLRVWEIEE LTEZOND O, BIED THENZEREEBE LT EO &K
WEEZBET LT 7o —FILEL,

— T, BRI DY —AF — 5L UL, BB L7 R 17 b DR AR O i
DI, FERZRRLT 2D OIEHUR I b R T E 22y, RBRAMEE T2 B CEA STV DR
BRAFZEIF Cd 5 HTTR Tld, MEEICZ ML MIRT 72010, Z OBz LT b Bk m ik
FERHREH TP SR 2R —ICHWTWS, 9L L, WHEGEZETNIZ., 2Oy
PNTIBEITHL Z ENGND,

PEBOBCHITIRE EF I X 0 (R SNWBEHRE O R IZEE TH D, — T, WE B2 HIIR
THHMTHIIE, W, BT R RKE Tk e < ZERISIECES OB M A ME E 25, 2
DZEaBx B L B BREFA O 72 O OPRBHEE AR I 13, WA 03030 2 L2 2%
BAEPER L, Fiic/e THRNL SRR EHRETE AR S, 2720, £ LTHESR
2R A CHAOR R B DRI 2 B O BN H D 2 LI ETRE THhH D, TR
XRE ISR LIEBEEE AR o0, E0 X5 2B THHM/MNKRHIZI W TR, BIBITE ALY
MO, EHIC, LEMZEBREOEANMICBNT, A —F 7 2@ Lk Hic, HH
PR 2> D IRELPH 72 oA 2 m T b Ok, HERRCTE R\, 207, ERRoZERFEEIL, Foe
KThoTE R BT, & BWFFEN —EOFHETREL TH AL LA RWEEEHE TH 5
VERND D, BARICIE, BRELT 1y 7 B2 Sl W, BT 2 Y El &3 ZE sk T o
BRI BRI 2 5 2 VMRS )b D TR LR THONITHR T 2 RN D 5
EEZXD, TNDHLOFETIZEWT, LFENLRRB OB ET 5 IR LD YL HE 8 O M
AHAT LHATH D Z LR INAUL, EORFITHERFTRE & 72 5,

WEEHI TR R LR EUT DWW T, RS IZ B3 2 -HEICBE T2 0 L I HIM Ve & o
YIMAEIZBET 2 DD 2 D250 bivd, BREHUEIZRET 5 AT 2 NN S 1T, RERE
AR SN DS, AMEE EHEE LT 5, FHREZFLETIRETH LD, #H
X< Tl D 72D D TER R AR PR T E 2 TRt & 2 MTEE O A H> S 12T LTI,
HWEIZLDHDOTH LD, KEREHIZE DD THLINBKRT ILERHLIN, Zbb1
TR R O PR TE D RN H 5,

FEMEIRA A GTHTR300 (2B L Tix, kEiodEs6, BLC, e Ly eeffiis
BIE < T O 723D D TR L LR E D DAV & 32 TRRHB A s ShTnWb, £ 08 RIEU
TOXI>bDTHD, GTHTR300 1FH SEEE O & S 2> BB O BBl BRIE I3 S & IR
1400 CHRE SN TN D, 19FE, AR ITONT S, FFFITH T 2 ELARITHT D
POX < EITHIWTEEZTE LTS b 0D, ZaMEm EOBLE BN ED X 6 72 5 K
MWEEND, FRZ, BREHFNE <, HANRKE ZRERFICH LT, Z OERITRE,
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Table 4.1 Systematic factor for GTHTR300

Coolant Film Sleeve Gap Compact
temperatu temperature temperature temperature temperature
re increase increase increase increase increase
factor factor factor factor factor
Sum of random factor
(144 Zfr?) 1.060 1.075 1.064 1.577 1.063
Systematic factor
Power level 1.000 1.020 1.020 1.020 1.020
Power distribution
Radial 1.030 1.030 1.030 1.030 1.030
Axial 1.000 1.000 1.000 1.000 1.000
Coolant flow rate 1.010 1.008 1.000 1.000 1.000
Coolant flow
distribution 1.020 1.016 1.000 1.000 1.000
Coolant inlet
temperature (°C) +20

R T2 24255002 B LTk, Table 4.1/ RT# Y . HAROGHMAERICE 2 b0
Wb, TNEN, HHEEZRTOORELRT LOIIHITOND, ok, THEHWTHH
SN, WECHRD LENR2RETH L, FOHCET 2 0k, FOLeEoMm o
HIERRZ L HIERREN LR D LD TH LN, FLEEROEOEE THLH-DHRT 52 LI1XT
v, HAOSAICE LTI, BhmEG Mo 2 ENFET S, BB LT, BAR
FERAEE VHTRC (281 5 T R HIE & AT & OB TH 5720, FrEOBRE 7 7 v 7
WCETT2HEO LD TIEARL, BERTE 2 HEEND D, BN mIc o >N T, BE7Rm
v 7 EFEOEREY v FAREEICB O CTHE TS SV D B — 7 BNRET D RS 7 LI
ENDHREEETHEOOLDTH D, UFO HTTR et RET LTI, BB 7 v v 7 &5
BB L TEY, ZOMEREETE o7t WY FEERDL D, TOKk, ZOfEIT 1.0
([ZRLE S 20 SHEMIC TR 2HREN LHER STV a, BIFEIX, BET v v 7 ol 5 )
D IIRER 7y bR EHE T MBI KM S 2V AN, 7 OFRE LM TR TE, Zofi s
BELTWD, siHm 5400 LR SREUIERICHERDB TR TH 5, MAMITEIZS
Wi, FLHT E AL OB ERIRE D DT S D720, BV RIERE, A OB AN
BEOREREICIVKET IO THS, ZOMHEIT. FOLOREKICETIEDOTHY . YT
HZEETERY, BEMBREESICOWTIE, BRETF v o 2O ER D b & EN D8,
NA RZFASDFTWANZ LD GMEDORD bEEN D, BEIITIRET ¥ it DAL H I
LDMENKHNTH L7720, WAEZRTHE TIEL 28R TE 220, BEM A ORERZE
IXIRFERIERAZE . AT CIEET UL L2 WM I 1T 2RI L D IRE EH. EET L)
LZBT DEENREIT T DEEOBRENGRY | FLREIILPDL D THD, RIL0 .
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HEBRT 5 Z Lz TE R,

BACHINT . B LR ZRARE NS . WA T 5 LR IR PR T & 5 AR
MRS D Z LNy noTe, %Ik, sHlixtR E 22 50 &EN, PBRT 2 THEMNZ2FREO L 25
TRMEICK L TORENRRN &, Thbb, MEMETHL ERARELINEVIERD D,
22T, BRI, HEBRDSERTh L TV AR R TR RS L Dl &2 1T 9, Table 4.1 (21355
E LT, HEBR L7 MRt LR R 2R 2 G L7l R ST, 24k, GTHTR300
D—RRREL 2 -, AU =T EREta Ny NEOX v v TRV EaEIAbY D L
FIRE EFIZH L 6% RBEOHEMEZ 726 DO THLHLZ N5, Lol h, 2o
FTTICTFEAHIENIC LV g S v T g, — T, BUE, BRFHL TV D H 1o Ick3 2 %6
B LRR L AR X DIRE AT 3%RRE L P REDKRWMETH V| BEICHEITHEICE W
T 6%RREDIRE LAZ 72 0T LENZ R OS2 Sl Sh - E R L ZE 2 6bt
HE. FHICHRTELMETHD LB TE D, MR E LT, #IE < FFAM O L s BhEAm 12 H
WD T 245488 % Table 4.2 (2779, EREOEY | 2EOEE EH & LT 3% O A
A[HEToH H, GTHTR300 Z487E L, ARE2K 600°C, BAEHEE Y 1400CRRE LB %, £
D7 E L TRENR E TOIRE EF 25 800C LB X 5D THIL, TD 3%D 24 CHREE DK
WA Z D LR RREOEANIZ LY ATRE L 72 5,

Table 4.2 Proposed hot spot factor to evaluate source term (systematic only)

Coolant Film Sleeve Gap Compact

temperature temperature temperature temperature temperature

increase increase increase increase increase
factor factor factor factor factor
Power level 1.000 1.020 1.020 1.020 1.020
Coolant flow rate 1.010 1.008 1.000 1.000 1.000
Coolant flow
distribution 1.020 1.016 1.000 1.000 1.000
Coolant inlet
temperature (°C) +20
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SRR B ORIV 2 TS B LD B B

< T D ORPLAH GTHTR300 D #E < T D 726D D Y — A 5 — KFEAM I I HEFHHY L2
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