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Abstract

Space nuclear reactor power supply is an inevitable choice for future space exploration energy,
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and has gradually become a global research hotpot in recent years. The critical conditions under
accidental conditions are crucial for the performance and safety of space nuclear reactors. Aiming
at the TOPAZ-II thermionic reactor, this study presents an optimization method for the problem
that the reactor reactivity can not meet the safety requirements under accident conditions. The
results show that only rotating control drum can make TOPAZ-II in a critical safety state under the
accident of reflector falling off; in the event of water and wet sand immersion, k. grows very fast,
neither the rotary control drum nor the safety drum can effectively reduce the reactivity, and the
reactor cannot reach a critical safety state. To solve this problem, optimize the control drum and
safety drum. The content of optimization is to change the thickness of boron components con-
tained in the drum and the enrichment degree of 1°B at the same time, calculate the ki value un-
der each change, and obtain the fitting curve of the relationship between ke« and the thickness of
boron components and the enrichment degree of 1°B. According to the fitting curve, establish a set
of optimization methods to meet the safety requirements. This optimization method can provide
reference value for future space reactor design.

Keywords

Effective Neutron Multiplication Factor, Enrichment of 19B, Immersion of Water and Wet Sand,
Control Drum and Safety Drum, Criticality Safety

Copyright © 2024 by author(s) and Hans Publishers Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY 4.0).
http://creativecommons.org/licenses/by/4.0/

1. 5|15

B AL B ARFINU S AR M TE R R, 5 el S AF 1)t 25 28 25 (] S 04 DA A2 R 2R K 25 )3 A Hpon) it
REMI TR o F7E B4l 50 AEARTFAG, DASE ERIFT I3 A B 1R 16 SR AR 4k T F o 22 (B A% S S HE R 1] 38
EI7E 50 FEARTF IR T30l SNAP 1HKI, 2 J5 IhHls fIhR KN 0.5 kW ] SNAP-10A %5 [A]4% Jso b 3 & S
R, TR b SCRF ] B K Th R A R R BRI A bR 2 AT 45 1) SP-100 23 A% S i HE[ 2] [F]
I FRER B AE 60 SEARTTUA Bl SE W41 Y TOPAZ-I Al TOPAZ-IT 4574 5 () 28 [ 4% e M HE,  Horb TOPAZ-II
T2 R A S I HE JEAT 1 22 DR TR EG P [3], B KOs AT I IR T LUIA 2 14000 /N, HLIZHEEN 6 kW [4].
1EEH R, SR UK 36 A28 1A% S N HE FLE IR N K S o B BT R 65 A 2 1) S5 o 3 O B0 RN ) SR AN R 32 7
X 23 B A% N HE A 5 B RSO A R A B 4D U 11 s B MR A 45 R e B B

RSN 2 AR s S HE BT s SR () 22 A I R, % I s i 482 %6 308 4 2% () S S HE JEAT 22 A VP Al AR AL . 5
AL B X TOPAZ-IT JFJ& 2 Wik 48,  DAERH 2 S N HE J 40 ] DL A2 SR A 2 A0 A= i R B 75 3R 5]
7E 1992 453 HZAE 8 [, £ E RIS 18 1L Z(SDIO)KH % B Hr it TOPAZ-IT #4E 1 S HEFEATHI 6 22 45
WA [6], VEAh 45 RE R TOPAZ-IT BT RV HE R G BRAFILAL LT & SDIO MbRifE, MRALFTER X —A
2 A KR N HE S 2 12 B 7 L I 22 4 i R A I PE 2010 AR A TR SRR A% FELE
(NEP), 3 H TOPAZ ZAF| 12 [k B HEAE ] NEP B B — 2 AT AT [7]. HAT, N2 At
2 [ HEREAT T RIRANIWE A . P E R FREBEIE T SPACE-R A [AIH#E, I HXF SPACE-R HIHEL A B HEAT
SERRETT(8], IR XS Kilopower B4 G R MudE— B RAG[9], $EH T HESHMNEIRTE Gd,05 iRk 1 J712:
i FCREAE I A B M TR SR I 2 A K.
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HEM 2 BRI &7 S, DA R 2 (A% S N HEFE AN R B A S M0 10 22 AT R o g HUHR 22 1k 1) 1)
TOPAZ-IT $E [ S HE AT S0 5, 43 IR TOPAZ-IT #E/KIB N TRIME N DA R S5 2 7% T i = Ff
AN THE RIS TOPAZ-IT s 428 i) 28 4 Hh 45 i SR 2 A onS S REPE RIS o[]S 45t
BANFT TOPAZ-IL BRI & T I S22 AR e (A R I f, XS P Ah s AT A sodt, & &R 3 —20
SR RAT R TT

2. TOPAZ-II 45

TOPAZ-IT #ES 1 e S HE 2 FE JRAGFE T U AT A (1 F T AR 2 AR R 1) 25 (B A% S i HE . 1992~1993
SRR, PRI FE R TR RSHEREAT 7 — R A SLES, SLI0AH 25 B T [ bR I Ft 22 A F [ 10].
TOPAZ-II 3t 37 HAE TR TIE(TFE), 44 TFE 1 F & &5 8 96%H) A /E kL. £ %
RN B RS AR BRI R AT E, AR R A — R EE. TFE W36~k
SR — AN, KETRANEE — &R R 2 . RSSO 2 RIAFAE R B, 7EIEH Tl
MR BRIE AR R . TFE BIBRAMNZH — BB NE, HUEGEEANIAE TR O R AR v 20
Flo AN 5 K2 A AR SR A I (] . TOPAZ-IL Af AL B 1 184k 7, 18167F5 TFE 2
W AEAEIRIRR, 1EH o0 T IR R4S, TFE RS 1 fis. HAMNEA TFE i LT Wi
FH—YPENR . TFE fEHES N =, WA B R A8 2 5 7 R, 12 A1 18 M. HESS N FR
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Figure 1. Radial structure diagram of TFE
E 1. TFE ME @4 EE
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Figure 2. Schematic diagram of TFE in the reactor
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Figure 3. Diagram of control drum and safety drum
B 3. ihEfe e snEE

Figure 4. Distribution of control drums and safety drums
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Table 1. Basic parameters of TOPAZ-II
1. TOPAZ-Il EASH

4 ¢ ZH HfH
Parameters Value Parameters Value
W HER 20.4 KA 435
Reactor core diameter/cm ’ Water tank height/cm ’
Reactor core height/cm ’ Lifetime of reactor core/a ’
AR THOR T L 3435 s y
Thermionic fuel element diameter/cm ' Electric power/kW
WE TR O R 62.32 thURE R Fe. Ni. Cr.
Thermionic fuel element height/cm ' Neutron source tube material Mn. Ti
B EAR 13 IKFEAT R Fe. Ni. Cr.
Moderator diameter/cm Water tank material Mn. Ti
18 AL 7w FSF AR
Moderator height/cm 375 Emitter material Mo- Nb
T FEE AR PR ARL
. 1.75 . Mo
Neutron source tube diameter/cm Collectormaterial
TR SRR .
. 26.5 i . B. C. Si
Neutron source tube height/cm Boron-containing component material
RIS E EA 20s TR AR HS B PR TR
Radial reflector diameter/cm ’ Top and bottom tube sheet material Aluminium alloy
4 LA
K EAR 34.85

Water tank diameter/cm

3. MCNP iR AT E IS WOEN

1% FH AR HE SR I R 1K) Type 1 #RBE, AE RGBTSR RIRAEL, S50 2 Fos. $R R HESCIG )
HHEESR, T I 2 IR TR 2 A 4.5048 x 107 g/em’ (4R, IR TiZmE R 2, L 2KIERE
TIN5, AR TS B E N 0.9982 g/em® (/K[ 10], IEH T8 N HHT RIS, BT 2B o
TR E . AR RE 10,000 MR, 1000 JEERAC, 100 AESEERAC, Al FH PR AZ B A

ENDF/B-VIILO [11]. MRHEREE H I SHEFEARZEL, @it MCNP F2 /7 3 57 5256 B e 19 J LA AR AR

Table 2. Parameters of Type 1

5= 2. Type 1 FARIHIESH

T Wiz MR )i " .
Assembly unit Inner diameter/cm Outer diameter/cm Height/cm A Material
R gt =
T S 0.16 0.85 8.0 AL
Top reflector Beryllia
B AR f -
AR A
Fissile materials 0.225 0.85 323 Uranium dioxide
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=3
i 5 5 o
R S 2 0.16 0.85 8.0 AL
Bottom reflector Beryllia
i i
Foil layer 0.850 0.874 375 Aluminum

3.1. MCNP & UK E L5

IKFRIHRN T Wi SRS O A ) B BRI R 1) Sl N HES A EAKOIF BRI 2SR 2)
SNHELRAHIRE DY 300 K 3) F2 SN 2 e S KIRIUG e R L0 00y AL T T A S5k 4) SNHE )
A2 160 RSB TR AN B AN BE A ) 23 (B SRR VD 5) SRR AL 5 % TOL T I R B 6) 15 AR
NN BT Z By 8O ALY, RS R SR R B SRy, 42 1 SR 2 42 5 9 I B th i
WRE, HEREAR.

MBI Z % B PR R R v g v (3 FEAR ), A eh k. A et L (% L R AN 2 1 8k
B MR, SICERIE TR IR 3 P . BRI IR, 0BT IEE TOUME SN koo 70
BT SR A N ) SN 2 e W R RS ke PRI

Table 3. Atomic density of each component element in wet sand

3. R PEEARTENRTFZEE

JGE Element J&F-#% %% & Nuclear density/(atoms/barn-cm)

Si 1.6134 x 1072
0 4.4980 x 107

2.5307 x 1072
B 1.79862 x 107
Al 3.8143 x 107°
Fe 6.9639 x 107
Ti 1.0153 x 107

3.2. IGBOEM

RYGHES EAE 1967 2B (AN 2629) [12]F0 1993 4E 2 F 23 HEA) (& TAEANE 25 [a)fd
FARZBNIJIERIE Y B [13], B F T2 A R S HE B Rk R e A A iR i Ve Rk 14], RIS HH T
e, KA. RPN R R AR T DLRRFEAME B RS, S HERREHES: 27U IR4E A 90% LA
R EIRAN15]e NPRIEZ A, ROSHEZE Bt EE I 75 ZE R AR EE N TAEBUERT, —VImT B8k A iS4
Te A S N HERE NI FOIRAS , Forh B3SO N HETTN K B B KR N HEES[ 1610 H DG 25 18] 40 -1 S S HE I
TR, —FE ke B/ T 0.98 VR A 0 SR I T 22 A B0 USCHE I [ 17 DRI oK 5 40 Sl
T, PSR A s RIAE A ke /DT 0.98 VB 9 A H T S R B S HE )

4. BESNET RT3 R RERDE4E
4.1. P EERERMY
APRIE T EA TR R HERf 4, B ENDE/B-VIILO ) 1HHAE 5SS A ENDF/B-V.0 B4 8t
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TR, B R 5 Fin. Hdhgw 58 HCMO004 f 3t v S2id B 1B ViR N GEI0 B 7K R IR N HE B
FHRSLEG, gw'5 A HCMO003 YL SLI6 & /KR NHIAE DS s28e . MRAE Lhi 45 T %n, f#F ENDE/B-VIILO
TSI keog 5 FEHEAE O O 25 K4 22 E ENDF/B-V.0 Fi 25 B/0N, I B AN EE 2 8] i f 25 4B 7E 500 pem LA
o R A] PLRIE R TF S5 AR A A AT Sk

] scsebents
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Figure 5. Results of calculation comparison between the two libraries

5. MEETRERMELIR

4.2. BB TRNMHTK

B AR BNER THT ke 9 0.99531. AR¥E COCTLESNZ 2 HE B IR E D) FfE, =
V) S I HEAE RS BT FUE AT, #BAREAL TG FORAS o R R S HEZE HENBE J5 BLA B 7L, D 2ITE
SLHEF NS IR o BT SCEERGIR [ SN HEZE RN, 423 TOPAZ-IT #A4ES 1 S S HE N A — MR TR
TEHAT BTSN, A IR 4 8 B A oA 28 s ELI AR IO PR RIS N, % B R 4 R s 08
B B ESR AT, WA IR T kg /DT 1o

TERAEBAN RS, AR NHECF I RS A & R ot 2 B, S E0h 784 R 3
5, BEMEINIER M. SRR TOPAZ-IT 45 il S RN 2 4 3 7 B0 R A FH A S i o AR AU T B &5
R, TOPAZ-II 1R A/KFRIPIZN BN F M LSS E V& F T, ke 77708 1.04128. 1.04440 F1
0.98037, LIS 2 AT T YRR . T8 TOPAZ-II FIBAI BT, 125 S0R1 22 4 8 A b HEAG
RABIMRMUG RGBS, JRATes: . MpTa s c G, RAeBRENFIER, JFiRiE
ANWERE, BB IR SHE R SN RE B IE S AV B N o A SRR IR R R A FE SR 1807, SE AR TERE JG B
P o ARAE ARV IEEE 55 MONP T3 kegpr B05E 4~6 FTs, VEH ke B2 1 S0 22 4 S sh I BUE AR L A,
WK 6 Fime ME 6 TTHLL ke BESE BRI/ . FEAIR NI EAN SR, SR E A 4337 pem.
BIPENE, SHSANE 4423 pome RETEBIEFHCT, BHEMER 2099 pem. FRHE =Fh &4 Fik
TR ke G5 RPT R, IRINRNIRSHE ST ko TR, SN E VR F T ke 527N BRI TR P71
ATRE BT K, FEURVRN R MHE G S EAR T ARBRN G Filtie . RO EBTE S,
BRI PR G, RIVDF IR N SO A 8 S 5 2 DA S P B g R s, i R A B
(1 S S5 e 1 BEm T YbF AR [18], B DA F IR 3G 0, AT B R Kege ST 55070
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Table 4. The value of k. after water immersion rotates the control drum and the safety drum

4. KERNENEEH B REHEH ke

i EUbETR) ks S S 2
Rotation number Drum number Changes in reactivity/pcm

0 / 1.04128 £ 0.00027 /

1 CD-1 1.03786 £ 0.00027 342

2 CD-1~2 1.03325 £ 0.00026 803

3 CD-1~3 1.02921 £ 0.00026 1207

4 CD-1~4 1.02458 +0.00026 1670

5 CD-1~5 1.02089 + 0.00026 2039

6 CD-1~6 1.01642 £ 0.00027 2486

7 CD-1~6. SD-1 1.01388 + 0.00026 2740

8 CD-1~6. SD-1~2 1.01010 £ 0.00027 3118

9 CD-1~6. SD-1~3 1.00723 £ 0.00027 3405

10 CD-1~6. SD-1~4 1.00372 + 0.00026 3756

11 CD-1~6. SD-1~5 1.00062 + 0.00026 4066

12 CD-1~6. SD-1~6 0.99791 £ 0.00028 4337

Table 5. The value of k. after wet sand immersion rotates the control drum and the safety drum
F 5. RIDENGIEEERIEM R EEEH ke
kg e RS ks RS AEAL
Rotation number Drum number Changes in reactivity/pcm

0 / 1.04440 £ 0.00026 /

1 CD-1 1.04011 £ 0.00026 429

2 CD-1~2 1.03553 £ 0.00026 887

3 CD-1~3 1.03196 £ 0.00026 1244

4 CD-1~4 1.02737 £ 0.00026 1703

5 CD-1~5 1.02314 £ 0.00025 2126

6 CD-1~6 1.01908 + 0.00026 2532

7 CD-1~6. SD-1 1.01531 £ 0.00027 2909

8 CD-1~6. SD-1~2 1.01259 £ 0.00027 3181

9 CD-1~6. SD-1~3 1.00969 + 0.00027 3471

10 CD-1~6. SD-1~4 1.00620 + 0.00027 3820

11 CD-1~6. SD-1~5 1.00367 + 0.00025 4073

12 CD-1~6. SD-1~6 1.00017 + 0.00026 4423
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Table 6. The k. value of after rotating the control drum and the safety drum when the reflector falls off accident

6. RETEHREEHATHEEIZHISMBE LT ke

Jiee % U TASS i SR AR A
Rotation number Drum number eff Changes in reactivity/pcm
0 / 0.98037 + 0.00026 /
1 CD-1 0.97859 + 0.00027 178
2 CD-1~2 0.97663 £ 0.00026 374
3 CD-1~3 0.97472 + 0.00026 565
4 CD-1~4 0.97300 =+ 0.00026 737
5 CD-1~5 0.97105 £ 0.00026 932
6 CD-1~6 0.96915 + 0.00027 1122
7 CD-1~6. SD-1 0.96790 + 0.00026 1247
8 CD-1~6. SD-1~2 0.96563 + 0.00027 1474
9 CD-1~6. SD-1~3 0.96452 + 0.00026 1585
10 CD-1~6. SD-1~4 0.96270 + 0.00027 1767
11 CD-1~6. SD-1~5 0.96114 + 0.00026 1923
12 CD-1~6. SD-1~6 0.95938 + 0.00026 2099
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1035 e e KB
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Figure 6. k. change with control drum and safety drum rotation

6. ke REFERIS AR £ HEE NN T
4.3. FHRIHMREHHMAL
AR X 55 58 A e Ja (B AU T BRI, A8 SO T P TS s 42 ) SR 2 e S 1 i R e T DA A
Wi -2 S9SN o KRR IR AHERS ST, IS 2 IR ke B RIS 2 2HULT, M=

SR, AR REEA MR 1) EARRH S SRR T, BnsiA r &g
4 BKS-7 JBJE; 2) 42 BKS-7 N "B KR,
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TEJR T, SO 22 4 S N S AL N BKS-7 &4, JEE RN 0.5 cm, &AM ENIR 73 E I
N3 7 fiak. BKS-7 EE@ B WU T B NIHER SN, R BKS-7 A R AE S
HT[19]. R4 % 7 B%dE, 1151 B 5(°B + "B)IIIZ T ECZ LN 0.198, 1A ¢, IR4E EHE A K

£=10xc, /[ 10x¢; +11x(1=c;,) | (1)

B BT ¢ = 18.42%. {#FF BKS-7 B E N 0.5 em A4, i35 151 1°B & 4E & 36.84%155.26%

73.68%- 92.10%, 7 A EKBAFHEIRNPITEI T ke E, S50 8 PR

Table 7. Atomic density of each nuclide in BKS-7
® 7.BKS-7T HEBRENETEE

%2 Nuclide JRF 2% Atomic density/atoms/barn-cm
B 1.3465 x 107
B 5.4542 x 1072
2c 22261 x 1072
i 3.6583 x 107
i 1.8584 x 107"
0gj 1.2265 x 107"

Table 8. The k. value of BKS-7 with a thickness of 0.5 ¢cm and increasing
enrichment

52 8. BKS-7 BEE X 0.5 cm EEETHHE ST ko

BEE KA TSR
Enrichment water immersion/k.g; wet sand immersion/k.g;
36.84% 0.99214 £ 0.00026 0.99377 £ 0.00026
55.26% 0.98858 +0.00027 0.99023 +0.00026
73.68% 0.98603 + 0.00026 0.98746 + 0.00027
92.10% 0.98392 + 0.00026 0.98509 + 0.00027

H7 8 AT A1, BKS-7 RN 0.5 cm i, ¥ "B &R & 92.10% B I 2 %4 FRk. Kkl
R 2R LT R T R, BEICEEEREN 18.42%, BKS-7 MEAKZE R E N 0.785 cm.
IR LB E N 0.785 em & RN AAFRE R BN EORJE RN 3.35 em, S/NEFERZ 0.5 cm, 7E 0.5~3.35 1178
PEX 10 ANX A, /MO JEFERT A 0.785 em. 7E FT A LI YIS, SB35 OB 11 & 425 A BKS-7 (R 1%,
03RRI B ko B AR EEERERE T ke FARLINR L 7 AT 8 TR

FRAE P 7 A 8 ko ZRALEESRAT 0, PIRP AN ST 1B B AR FERT ko ALK T BKS-7 R )
RO, PR AN E R — MR OB B AR, KT iZE M, RN BKS-7 RN E R OK,
WIER ke P2 0.98 DL o KRR N E SR EETE 36.84%~46.05% (8], RIS N ) AR E
ERETE 46.05%~55.26% 2 (8] o 9 [FII 35 2 B MPHEOL R B2 285K, #3% 46.05% % B2 JE DL B I kege VHARAEL
[F I A ORUETHE AR M, 7E 46.05%~82.89% A1 Fi 73 4G N 4 4Ug B 8dE, 4Rl 9 fEl 10
FiR o
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Figure 7. The value of k. under different enrichment and
thickness of water immersion accident

7. KENEHARZEREFMEETH ke

1.000 = BHEE 18.42% —o— WHLE 27.63%
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- o B S5526% < WAL 64.47%
0.996 - . > BAERE 73.68% —— WA 82.89%
0.994 L \ o HRRE 92.10%
0992+ T T
0990 . T [
09881 « w e
F0986F - . ———
0.984 ‘ T~ .
0.982 T s 098
0.980 - - P— M
0.978 | N T
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Figure 8. The value of k. under different enrichment and
thickness of wet sand immersion accident
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Figure 9. The change of k. after interpolation-water im-
mersion
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Figure 10. The change of k. after interpolation-wet sand immersion
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