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Preliminary neutronics design of space nuclear reactor based on molten salt cooling

LI Ting ZHUANG Kun SHANG Wen TANG Xiaobin

(College of Materials Science and Technology, Nanjing University of Aeronautics and Astronautics, Nanjing 211106, China)

Abstract  [Background] Space nuclear reactor (SNR) has attracted more and more attention worldwide due to its
significant advantages in deep space exploration. Different from the traditional liquid metal, gas and heat pipe
cooling methods, molten salt coolant can dissolve fission materials with good heat transfer properties, hence can be
used as a coolant in SNR scheme. [Purpose] This study aims at the preliminary neutronics design for molten salt
cooled SNR. [Methods] Based on the design scheme of SNR, Monte Carlo code SERPENT and database ENDF/B-
VII.1 were employed for preliminary neutron design of SNR with molten salt cooling. The effects of different fuel,
cladding materials, rod pitch on the kinf of fuel rods and effects of different molten salts, reflector materials on the k.
of core were investigated. Finally, a preliminary SNR core scheme based on fluoride salt "LiF-BeF,-UF, (66.4-32.7-
0.9 mol%) to cool UC fuel (**U, mass fraction at 80%) was proposed. [Results] The results show that k., of fuel rods
is closely related to the fuel material, it increases with the U enrichment of fuel and decreases with the rod pitch.
[Conclusions] Different molten salts and reflector materials have great influences on k., of reactor core, but the U
enrichment of UF, in coolant is not sensitive to K.
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Table 1 The diameter of fuel rod and coolant system of

SNR

SNR 5% PR FLAR RAETT

SNR case Fuel rod diameter / cm Coolant system

SNAP-10A®  3.175 Nak 25 <z i@ v 4
NaK liquid

BUK® 2 metal-cooled

sS4 1.25 He-Xe & ¥4 H)
He/Xe mixture
gas-cooled

SAIRS™ 1.57 Na #VE A 41

Na heat pipe-cooled

RO} A TR B2 P S = 2 RERORL 1A 42 1] A i
K BT RHABUZ K 22 508 2 22 50020

Vv, -V,
v (T,-T)

C[Loran (T -T)] L (1)

B L3(T, - T,)

=30+ 3a- AT +3c® - AT? + o® - AT?®
AT AR, K BN ARZ K 240,102 °C™5 V.
V, o3 A RIS T T, B MR AR em?s LoRIR T,
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Table 2 The physical parameter and type of liquid metal-cooled and molten salt-cooled

¥ 171125 Coolant

k1t 2%k Viscosity / mPa-s

bt #4%% Heat capacity / J-g - K™

W74 Jm 1 Sodium-cooled ™ 0.18
HYEL L i Lead-Bismuth eutectic™ 1.05
FLiNaK 4 2.59
LiF-BeF, 14 0.50

1.252
0.137
1.660
2.415

PR FE  em: o ARV IK 2%, 10°- K.
A MBI R E o — BN S LB A AR R K
ZHp = 3a.

AT
PENAT

+ Ar)’h - arzh
G r) arh )

N ar’h - AT

Ar=/pr - AT + 12 —r

Arbar NBRELEAE  om s h ABRENE B om. REHER
& T=1500 K, UN.UO,.UC £k I S ik & ¥ a 51 T
K3 HF, KRB/ EMN S NN 002261 cm,
0.029 23 cm.0.029 16 cm , B [a] Fii 0.05 cm i & #5 k)
Mg e ER

3 SNR BRI AT K 438 5 Hyos
Table 3 The physical parameter and type of SNR fuel*'

BRI UN uo, uc TRISO U
Fuel PRELZ 0 Fuel core
uc, uc  Uo,
iy 14.31 10.96 13.6 11.68 13.6 10.96
Density / g-cm™ ZErhEBuffer IPyC  SiC - OPyC ZrC
1 1.9 3.2 1.9 1.88
Pl 3 REL 15.8 2.1 18.8 0.5 4.0 - 40 -
Thermal conductivity
/W-m*.K*
LMK R 9.9 12.83 12.8 5.7 5.7 - 57 -
Thermal expansion (290~1 870 K) (298~2 273 K) (298~
/10K 2000 K)
SNR J7 % Mark Space Reactor ™, TOPAZ @, PeBR ™2 PeBR. # £ 2\ i ifit X ¥4 HE® Prismatic high
SNR case SAIRS! SCoRe ™! HOMER ! temperature gas-cooled space nuclear reactor

12 BRBHEE

H 1970 44X LASK , 3 [ A A1 75 55008 5 R A 4
WRBL T AT 25 8] s 37 HE FEL YR K e 11, R 3 A1
TIRRI SR AR I S5 AT T 1T
7N B o SRR O AR IR R R SR 2 I LT S 40, 43 )
EHLUN.UO,.UC LA K TRISO .78 BRARHIURL/E AR
BE, W 5T A B BRRE A kB R, T SR 4
SIS AR 120 4%, 4548 10 000 KL, S
FRHET 2018, % % < 0.000 34,

T S ET ST TRISO AL SE L 43 B BRRHE K, B
SR BEAT 20 BT, Horh TRISO #RBHZ 0 2 4% 250 pum,
BREL N UO,, 2R # B A ZrC, B AN 40 78 ok 2 12
460 um. TETHEIS RS, CREFIREH M G LA S,
I AR BRBL R 0 e 25U B SR . 45 ANl 2 fr
7N ] DU H 24 B 4R B /N T 40% I RS R 4 Hon]

(a) (b)

1 kR
() MAEHEE (2 BRL, AN - B+ 140, (b) B0k} 53 2
5%TRISO AR , (c) R4 500 TRISO BRKHEE , 4 2 - R
B AN A5
Fig.1 Schematic of fuel rod
(a) Fuel rod (inner layer: fuel, outer layer: cladding + inert gas),
(b) TRISO fuel rods with 5% packing fraction, (c) TRISO fuel
rods with 50% packing fraction, inner layer: fuel, outer layer:
cladding

RIS = B TR, & BT KT 40% Iy s R4
BUE NAE, BT LL SNR 3% A TRISO #A LI, AR H5
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Fig.2 \Variation of the k, for different fraction with different
enrichment based on TRISO-coated fuel
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Fig.3 \Variation of the k., for different fuel with different
enrichment based on fuel rod
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4 7 [a) HE R TS B ORI AT [ R () BE S ) (A
2 JRBE A 2 A HFD
Fig.4 Schematic of "Supercell” : different rod pitch of the
same diameter (inner: fuel, outer: coolant)

TH LI B[R] #E 7E 2.95~3.77 cm 2 [A] A8 4k, , 3744
AR B O T R R S P, 7R 4 IS
i B4 A T FF SERPENT 245K B R AR FF i+ 5 3
Kir QT S BTN . BT LR HE S B T4 (8] B3 0 ) A%
13 U A% 155 FE Rl /) S B A oG R K, B A ) BE 3
SRS o TR [E O RS, O T T XA s

080006-4



% AR

2020, 43: 080006

*4 EREEMHEIES MK, S

Table 4 The physical parameter and k,,, of common clad materials®*!

g MR TR I B SHRAK 5 s ki >
Materials Name and element Thermal conductivity Melting point/ K Density / g-cm™

/W-m*.K*
FHA 4 T-111 (Ta-8W-2Hf-0.02C) — 3523 16.7 2.080 81 + 0.000 20
Mo alloys
HeHs PWC-11 (Nb-1Zr-0.1C) 419 2680 8.6 2.129 55 + 0.000 16
Nb alloys Nb-1Zr 41.9 2 680 8.56 2.129 62 + 0.000 16
B gl Zr-4 21.2~32.6 2123 6.55 2.152 97 +0.000 16
Zr alloys
N Ti-6Al-4V 6.7 1877~1933 443 2.153 37 +0.000 15
Ti alloys
AL 71Ni-7Cr-16Mo-5Fe-1Si 11.15~23.6 1 300~1 400 8.86 2.134 06 + 0.000 15
Ni alloys

T DA SERPENT S5 DL 25 T 181 1 () 7 = IR AR K
Note:1) k,, of fuel rod based on diagram Fig.1(a) by using SERPENT Monte Carlo program

5 i A 1] M i g o 5 D S HE A TS SR
T AL T2 B MR EER, DUSEBLIMARR K 3= R A
BN B AIGE SN, BRI B )P 4 3.391 cm.
PRI EEA SO B & b 72 M L e R A A I K
ES Tl R

2.12

< 206} .
204} ‘--\-
202} \‘
:)”00 i 1 L 1 4 1 L 1 . 1 . 1 n 1 L 1 n
29 30 31 32 33 34 35 36 37 38

Pin pitch / cm

BI5GB G AN R R B ) K
Fig.5 Thek,, “Supercell”with different pitch
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1R N HE 22 A R 8 18 AT I R R 3R, 35 5 R
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o MR R RT TR BT B I HE O
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WIPHEAL , AR5 R R NG R Gkt
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TR AR AR IR L, 5 R BN IRRHE [ B HE 2
AT IS 2 AR B[R] B G RS W) B e AR
S0y i s Tt 7D N Vi /9 S e S T S e
By, IXAG R 20— e LT a4 AR 5 Cln # i
FA ) 5 2 SR P Al ] A Rk 28 2R 1 2 ) 3k Cln A
Gui H1 77 S A R HED , R4 P [ B R FE
HESES P A7 LE ) ¥4 E TR 5E T HER VA 2, X fp
BT WAE — & HEO AR AR R R TR R3S 3. A
SCHE H AR [ X R AR A ) U A R e T R
FRBETT AR R

&5 SNRETEMXRY
Table 5 The size of SNR finite core
7% Case SNAP-10A"?  BUK®  TOPAZ-II” HOMER™ SAIRS"™  Mark Space Reactor ™! sS4
H.1& Diameter / cm 22.7 13 26 48 48 48
f= High / cm 39.6 15 35.7 58.4 42 42
17 12 It Ratio of height 1.744 5 11538 13731 1.84 1.2167 0.8750 1.7059
to diameter
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HITHR N, 6 2 74 00 22 ) SRR A B S /D L B
e, InaR 6 B, X SEAREIL 1 AR SO £k v 10 1A HE i
TP .

VAR R KRBT L A 335 & B Ak 3 ( Lk
U1 - "LiF-KF . 'LiF-NaK-KF) 3 & ZrF, [ 4% fil £ CEb
Uil :"LiF-ZrF, NaF-ZrF,) . L5 BeF, [ #a fl & CEb -
'LiF-BeF,. NaF-BeF,) . i id Williams & #ff 57 &
B, B4 e AL R RORE R B /N T ZeF, 270 BeF, 2, T
FUVRA A 1 28 A VR BR B BE 5 BeF, ZrF, JBE /R
EU 38 0T 3G K, DR G 306 42 05 350 74 10 771) INF 4% 1] BeF,
<35~45 mol%, ZrF,<20~45 mol%. T Ll Fixibs
i, BN ER 7 R R T R R, R SR RS
J&E 7K EE 1) NaF ALIF BA 8B 0 S 3800k, B8 ZrF,
1 RbF F 5 ik 5. 25 FE AR

<6 IBERAHRMAELANHRSHLER
Table 6 Comparison of parameters of molten salt cooling and heat pipe cooling

S 2 40 Core parameters 4 #5 ¥4 5175 % Molten salt-cooled

YA 177 % Heat pipe-cooled

2.8cm

H 7 # Pin pitch 3.391 cm

HESS RN EHETEX) 142 Diameter 29.7 cm, ¥ High 38 cm
Core size (active core)

WREL Fuel UC, 80 wt% *°U

PR 55(UC)

Number of fuel rods
#1571 Coolant

PR & Fuel mass / kg 142.695
{525 & Clad mass / kg 20.963

S Bl )ri s 7 A5

Coolant mass / kg Coolant

78 Be i & 7.792

Filled Be mass / kg

MO (VS TEX) 187.45

Total mass (active core)

Ky 1.286 59 + 0.000 068

"LiF-BeF,-ZrF,-UF,(30Wt% #U) 63.9-30.2-5.0-0.9 mol%

66 (UC)+19 (F4/# Heat pipe)

'Li-Mo wall-"Li-Mo wall-Mo41Re
171.234
23.921
16.003 Li
Wall(Mo)
Mo-41Re
4,757

2.027
5.414
23.767

231121

1.294 73 + 0.000 093

1 DFIFH SERPENT S -RFZ 7 AT B 5 on B K HELS Ky

Note: 1) k,, of reactor core based on diagram Fig.5 by using SERPENT Monte Carlo program

R7 LMARBEESBRMBYIMSH
Table 7 Comparison of physical parameter of various molten salts"?

Thermal conductivity / W-m™ K™

Density / g-cm™

YIS LR 3 R A
Case Composition / mol%

'LiF-BeF,-ZrF,-UF,  63.9-30.2-5.0-0.9 0.682 006
'LiF-NaF-BeF,-UF,  30.7-30.7-37.7-0.9 0.950 929
NaF-BeF,-UF, 56.5-42.6-0.9 0.877 203
LiF-RbF-UF, 43.6-55.5-0.9 0.650 764
LiF-NaF-KF-UF, 46.1-11.4-41.6-0.9 0.953 780
LiF-KF-UF, 49.55-49.55-0.9 0.933 890
LiF-BeF,-UF, 66.4-32.7-0.9 1.065 542

2.480 038-0.000 37-T/°C
2.323 360-0.000 32-T/°C
2.378 66-0.000 339-T/°C
3.427 941-0.000 89-T/°C
2.515 553-0.000 62-T/°C
2.497 27-0.000 619-T/°C
2.238 24-0.000 293-T/°C

AN R NP 6 Flrs ) = 4EHEC AR T DAL
SCHAE ) LT 2 5 SRR A R S BOCAS [ B 48 AR

B LR D9 057 B TEAS R S AL £ U AR AR
AR IS K AT ST CU P 7 s ) 5 SIS SR FH L
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(a~c) M ER VA ENAVE VR 1T SEHESAR A, (b d) i Eh V4 JN/FA
VR EN 7 S HE Al )

Fig.6 Schematic diagrams of molten salt cooling and heat
pipe cooling (outer layer is BeO reflecting layer with radial
thickness of 10 cm and axial thickness of 5 cm)

(a, ) Core radial of molten salt cooling and heat pipe cooling,
(b, d) Core axial of molten salt cooling and heat pipe cooling

WFEAT TR A4 300 4%, £34X 500 000 AHEF-, H1l Bk
T 100 4%, 3% 2 /T 0.000 08. 7] & Y, A [A] da Ak 3k
2 ST HE SO Ko 52 MR K, (L R T 346 3R U, BT o
FE IR ELE /N, F 20U R R HESS kg AU BEAL,
i+ Liv*Be Xf i A BIE R, B & R AT R
(AL ARV N HE S 7 R B B i T & 5E 1, i
A H) 45 %k FELiF-BeF,-UF, (66.4-32.7-0.9 mol%)
TEREHIF .

P D S S S|
1.27F
& E
=
1.26}
r y z p] &
sl T

| [—— LiF-BeF:-ZrF,-UFy  —0— LiF-NaF-BeF:-UF,
—— LiF-NaF-KF-UF, —<— LiF-NaF-KF-UF,
| —— NaF-BeF,-UF; —#— LiF-BeF,;-UF, —e— LiF-RbF-UF,

0 20 40 60 80 100
35U Enrichment / %

7 HES K BERRE L U AR AR
Fig.7 \Variation of the k., for different molten salts with
different **U enrichment

22 REEBE®EEF

S 2] UL R i R, AT A R
UM FAI IR R B E M I HE S 2 A Rk
R R e R T s AN s B 228 X Y WG i 0 S A
PR, 1 SNR B LA B R AME ZE 5 FE R AL, 3R 8
FFH T TLME S T 25 R HE S E MR S
Bl ACHT K 6 FrR 5L 'LiIF-BeF,-UF, (66.4-
32.7-0.9 mol%) ¥ HIHEE 5 &, 3 BT R T ANFE s
JERRE R BOHERS ko W12 8 7 o 45 SR ] : BeO #H
b Zr,Si, HiE & KA R RS, A SR BAR A
R A L AB LS AR IR S e RE B RE Y &
T FET, Be LA B I 2 BT I R T2 Ak
RE , {H Be HU4R MR P K M i 22000, g L Tik , ik %
BeO 1 N HEL S 5 E AR

*8 REIEMEIMSEKIK, ™

Table 8 The physical parameter and k. of reflector materials®™

#1257 Materials Be BeO CIC(i £ Graphit) Zr.Si,

2 i Density / g-cm™ 1.85 3.01 ~2.2 5.88

J% 55 Melting point / K 1556 2781 3923 2580

Ky 1.268 28 + 0.000 070 1.286 38 = 0.000 072 1.201 89 =+ 0.000 078 1.112 46 + 0.000 080

1 DR SERPENT Z¢ K27 4: T 18 6 r1(a) « (b) 7~ & [ I HESS Ky

Note: 1) k, of reactor core based on diagram Fig.6(a), (b) by using SERPENT Monte Carlo program
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