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A coolant suitable for small long life natural circulation lead-based fast reactor

YU Qingyuan XIAO Hao LIU Zijing ZHAO Pengcheng YU Tao

(School of Nuclear Science and Technology, University of South China, Hengyang 421001, China)

Abstract  [Background] Small long life natural circulation lead-based fast reactor has broad development
prospects in the fields such as marine nuclear power, portable power, thermal-electric co-generation in remote areas,
seawater desalination, ef al., and is one of the important development directions of lead-based fast reactor. [Purpose]
This study aims at the coolant selection for the design goals of long life, miniaturization and natural circulation of
lead-based fast reactors. [Methods] First of all, refer to the ALFRED design scheme of EU small lead based
demonstration fast reactor, a 100 MWt lead-based fast reactor core model was taken as design paramenters. Then, Pb
element/mixture and Pb-Bi mixtures were selected for study by using three dimensional transport Monte Carlo code
(RMC) developed by the reactor engineering calculation and analysis laboratory of Tsinghua University. High
temperature nuclear database ADS-2.0 released by the International Atomic Energy Agency was employed to
calculate and analyze the burnup characteristics, reactivity coefficient and effective delayed neutron fraction of lead
based fast reactor cores with different coolants. Finally, the neutronics characteristics of different coolant cores and

the natural circulation characteristics of different coolants were analyzed and compared. [Results] The results show

X H AR5 4 (N0.12005097) B Z K 24 A BT 5 SE 3 F 78 11Kl (N0.S202010555037) 1 Bl

WA RIEZ, J5, 20004F A4 BRI B AR B FUGUSON PR TR ) BVE A 1 S B HE

BEEE: XEHER, E-mail: liuzijing1123@163.com

Weki H 8 2021-10-28, A& (R H 1 2021-12-11

Supported by National Natural Science Foundation of China (No.12005097), National Innovation and Experimental Research Program for College
Students (N0.S202010555037)

First author: YU Qingyuan, male, born in 2000, undergraduate student, focusing on fast reactor thermal hydraulic and heat pipe cooling reactor
Corresponding author: LIU Zijing, E-mail: liuzijing1123@163.com

Received date: 2021-10-28, revised date: 2021-12-11

030601-1



% AR

2022, 45: 030601

that the neutron capture cross-section combined with Bi is smaller due to the small inelastic scattering cross-section

of *Pb in the high-energy region and the extremely small neutron capture cross-section in the middle and low energy

regions. The **Pb-Bi cooled lead-based fast reactor core has the lowest burnup reactivity loss and the best breeding

performance with large negative void coefficient, coolant temperature coefficient and large effective delayed neutron

fraction in at 30 EFPY operating cycle. [Conclusions] The **Pb-Bi cooled lead-based fast reactor core can be loaded

with a lower enrichment or a smaller amount of fuel, which is beneficial to miniaturization, long life and inherent

safety of the core; compared with Pb, **Pb-Bi cooled lead-based fast reactor has stronger natural circulation

capability, weaker material corrosion, and wider operating temperature range, which is conduvtive to the safe

operation and maintenance of reactor.

Key words Lead-based fast reactor, Coolant selection, Neutronics characteristics, Natural circulation
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Table 1 Design parameters of 100 MWt LFR

115 % Design parameters

W i1HE Design value

HERSH I ZR Core thermal power / MWt

AL Pu T 43 40 Pu mass fraction of fuel / wt%
TEMEIX R E A% Active zone equivalent diameter / cm
15X 1 & Active zone height / cm

PRELEE PN /41 BL4% Inner/outer diameter of fuel rod / mm
WL A 1] BRI 72 /<44 Fuel rod gap filling gas

LB 18] (52 95 FF Fuel rods gap width / mm

A FH KL Cladding material

£ 7 J2 ¥ Cladding thickness / mm

ZH £ )5 FE Assembly thickness / mm

Mz e P/D

PRELHH 1420 H Number of fuel assembly

WRELH 14 N 2 Number of fuel pin in an assembly

S At 44440 H Number of reflector assembly

Bk 204440 H Number of shielding assembly

100
PuN-ThN 25.4
168

170
0.9/1.05
He

0.15
15-15Ti
0.6

4

1.5

102

61

90

98

Table 2 Nuclides weight fraction of fuel

WKL Fuel 12 i & % 2 Nuclides weight fraction / %
PUN-TRN *Pu *Pu *Pu *Pu_ *Pu_ *’Th
0.25 16.00 7.37 0.25 1.53  74.60

2 RREDRANGSEERHEHE SRS R 52

H i 4% % B E 5 Pb A1 Pb-Bi (LBE) 5 254 H)
71, Hodr Pb 1) F A7 2= AL - *Pb *Pb. *"Pb FII*"*Pb.
R AR Pb H ) Pb = FE UK, 1% UK 2R Pb. Pb-Bi
**Pb.*"Pb.*Pb [F] i 2 I H: Pb-Bi V& & ¥ T f& /N 1Y
KTty H AR L A HFE T 7T . SR A

MR 2 I S HE TR THR 70 A S50 25 B 0 1 IOBE
e = YE s R R PR P RMC (Reactor Monte
Carlo Code)'™ Jz [H Br Jii F G& #l #4 (International
Atomic Energy Agency, IAEA) & i i & A% £ 4 22
ADS-2.0 FF Ji& AN [7] ¥4 A0 1) % 5 P o 3 508 1) 08 FE
PE R B BB A R KB E . 4R
A6 HL R 5 DU R PR HE 2 A J RBEC-M B8 iF [
RMC &7 1T S JF gy ot 7 220 5
R SR FH (%) v il T2 2 e 4B T 26 23 0l A < EARE 1200 K
A EIF] 600 K AL5E 900 Ko KAR Pb .4 ) Pb-Bi Ji
BN 3 Fon . PbfE B LU (D 1HE, Pb-Bi
(5 B v B LR (2O

&3 RAPbRT K Pb-Bi RE S
Table 3 Natural Pb composition and weight fraction of Pb-Bi

KR Pb il 43 Natural Pb composition

Pb-Bi Jii £/ #1 Pb-Bi MF / wt%

H % Composition ¥ Abundance /%  TH5 5 54 £ MF in calculation / wt%

2Ph 1.48 0 Pb 45

2Ph 23.62 25.1 Bi 55

27Ph 22.6 22.6

25Ph 52.3 52.3
poy=11441 -12795-T (1) BRL = Ker(BOC) ~ ki (EOC) 3)
o = 11065 - 1.293 - T 2) ke (BOC) k. (EOC)

FC AR AN ) ¥4 #070) 100 MWt 475 35 P HE 3 85
() R FE 7 14 5 16 B R P, U B R R Pu it 5 4 2K
(Mass Fraction, MF) , {5 $5 HE B30 U6 ke A — 2o
R E B AT HEES (R A RE R 1 AN I T PR RE L 45 Hh AT
S N 45 2K (Burnup Reactivity Loss, BRL) 5E S, Ul
KOG FI7R.

] 3 91 ] Pb/Pb-Bi ¥4 &1 77 HE 65 ke, i ) [A] A8 4k
T, £ 445 T ASE A HI 7 HE RS2 4T 30 EFPY ()
WK FE S B PE 451 2% BRL K - 35 #0 K} A #6 (Average
Discharge Burnup, ADB) , A L, {1 ] Pb-Bi {4 1 7]
(R HE I AT IS 8] A, BRAE S RLPE 451 2K BE /N s LA A
[F] Pb ¥ &) 751 HE 85 1 PR FE R 1% BRK} Pu it & 73 HiOH
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BRAE 52 S PE 35 2 K/« Pb>*"Pb> % 4R Pb>*"Pb,
FIAT (174 H ), 2 Pb-Bi ¥4 5 HE S 7E R FH #MK Pu 5
R MQa BB IR T 360 TRAMOBIER X, 5844 73107,

R4 TREPLANFIMETIEIT 30 EFPY HYMAFE R R 1448
Table 4 Burnup reactivity loss of core with different coolants (30 EFPY)

NAETR S, A 3.432 88x1072, 2P A H ME s K FH 5 i1
Pu Jii 2 50 $1(26.3%) Bk}, FLBRFE S 7 P4 45 2t B

A HIFZRE Coolant type  PuMF / wt%  k,, (BOC) k., (EOC) BRL /107 (ADB/MWD) / kgHM
Pb,, 24.8 1.032 00 0.992 76 3.830 06 126.72
P 26.3 1.034 56 0.975 57 5.844 73 92.43
*7Ph 25.4 1.033 81 0.995 48 3.724 48 136.37
**Pb 23.9 1.031 32 0.993 93 3.647 59 131.74
Pb_-Bi 245 1.032 56 0.994 82 3.674 02 131.64
*Pb-Bi 25.0 1.031 38 0.986 56 4.404 83 112.07
*7Pb-Bi 247 1.030 10 0.994 82 3.442 74 131.61
**Pb-Bi 24.0 1.030 66 0.995 44 3.432 88 131.72
RS NEREDFIRHETREE

Table 5 Energy spectrum of cores with different coolants
e SIPAIE ATt A FEX FINFD NFD in different energy zones / n-cm™s™ S NFD
Coolant type <1x10° MeV 1x10°~1x10" MeV >1x10" MeV Total NFD /n-cm™s™
Pb,, 1.129 2x10" 1.932 3x10" 3.880 8x10" 5.812 9x10"
P 1.344 7x10" 1.815 4x10" 3.753 9x10" 5.569 4x10*
*’Pb 6.494 6x10° 2.006 8x10" 3.729 6x10" 5.736 5x10"
**Pb 1.630 7x10" 1.891 6x10" 4.008 7x10" 5.900 4x10*
Pb, -Bi 1.326 9x10" 1.927 2x10" 3.950 1x10* 5.877 4x10"
**Pb-Bi 1.482 5x10" 1.903 7x10" 3.907 5x10" 5.811 3x10"
*"Pb-Bi 9.803 7x10’ 1.981 8x10" 3.883 7x10" 5.865 6x10"
**Pb-Bi 1.581 3x10" 1.923 3x10" 4.021 4x10" 5.944 8x10"

k, eff

0.97
0

—s— Pb,, (24.8%)
—e— 2"Ph (26.3%)
—a— 20'Ph (25.4%)

L |—v— 2Pb (23.9%)
—¢— Pb-Bi (24.5%)
—»— *"Pb-Bi (25.0%)
—e— "ph-Bi (24.7%)

—e— “0*Ph-Bi (24%)

5 10 15 20
Time/ a

25 30

3 {4 Pb/Pb-Bi v A FUHERS &, B A (7] 48 £ 1 150

ki of core using Pb/Pb-Bi coolant changes with time

Fig.3
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g B B R HI R R G R AL SO
B FEZER . K64t T Pb.Bi R M AIH
Bl 425 7 Pb AL 3 & Bi ) 147 3480 T B S
HrRE RGO BISEH T Pb[RIALZ A
WU T . R 6. B4 R S A H, ™ Pb A1 EL H: A
Pb [FI 57 2 A 5 /I8 (1) o 45 30 A8 T A0 B g ) Al 58
B R e, G AR 2 Pb 78 R BE X 1 P A7 3R
HAR AR (A 107~107 b, Bi 75 =1 B X (1) H 2L HR K
WA 43 A0 R A7 R A T /)N T Pb ) [F) A7 28 5 DRI R
FH **Pb-Bi /¥4 £ 7 i £ S5 PR HE 7 T0 RO e i 2L
HESO P - e R A L B 1 e A U, T AR UG E AR

36 Pb.Biff TR NE@E

Table 6 Micro cross section of Pb and Bi

Z3N SARRER/R i) SRR E ik ] rh YA iz A

Nuclide  Neutron capture cross section /b  Neutron scatter cross section / b Neutron transportation cross section / b
Pb 0.17 11.4 11.57

Bi 0.033 ~9 9
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Table 7 Reactivity coefficients of cores with different

coolant

PRI vC cc B

Coolant type /107 K™ /107 /%

Pb,, -0.738 4 -51.8173 0.293
*Pb -0.736 6 -48.943 7 0.337
*Pb -0.500 7 -46.1317 0.260
“*Pb -0.783 1 -83.967 4 0.208
Pb,-Bi -0.714 8 -58.2745 0.339
*Pb-Bi -0.6409 -51.8937 0.385
*Pb-Bi -0.541 6 -49.146 6 0.323
**Pb-Bi -0.763 7 -69.316 2 0.317

3 ANREIRANIR B RBERFIE 2T

P H B AAN 22 5 e 5 5 PR ME 1 K 75 o
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FEAE T B R AMHE L, X 5 BT I P Th R
2 IS T K FH 2Pb/”"Pb-Bi /E ¥4 #1741, 7] DLl
ik ARG A T TG RA A 3 R R 3 B L SRR v
FEPRHER T 251 . Pb [ Pb-Bi [ 5 2B 1
A HIFIAE TR H S, KR BRI T PR S 9 &R
Hon] B8N IE XS . #H LEF Na, Pb & Pb-Bi [ 1
TR )y AR 2, AR 5K R A R B,
WA B, AR A /N S% , Pb 2 Pb-Bi
A A% T3 ek [5] B AR YIRS 5 8] LB 2 PR 1) | 2R 706
RfE IR 22 4k T ANve P . (B2, Pb K Pb-Bi
St AN GE NI A 55 ekt 5 Ay PR 1) ke, ¥4 0 771
PEE N F 2 mesT Y,

F 845 T WA Pb 5 Pb-Bi - B & H b
W, B 645 T Pb A1 Pb-Bi AS A IR R (KA ik &
., B 745 1T Po A Pb-Bi AN EREE R (kG R %0
3 7 7] A, Pb-Bi 144 £ L Pb ik 200 °C, Pb-Bi 4 4l
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%8

7S Pb 0 Pb-Bi B9 = Z 414 Xt EE

Table 8 Comparison of main physical properties of liquid Pb and Pb-Bi

4 FF Name 5% % 7\ Relational expression
Pb Pb-Bi
¥4 i Melting point / K 600.06=0.1 398+1
1 /5 Boiling point / K 2021+3 1927+16
% ¥ Density / kgrm™ 11441-1.2795-T 11 065-1.293-T
FAJENK 2220 Thermal expansion coefficient / K 1/(8 942-T) 1/(8 558-T)

%01 /135 % Dynamic viscosity/ Pa-s

4.55x10*exp(1 069/T)

4.94x10* exp(754.1/T)
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different temperature
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Fig.8 The radioactive decay chains starting from
232Th, 23SU, and 238U
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