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Abstract  [Background] The lithium-cooled fast reactor coupled with the Stirling thermoelectric conversion
system (STCS) is suitable for space nuclear power systems due to its high energy density and reliability. However,
the complex multiphysics coupling analysis under transient accident conditions poses challenges. Existing studies
primarily focus on steady-state performance, lacking systematic transient analysis of accidents related to the power
conversion model, which limits the evaluation of system safety and self-regulating capabilities. Therefore, developing

a high-fidelity transient analysis program to validate the safety characteristics of the lithium-cooled fast reactor
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Stirling system is crucial. [Purpose] This study aims to develop the NUSOL-LMR-Li transient analysis program for

the lithium-cooled fast reactor STCS and analyze accident scenarios to validate its safety and self-regulating

capabilities. [Methods] Firstly the NUSOL-LMR-Li program was developed, which integrates models for core power

calculation, thermal-hydraulic analysis, heat conduction in structural components, and thermophysical properties of

liquid lithium. Then, the Schmidt isothermal analysis method was employed to establish core Stirling thermoelectric

conversion model to achieve precise coupling with the lithium-cooled fast reactor, and the fully implicit discretization

of convection-diffusion algorithm was validated through a single-tube flow case, demonstrating stability independent

of time step size. The core power model achieved computational errors of 0.53% and 0.32% under positive and

negative reactivity insertion conditions, respectively, showing high agreement with analytical solutions. Even under

large step positive reactivity insertion, the error remains within an acceptable range and increases slowly over time.

Finally, the Stirling power conversion model was verified using the NASA RE-1000 Stirling prototype and SP-100

system loop tests, and simplified modeling was conducted based on the SP-100 reactor, and transient analysis was

conducted for typical accident scenarios, including reactivity insertion and regenerator blockage, to evaluate the

system’ s response characteristics. [Results] Verification results for RE-1000 Stirling prototype and SP-100 system

loop show a maximum error of 3.8%. Analysis results on the basis of SP-100 reactor demonstrate: 1) A 0.1 $

reactivity insertion increases core power to 534 kW, stabilizing at 466 kW via negative feedback, with an outlet

temperature rise limited to 14.7 K; 2) Regenerator blockage reduces Stirling efficiency to 22.24%, but the system

reestablishes thermal balance by lowering the hot-end temperature to 1 023 K and raising the cold-end to 692 K,

recovering efficiency to 26.8%. [Conclusions] The NUSOL-LMR-Li program proposed in this study demonstrates

that the lithium-cooled fast reactor with STCS exhibits robust self-regulation and fault tolerance under transient

accidents, providing both a high-precision analytical tool and theoretical support for the safety design of space

nuclear power systems.
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Implicit Scheme) =142 il 77 F2 ) B HUR 48, H A1 HT A

it ggwer . V5 Vs)
+
At
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TE S B R BHESE T, B & 7 7 FEAKFE T4 F(x)= [Fl(x),Fz(x),...,F,,(x)]T =0 (19)
EEREAT E S, T B SR T RR S Be R T E T AR oF F— "
TR R R RS 7 B e ¥ =F () 20
NASFE A, F AR 26 14 J7 72 41 1 4 B2 o] 1 0 Dl J+ xF = x5+ oxt 1)

2N. K H Newton-Raphson 145K AR , 75 it
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ch Vi, Py ohyo] (22)
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3.1 2RESEERBILKEREM SR
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7 RERSIREE
Fig.7 Flow schematic of single-pipe system
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Fig.8 Flow velocity variation over time at pipe outlet (color
online)
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3.2 HERTIERITERBLIE

FJ FH NUSOL-LMR-Li 3R fif 2 A 55451 5 12 55 451
FERMT VS 25 RO AT X L, DLBG IR RR 7 HE 0 Th R

THERE R R 1
3.2.1 B BR OE 2 N PE 3 3 $AE P b
N(t) 25

TR AMESHRR 1A H . BEMKKR
N p=0.003 , i5f [8] 254K h=0.1 s, ¥4 o T2 N(O)
=1.0 cm”, 3K AE 1 s T35 B Com™) (B 2 A6 1
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i NUSOL-LMR-Li fit) #E 305 Th 2 i SR A ik 47 o 55
75 W 45 S 5 RS B AR EE AT LL B 18 9 B, TT DL
L 7E S NB R IE SONE TLN E A AR —
B, BRARZE N 0.53%, HORWIAS /N, B2 7 1 F S 1

B o

=1

PFRNNFEH

Table 1 Neutron kinetics parameters of thermal reactor

A5 AR, GeR T THRBAR L,

Group Decay constant  Effective delayed
2,18 neutron fraction f,

1 0.0127 0.266x107°

2 0.0317 1.494x107°

3 0.115 1.316x10°

4 0311 2.849x107°

5 1.40 0.896x107°

6 3.87 0.182x107°

AR ] 0.000 02

Neutron generation
time 4 /s

]

T
1.0 =
7 © Analytical Solution
5 NUSOL-LMR-Li
& 0.8
wn
g
2
s
£ 06F
=
v
z
04 3
1
0 0.5 1.0

Time /s

10 Brik g s v i 5] AH | NUSOL-LMR-Li
HEEADL4E AT B CR2 B DL IX 2% i)
Fig.10 Comparison of simulation results for step negative
reactivity insertion case using NUSOL-LMR-Li (color online)

DL & B RLE 5 NS5 T B 7
3.2.3  BIHURERIE SR NPESL B T $AE  rh %
NG
KEGIPIH R R RMES SR 8 E
B BR S B p=0.007, IS TE] 22K h=0.1 s, HIUG 1%
FENC0)=1.0 cm™, 3K fFE 1 s AT % & (em™) IS
AT RE . R EE AT RS AR R i v S R
i, 0 i HE S D R AT AR R FE P SR AR 5 R S R
fiR F X EE (2R 2D AT LAE H 5 RIE 2 55 K F s 4 3t
F R REWRIR R W 2 N, 1 4
5 AT — SR, L B TRD (R 3G 0, 1% 22 1 1
KA 2218,

£2 KMEBRIER RSN (p=0.007)E 5] NUSOL-LMR-Li
BRI RAFTEE

S s
} ©  Analytical Solution
£ NUSOL-LMR-Li | |
5 1.6
a
=
£ 14 ]
1
z
1.2 4
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1 1 Il 1
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Time /s
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Fig.9 Comparison of simulation results for step positive
reactivity insertion case using NUSOL-LMR-Li (color online)

3.2.2 BB ER A S MR B T BOE N v
Nk 25 Me [

KEF PR ES SR -8 e
B BRSO RE 1 p=—0.007 , IS A 254K h=0.1 s, W1 UG %
FENC0)=1.0 cm™, R fi# 1 s WH F 23 (em™) BB S
B FR o R BUE R IR B AR A R i 2 B
I, F R B HE S D Faat B RS I 4
G RERfARREAT LU, S5 SR 10 B, i LU
TE 5 NP BRSSO W A R — 2
BRI ZE N 0.32%, TR BB

gE LT, 7R OE SO BR OB N TR
NUSOL-LMR-Li fJ #4015 45 B 506 i g 1wy &
B, R TR S D ER T SRR ) IR A, TT

Table 2 Comparison of NUSOL-LMR-Li simulation
results for the large-step negative reactivity insertion (p=

0.007) calculation case

A Hff i FEFF R4S AR R 22
Analytical Simulation results of Relative error
solution NUSOL-LMR-Li /%

45.223 03 453021217 0.174 892 53
159.725 7 161.042 622 4 0.824 490 005
518.896 1 527.373 141 8 1.633 668 4

1 667.286 1708.844 673 2.492 594 14
5345.879 5526.095 263 3.371 125 00
17 139 17 861.877 74 421773579
54 894.93 57 727.283 73 5.159 590 75
175 890.5 186 560.646 8 6.066 357 66
563 570.1 602 913.086 1 6.981 027 93
1 805 726 1 948 445.105 7.903 696 62
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3.3 Hr¥FeRIR R A AR BYGIE ISVE. 235 H T RE-1000 [ 568 % iF 280, IF

e o T R 4 R 5 90 W B O A L —

330 FHSRESAISHOGE R 2 163%. ., U e

NASA Z 5L Sunpower 23 A BFHIE MR T30 g o v g i 152 1 43047 42 0 06 7T 5 1 O
LW SEHR R SHLRRE-1000. BEFERHILI 4y

SEIR A5 R X BT AL ) R MR AR AT T b
#3 RETHARS M R E AR

Table 3 Comparison between model predictions and experimental measurements

ZH RE-1000 #HL i 1HE EEDNEN xR 2
Parameter RE-1000 prototype Simulated value Relative error / %
[k 2 &) 45 /% Expansion space temperature / K 839 838.3 0.08

J 4 2 )3 J% Compression space temperature / K 318 317.3 0.23

V14 71 Average pressure / MPa 7.0 7.0 0

WRF ARG IR 250% Stirling cycle efficiency / % 30.6 31.1 1.63

3.3.2 %E‘{/Q\'/E;ﬁ'q%*/kﬁﬁﬂ: IE E%‘H‘%: Upper02

FE T SP-100 R G0 ¥ i A VA PR HE STCS [a] it 2
B AR AR 11 %, B R ZE M IS , o
S N F R R B S AR NL Uppero
F)— VM e AT , 52k 5 P ML B s (i)
B A B i i 3ot T TS R B, LT 2 ) B £
THEN T S5 s % CF 800, S 52 Ak B A 16 35
3R [V HE SN 1, M 5 B AR R . — Vol T
R UL 5 307 L S 45 s 4 0 S 3 320 5 4 Core
S A TR BRI
o AR B R4 STCS FIIE 25 22 4 45 M
T, AW I ST 3 EWHF R NUSOL-LMR-Li f£
FEoT&, Jsr T IR HERAZS I 47 T 00 MR, % B vpIpE

TR A B B M T I 5 22 4 A BT T 4 1t A b B
BRI % R 5% . DO 7o 212 A

Fig.11 Modeling node diagram of Stirling thermoelectric
ARYE SCHRL10, 19 R RGN ML 24, conversion system in lithium-cold fast reactor

THE T3 3 Z R TR IS H S S R HE RIS B
GEE RO T3 4, BRSNS, ek pa e TR R RUIETR AL A0 E M B AT IER . 4R
ST IR AR — IR 2 R S LI T TS BT IR AR S A R BRI R B

R4 FRRRHE-THMARGIRSATISENILE

Table 4 Steady-state thermal-hydraulic parameters of LFR-stirling system: calculation vs. design benchmark

2ndTDVout
Stirling

| { :| ‘ COLDside

2ndTDVin

HOTside

[[TTTTTT]

IstTDV

ZH THEAE Pangicl AHXS 1R 2
Parameter Calculated value Design value Relative error / %
HEXSH IR Core thermal power / kW 455.037 455 0.008

LS H 1R E Core outlet temperature / K 1358.701 1350 0.644

HECSHE RS Core inlet temperature / K 1318.401 1310 0.641

RN H 1R Secondary side outlet temperature / K 643 637 0.941

R AR P~ 3R B Average stirling hot side temperature / K 1 318.371 1318 0.028

Wrke AR v ~F Y36 Average stirling cold end temperature / K 660.371 660 0.056

W MRAIG FR 2% 2K Stirling cycle efficiency 0.415 0.4 3.750
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Fig.12 Changes of core power over time under reactivity

insertion accident
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Fig.13 Variations of core inlet and outlet temperatures over
time under reactivity insertion accident (color online)
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Fig.14 Change of secondary side outlet temperature with time
under reactivity insertion accident
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Fig.15 Change of Stirling cycle efficiency with time under
stirling engine regenerator blockage accident
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Fig.16 The average temperature changes over time in the hot
and cold sides of a Stirling engine under Stirling engine
regenerator blockage accident (color online)
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Fig.17 Change of the outlet temperature of the secondary side
over time under Stirling engine regenerator blockage accident
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