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Abstract

In high-temperature gas-cooled reactors using spherical fuel elements, fuel pebbles and graphite peb-
bles are loaded from the top of the core through the charging tube and randomly packed into a pebble
bed. To accurately understand the physical characteristics of the pebble bed, conducting precise phys-
ical simulations is essential. This paper takes a pebble-bed high-temperature gas-cooled reactor as the
research subject. First, the spatial coordinates of all fuel and graphite pebbles in the randomly packed
core are obtained using the Discrete Element Method (DEM) and corresponding programs. Then, a
Monte Carlo program is employed to construct an actual random packing model of the pebble bed core
for calculating the effective multiplication factor (kes). Additionally, this paper develops an approxi-
mate regular arrangement model of the pebble bed core based on the method of “Monte Carlo repeated
structures with regular arrangement + random assignment of fuel and graphite pebbles”. The calcula-
tion results for the initial criticality problem of the 10 MW high-temperature gas-cooled reactor (HTR-
10) indicate that the ke results from both the random packing model and the regular arrangement
model are relatively close to the experimental results (with deviations less than 0.4%), demonstrating
that both pebble bed models established in this study have high computational accuracy. When the
proportion of fuel pebbles increases or the height of the pebble bed rises, the Kes results from the two
models become even closer. Compared to the random packing model, the regular arrangement model
requires shorter Monte Carlo computation time and is easier to meet the simulation scale require-
ments of Monte Carlo programs for spherical elements, making it more recommended as an engineer-
ing computational model.
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Figure 1. Physical calculation zoning model of initial fuel loading for HTR-10
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Table 1. Main parameters of HTR-10 reactor model
& 1. HTR-10 R MR B T ES %

LY/Ed A=<t ) ZHUE
PRRLER RAAA/m? 5
eSS R E AR /om 180
eSS R B /om 196.5
T 3t 2 B fem 90
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ak
HETE Y2 )R % /om 375
JE S 2 B fem 121.2
S5 J A 58 5 4R B em 77.8
ST R A B E  (g/em?) 1.76
S EHE A SR AR R R 2 & (ug/em?) 8.52
T2 A% JE 5 /om 40
J& 2 W B A S P /om 30
JEANE bR IA% JE % /om 70
0025 BB A 25 205 P fem 222
Bh 3 5/ (g/em?®) 1.59

HTR-10 HIEHEMERTH 5000 XL P 1 Flrois o FCHESS R ERTE RO R 28 S et b P AL, B
IRRLIX 2 EAR A 180 em, R FEN 196.5 em [4]0 [RMHEEATHRINT, AR TR Rl 2 g N o
OREHX, FFHERRIE B — D BT AT RS R AR A — AN BT A e} DM B AL TR () EORHE AT
[ HAE T PR SRR DX A 45 25 rh O B AR RRE R L RE AN B 28 R BRI B 2 RV o AR MRS ROREIX AMIU (147 S0
SR ARE 710 MEHRSLIE. 3 MR SLIE 7 ADTIRISRALIE R 20 A IRIESLIE]S]. 755 HE
T B DRI v il A s Bk, HER AT IR TR & B OB BR A SR BRLE B 0.57:0.43 [6]. HTR-
10 S S HER R 3= A5 SN EL 1 R .

2.2. RBEREN

HTR-10 [ NHE 2 SME R, A BB AR XCR A « AP g2y BRIERL G
fF, ZIUHFRAREAR N 6 cm. HEM B NN AR EME: SMTRIEE Lem WA EFRE, BIRRY
s WESREAE S em BIRRRX,  HHAZ IR S SR BT A SR AR TR B R AN IXRE IR BB IX S35 25
A4 8000 ML RRLIAEHZ [ 7].

78 PURLAEHZ O 2 —FRELAR 0.5 mm BIFBLERYR, FLNEA UO, Bk, NL WA= FIESZ S,
B = A N R T, UO, BORLAMNE BT T DY BB 251, ARV BRAA R IE . 2 a2 B AR
WIE EBACEZ RIS 2 % RS . BNRERNE S BREEN 5 g, Hi U WEEEAN
17%. HE AR A2 E M A BERE TN 1.84 glem®, EHZSHREIERMIFE, #4584 6 cm.
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Figure 2. Simulation process of DEM method for pebble bed
B 2. DEM 73 /AB9BRIRHEIZ 12

f£ DEM J5i%r, ANERBAION SRR, A2 18] J 58 BE N 2 R A B IS A F P AR . AR
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LRUGIE, IV T A R0 G LTl T, HLARAR UK 0.001 em X ERPRHE SR TS FR A0 T 2 A -
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Figure 3. Final state of the randomly packed pebble bed
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Figure 4. Model of cropped mixed balls at top cone
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¥ EDEM AT 543 B R A BRAOL B AR N 5 -REE P T RAg X, H T ES T HHA C
o FEHEREFF, FAREIERECA SBERIIHE 2 O — AN e, B DR N e i T R 3 3 LT
A, FrEERIEME T CAAN I X 3838 DL S A IR 7S, AT B S S B MR 1 BN BN LHERR BRIR 1) J L An] 25
o
3.2. BRARBENUEFERB T HE R 94

FRIE SRR F 925645 5L, HTR-10 HIIRIE TS (kesr= 1D)INFSVR S BRECH 16,890 4~ 7 EDEM 4K {4/ %
[ RE TR A ERE 16,890 4, [AIIFRIEBRRIER: f788ER =0.57:0.43 DLEMHESIHFTE RN 0.61. FKFEF KA
[l Fr 38 FH Y MCNPS, #5ECP AN E08E & oy gk T &, H—2% ] ENDF/B-VII 1) 70c #dig A, H ik &
4T ENDF/B-VI 1] 60c H4E 2, FAREFAERARCKL 72015 B N 500 110,000, ke 1H5 25 S 4n 2 By
INo

Table 2. Calculation results of ket for HTR-10 randomly packed pebble bed at the first critical height based on DEM method
& 2. BT DEM 75 A& HL HTR-10 FDRIE A BRARBEHUEIRE ke iTHER

BRI Bl A LAER A 2 TRA RS Kefr PRiE T 2
HETI 16,890 0.99921 0.00050

ENDEF/B-VII 70¢
FTi 16,890 0.99761 0.00046
HETH 16,890 1.00115 0.00019

ENDF/B-VII 60c
RRUl 16,890 0.99916 0.00045
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M 2 AT LR, AT DEM A4 HTR-10 H1VIG FEER R BEALHERR 1 keer 1145 S 15 5200 45
FARE B, YRS S BERIKBE MU HE RS R (T H SRR FE B . A, B W LLE Y, BRI TS A HETH
XF Kerr BEMARE N, ZERI/INT 0.2%, B3 % H 36T ENDF/B-VII 1) 70c $3E % 5% 3£ T ENDF/B-VI [1] 60c
Kol PEXT 25 RS2 AN, ZERNT 0.2% . BRIRBEALSERUT AR AF OB SR AL S5 3K V& 1L 5
JEARL BB, FEC BT EA RN ke FAEWSN, BEANTEEIZIA[-0.2%, +0.2%]. JE4LRH S
AR RAYERIR L HERR RS, AR FIAE TR B, 5048 2 3% Fl 55T ENDF/B-VI 1) 60c $4i8 F

4. TRERFLHEA R

BT SBOTIE RSN ERIRBENLHERL, BEURS RERR, (R BN (M43 . % T HTR-10 #IK I 5+
I (R & BRECRE 16,890), F: T BHUTIA Y EDEM i LR AT IS AT IS [0 2909 3 K, DRI 58 KR ASE (1
BRERHE, Lol <A HEAZ F s 78 TAE(HTR-PM)MES HE 545 2 42 TG A RRLER, R A B BOGIE R,
THFEH I [A] G A% . BN, ZRAEF MCNP X T M e 8 WA IRH (T 10 AT,
VEAE SR PR TAR THEO, 30 5 T 55 2 450 D e K BRR 1 BE AL HE AR AT AU R HE A, X RE TH AR S
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[A] o

4.1. ETRARIERFA BIREEH S ECHOBRAR AN HEAR R E

K SRR B S5 T REXT BRRHE ST U HEAG IR, S BRI e — E U HEAS, R
2R R RN ERIR . SEPRERIRHEMIE A 20N 0.61, & EEELLEAR 3 om (MERIE. 8K 6 cm 37751k
BOAK 3 em [7SBAEMS AT AR, BT 7R R TS bRE . ik, T — Rk LR AR (1 oo
Bk, DU REAFRET 0.61 FIESR[10], HEEMWE 5 FR. S5, SRR aKA 5.7022 cm,
BREL T BREE A2 3.013 em.

Figure 5. Sectional view of a spherical element with a special geometric shape in a cubic grid

5. FEIRJLIATRAAR ST BRAE IE 75 PR A P B B T (B

BRARHECEAT R HEA I FER B, SR — 80 A e BROR 2 S P HE S SO o DA 2R A 28] P 1
A REF, BRI L DL MR BR AN SRR LB 4 22204, X 4s S8R AR IRl R IR e . R I 2519
WEFC A, SRR HEAT U A BR PR HE OSN30 0 3 N CHEAT SR R ER AT A S5 BREE 6], AR B3
FEIN o ASCIET MATLAB - G 1 BB ER AN A S5 BRFEAL 0 BCRE /7, F T ORIERORLER AT AT S5 ER LU DN

DOI: 10.12677/nst.2026.142002 21 R 5HA


https://doi.org/10.12677/nst.2026.142002

R F

SEAERT, SEHURARIERFI A SRERTEBR KM A B 51 A B RE AL 0 C, ARORHR = 7 AR . ORI BRI A 52
BREENL S BCAR P I 3NN« B ERIR R 7 A ZHES, 2w Rk U] o Bk BITx 2 1) 1 J77 A i K
5.7022 cm; H4AFERE— B RI4> 9 5.7022 cm x 5.7022 em x 5.7022 cm (I IEJTARFES], FARRIERFI A SR BRI
EEAIOT A S22 B AE D7 AR B B AT BEA LI 785 4 BT 2 AT HE 2 A5 3 = 4R B 7 R RS 254, 7 R A HEC i
FEHATOIE], 0T B LA IR o b 3, AR BB RIER AN A SR ERTE S8 52 Lu ) BE AL 23 e (0 0000 HE A
FRARHELS
4.2. BRERMNHR IR EER S0

BRRFUNHEAT 4% = 202 0, HTR-10 BRERAI K 7 i FEAE RN HEAR 1 AN Z G 1], 55 BT 46
T . HTR-10 ERAHIX I SR GRS EON 16,890 4>, MIBKIPIANZ R 119.7462 em 1 125.4484
cm, XFRIFTEAERECEN 16,435 N1 17,218 Ao BEAL, v T 8 FE R R 5 A7 S5 3K LU A1) A8 {7y SR (1) 2
NABE T AL, EIAs iR ARIER S A SRR E AR . ke THELSE R 3 7R

Table 3. Calculation results of ket for HTR-10 pebble bed arranged according to the rules
= 3. HTR-10 BREAR N HER B9 kerr i+ HEER

PRRLER A BEER TREBREE FUHEAT kerr PRt TT 7
2B IRELER 16,435 1.06137 0.00035
A E R RRLER 17,218 1.07675 0.00035
57:43 16,435 0.98943 0.00036
57:43 17,218 1.00713 0.00033
1:1 16,435 0.96706 0.00034
1:1 17,218 0.98517 0.00034

ERPR REUHEAT RS AL AE B — SR RBE R SR 3R 1 HEAT A7 B AEBEALIT, T B ST AR B Ker 17
FEBE, BB ZIN[-0.05%, +0.05%]. X7 3 FHIERR WA ke EATIE(ETTSE, 755 HTR-10 2K
PRATUC T R B kerr VL RANEE 4 7R

Table 4. Calculation results of kefr at the first critical height of HTR-10 pebble bed
3 4. HTR-10 BRRANRIEFR S EHY ke HHH LR

RARIER: £ SRk TREEREL PUHEAT Ketr BEALHERR kerr X i 22
SRR ER 16,890 1.07031 1.07180 0.00139
57:43 16,890 0.99972 1.00115 0.00143
1:1 16,890 0.97758 0.98093 0.00342

M ATTLUEH, SRR AR = 0.57:043 I, AT “FREZEMIMHAAG + REER
AT SEERBENL AL T3 ¥R HTR-10 B SR ER PR BEHLHERR (1) keorr THELEE RS SLIR A5 R (kerr = DARH 2
AT, YEWIASCRE L I ER R MR HRAT A TR () T SRS EE R ey o e Ah s AN HIEAT A AR 1) ke T S48 SR/ B AL
YERRBE AU, P AR BONTRIT, IRBIERECE S 2 ), P 122 ) HE PN

N T FCERIR 8 FE ARG RIS, 6T STOMURIERECER L], AT BR PR v P2 2530 2 R E
JEo

DOI: 10.12677/nst.2026.142002 22 R 5HA


https://doi.org/10.12677/nst.2026.142002

R

Table 5. Calculation results of kefr at different heights of HTR-10 pebble bed
3 5. HTR-10 REFRRSEH ke iT HLER

RAEFRSH MIUHEA S (em) PUHEA Kere BEALHER kerr X i 22
12,522 91.23520 0.87478 0.87907 0.00488
14,087 102.6396 0.92540 0.92948 0.00439
15,653 114.0440 0.96916 0.97246 0.00339
17,218 125.4484 1.00713 1.00775 0.00062
18,783 136.8528 1.04043 1.03992 0.00049
20,348 1482572 1.06868 1.06820 0.00045
21,914 159.6616 1.09350 1.09302 0.00044
23,479 171.0660 1.11671 1.11625 0.00041
25,044 182.4704 1.13713 1.13667 0.00040

MFE S ETUAE H, B ERIR S T s B HEAT B Y Kerr TH 5 255 SR 5 AT R AP URR Y 1 22 1) 328 VT ik
N, FERIVR G S v FEE BRI G 2 1 45 25 ¥ B9 [—0.00392, 0.00104], 7 3 Bh ZRA515E 1o B 30T 5 25 (1) 1 22 Y Rl
“N[-0.00209, 0.00291].

2 FARBONEE AR T B8 B 500 F110,000 A, MCNP 2R FHER REE A LHE AR Y -+ S0 1] £
N 24 JINEE, SR FER R DU HE A A2 R TSRO (12490 3 /N, s HUHEA A B LA e i (T RO
IeAh, ARSI GEREE NG, BENIMEARRE Y (¥ T S (ALK RIS 0 .
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