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Abstract  [Background] Core fuel salt emergency drain system designed for fuel salt drain and afterheat removal,
provides a safe shutdown mode for a molten salt reactor (MSR). It has important significance to evaluate reliability of
the system for the safety of MSRs. [Purpose] This study aims to quantitatively analyze the failure probabilty of the
system and identify the pivotal factors that affecting the system failures, and provide suggestions for optimization of
the system in engineering application. [Methods] First of all, the fault tree analysis was employed to model the
reliability of the core fuel salt drain system of MSRE through RiskSpectrum software. Then, the minimum cut sets
and importance analysis was adopted to identify the most important basic event in fault tree of the system. Finally,
two optimization methods, i.e., reduce the use of welds in bayonet cooling thimbles, and use different types of valves
to isolate cooling gas flow of freeze valve, were proposed. [Results] The results show that failure probability of the

system is 5.62x107, and the identified pivotal factors affecting the system failures are welds leakage failures of
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thimbles and common cause failure of two groups valves of freeze valve. The optimization methods based on results

of fault tree analysis can significantly reduce the system failure probability. [Conclusions| This study provides

reference value for design and engineering application of the core fuel salt emergency drain system for MSRs.

Key words System reliability, Molten salt reactor experiment, Core fuel salt emergency drain system, Fault tree,
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Fig.1 Schematic diagram of MSRE core fuel salt emergency drain system (a) and schematic diagram
of afterheat removal system (b)
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Table1 Component failure modes and effects analysis
e EN R EALF
Component name Failure modes Effect analysis
BB 103,105 106 TR it MO ERMER , HE SR I A e
Piping 103, 105 or 106 Rupture or leak Fuel salt leak from line 103, 105 or 106, failure of drainning
A1 B FV-103 FIITFR L HEE I 3 AR SE AR
Freeze valve 103 Fail to thaw Fuel salt can not be drained by gravity
BRI EE TR m H 3 ) UG R R R WEA 74 B R AL
Thimbles Rupture or leak Fuel salt leak from thimbles, the tank fails to storage salt
oot E s AR it FOEL T AR ) SR R R BAGHE L 72 B KOG PR i e
Bayonets Rupture or leak Steam drum water leak from bayonets, circulating water fault
257K E3E 806 R [ FIITFR L R AL KRR
Valves of line 806 Fail to open Failure to supply water to steam drum
A HIKIE IBATRRL [F1) ¥4 Tk s A N B 1 KK R 2K
Cooling water pump Fail to run Failure to supply tower cooling water to condenser
% 17 Il HCV-882C1 AR E ARSI & A I T2 KR
Diversion valve HCV-882C1 Fail to change in ~ Failure to supply process water to condenser

position

B 804,878, 802 FIvA-tas i fhviEy T et FRITEG AR » A% #AHE 7% JR A e

Piping 804, 878, 802 and heat

exchanger tubes

S5 1® HCV-909A1,HCV-9
FESh A F R )
Pneumatic valve HCV-909A
and outlet valves of FDT

A UR IR FV-108, FV-109
Freeze valve 108 and 109
HehiilE AV EE

Fuel drain tank and thimbles

H SR S 1)
Valves of inlet line in FDT

10A1

1, HCV-910A1

Rupture or leak

ANRELRFFALE
Fail to remain in
position

FIFRAL
Fail to thaw
AL B

Rupture or leak

HIFSRA

Fail to open

Steam drum water leak from pipes, circulating water fault

HE SR HEIN R R W8 H TR SR R R RS
Failure to pressurize the fuel drain tank, fuel salt can not be trans-
fered by Helium gas pressure

BRI BL108 1 109 5695 K24

Fuel salt can not be transfered through line 108 and 109
HEERRE ST RO , HlE SR RN s 2k 2%

The integrity of FDT fault, failure to pressurize

the fuel drain tank

FURTCVEFENFHRER G , HF SR EE N s 2K 2

Failure to pressurize the fuel drain tank by helium gas
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Fig.2 Fault tree for core fuel salt emergency drain system
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Fig.3 Fault tree for failure of freezing valve FV-103 to thaw
on demand
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Fig.4 Fault tree for failure of afterheat removal system in fuel drain tank #1
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FDT - 1 Falis to
Transfer Salt

——T
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| Falis to Close

FDT - | and Q

Thimbles Leak

Failure to
Pressurize FDT -1
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Fig.5 Fault tree for failure of transferring fuel salt from
tank #1 to tank #2
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T RSN EEEBARSEHE. DR THESEE
TR 555 5200, 5 00 R L4 Mk 0 A T R SO R 7R
HBEATAEIED, Hop i A2 I N 7 R 7 Al 1H N 1.5, 4
MBS IE R AR P A T8 2,00 R G0 I8 I e sk 8
W3 FroR. 5N EHE 32 IREFHRMTTIHINE
EREIE S R E a3 K o gl IR S v
P, U 32 IRAMEE H LR AL PO -

P=1-(1-p)* (M

A p NERARSNEE B R AR . 32 R AP [AE
BUR I 5 30D T 5 R A ] .

F2 EMHATEMHRE
Table 2 Component reliability data

B2 Component types FARIY Failure code KK Failure rate LA Units ®ZE K Error factor
S Zh1 Pneumatic valve FC 1.20x107° /demand 1.62

FO 8.40x10™" /demand 5.00

PR 1.20x107 /h 3.00
HLRZ I Solenoid valve FC 1.70x107 /demand 2.30

FO 1.00x107° /demand 2.66
¥ 17 [ Diversion valve CcpP 3.00x107° /demand 2.28
A3 Hs 7% Transformer FR 1.00x10° /h 3.00
&Y H1 /K ZE Tower cooling water pump  FR 2.95x107° /h 3.70
& Bk Piping section RU 1.00x107 /h 30.00
J5 4% Welds RU 3.00x10” /h 30.00
ka4 Heat exchanger tubes RU 5.00x10” /h 10.00

*R3 ERREBEYKE
Table 3 Piping sections and welds number
& B Piping section EEH JREEHL BIERH SRR
Piping section number Welds number Correction factor Total failure rate / h

103 5 3 3.0 420107
105, 106 3 2 3.0 2.70x10°
806 10 10 1.0 4.00x10°
878, 802 2 3 1.0 1.10x10°*
HARAME Single thimble 2 1 3.0 1.50x10°
AR A ) Single bayonet 5 6 1.0 2.30x10°

T DL R A T 545 2 MSRE HE B S HE SR
RGR RN 5.62x 107, A 52 M BT I 418 A

5.61x107, 90% & 15 K1 T BRAE (5% 4 i) A
6.31x107°, FALAE N 1.50x107™, | FRAE (95% 43 HrfE)
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| £E (Minimum Cut Set, MCS) . HEO N 28 R4;
PR BT R A A K T 1% O MCS 1142 4 B o

B /N EIEE 1.2 1 2 AR S 4R FDT1-TB-RU Al
FDT2-TB-RU %3 7 A4k £ & FDT-1 #1 FDT-2 [ 4 &
ERAEWR . HEERRE RN EE RIS R 2 —iE
Bt , H FDT-1 8, FDT-2 7 & 5 K 0 3 4 2K 30
KA TTHREE N 42.68% » [R 0 A0 B 45 il 24 B kRS 2R 2%
R B AR S A

B /N E4E 3.4 1) 2R HH fF HCV-919A2B2-
ALL 2 1 i I/ HCV-919A2 #1 HCV-919B2 £ [A] 2k
3, HCV-919A1B1-ALL & < ) )] HCV-919A1 Al
HCV-919B1 FL[H 2 &% . P A Rl I 3 [ER] 2k 380R0 1
AN B0 18] D5 S 3800 2R G0 2R 802 1R Dk P 43 oA
7.26% F15.12% , X} R G5 R — e 52
33 EEESMH

PR R I T ek By 4 B S RN AT A A -
£5 # % J¥ (Fussel-Vessely Factor, FV) . 51 #ik 1y i
(Fractional Contribution, FC)  JA [ [ & [X] 7 (Risk
Decrease Factor, RDF) I X [& 34 i Al ¥ (Risk
Increase Factor, RIF) . FV Fll FC Jxz Bt 3 A 554 X 10
AR R A AR XS DT RR K /) s RDF 2678 28 AR S0 2 A2 iR

x4 BONAHRRAGHERN & DEIEER
Table 4 Munimum cut sets of core fuel salt emergency
drain system

e M G FAR S
0. Probability Portion / % Basic event
2.40%10™ 42.68 FDT1-TB-RU
2.40%10™ 42.68 FDT2-TB-RU

4.08x107° 7.26
2.88x107° 5.12

HCV-919A2B2-ALL
HCV-919A1B1-ALL

J;b.)[\)»—az

RN 0 5] T FAF K AE MR I/ A2 46 % RIF &
INFEAFA R AR Y | 5] TR A & AR 1
AR . FV FI 4 8 RN R R Z AR R
JA 6 B B (1), RIF 25 22 5 1l 6 28 40 ) B3 1 75 oK
FEPE , RIF B 3R B R 8t 75 BB - e ]

A B S N S HE £ 2R G s U
i H Otk R KT 1% W AR FAF T EEE o H,
HEIFEAR TS MCS ST 1 — 20 HE R
F5FTN. RIF EEEN 1.78x10°, KB R G054
B ORRE AT bk A IR 1 3 R 2 i 7 SRR — 3

RAHEH R RGMEEINEE, B FDT-1 &K #4
HEH R Gk o DTk 2K T 1% B A SR AT
BB, L6 fin. IWFVEETRE, A
HAFFDT1-BYN-RU G #4 0 2F  [8) 5 & A2 i 24O %)
AR IHEH R G0 R RO 1 DTk = IE 91.70%. R
HHEH RS BEARGER BT EIRA EIK G H
IR SRR PR R HE R RE R A RAR R
Mo BER 2. MRIF EEERE, RINHH RETH
LR A 48 7K TE 806 AITVA kK [nl i & i 878,802
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Table 5 Importance of partial basic events in core fuel salt emergency drain system

HEAHM FILEESE RS FEARG A 5 e biES s U
Basic events FV RDF RIF Sensitivity
FDTI-TB-RU 4.27x107" 1.74 1.78x10° 7.86
FDT2-TB-RU 4.27%10™ 1.74 1.78x10° 7.86
HCV-919A2B2-ALL 7.26x107 1.08 1.78x10° 1.77
HCV-919A1B1-ALL 5.12x107 1.05 1.78x10° 1.53

*6 —SEARHLAGUENELAEHERE

Table 6 Importance of partial basic events in No.1 afterheat removal system

HAFF IR IR B AL 5 W2y IS S TR
Basic events FV RDF RIF Sensitivity
FDT1-BYN-RU 9.17x10™ 12.00 2.49x10° 52.90
FDT1-806-RU 4.98%x107 1.05 2.49x10° 1.52
FDT1-878-802-RU 1.37x10° 1.01 2.49%10° 1.14
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Table 7 Rationality analysis of two optimization methods

AT HHE
Optimization methods ~ Rationality
1 FERIE TRV, B AT i RS8R, BRI B R R

Under the conditions allowed by the manufacturing process, reduce use welds in thimbles and bayonets,

complexity of pipe can be lowered

2 SR AN ) S PR B8 AP Dol S D] 5 2800 140 1A R A 1 21 R0 T 5 [ S AN SR S5 7 HE 3B AT I 74 5 I

TRFFA VAR

Use different types of components, lower effect by common cause failure on freeze valve thawing,
meanwhile do not affect the freeze valve's freeze mode when reactor is operating

1 BL_E AR AL 5 V0 2 G i AT T S B A
B RGN RBMEZE N 1.40x 107, LY PN R Gtk
I 2.5%. DLACTT I T AT B AR R et it , HL
TR BA S BTN, O RGN RN AT A
Bt S%.

4 5B

A SCER S MSRE HE0 b S HE 2R R Gt i e
T RS T A 5 RGBT iR S
S 3 A, VE AR M B ST R A . vk, I A
TAEA A% ) [F) S 2R 3042 1) 36 ) S P 5090 PO R 2
AN ERAE AT 2 M B b AT
SRR

D e T A R i A
fF, — AN HEER FE R 7N H B 2L 2R 3O R G R
M TTHREE N 42.70%. P EFHAEFEUSEHIENSR
B2, SR E S HEL FEAT/E SR ocBGE . R R
GUR R SR R AR AP EE AR R Sk, ]
(1) PR 2 38002 22 G0 HH A g B () SR AR A T 48 A
TOA A ) A SR AR A I R AR R B R 2

20 MR 4 AR 2 Bt &5 SR W A AR T e < Rk
D BEE R TUR IR SR BUR R A R SR A
BEHAGRRG . ML ARSI KRAERAN
5.62x107, AL G R G0 R 28 1.40x107, 29 FE %
HNERGARALHT ) 2.5% , AT = A TR 47

A LA X MSRE HECs N S HE 3 R 5 22 4
PEAN IR A 9, S W B iR I R R A T AR OG
B AT A, EL S 08 S s 138 AT S A B
UK, RIS 45 IR 5 SeBR A — R 2% .
@ IR R RGN &R, A
MIARA 5 5 AT AT R R4S ShHE B S HE L R 4t
) TARE N S W it 5% .

EETTBRARR R TR LRI, R
WAL T BT SCE I R E  OTR B X
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