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Optimization of uncertainty parameters screening in the physical process

failures of the secondary-side passive residual heat removal system
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Abstract  [Background] The study of physical process failures is a core aspect of research on passive systems.
Given that passive systems play an indispensable role in ensuring the safety and reliability of advanced nuclear power
systems, precisely identifying key parameters that influence the failures of passive systems holds immense
significance. [Purpose] This study aims to devise an efficient and reliable parameter optimization method to identify
high-impact parameters, thereby enhancing the reliability assessment of passive systems. [Methods] This study
focused on the Secondary-side Passive Residual Heat Removal System (PRS) of HPR1000. Firstly, a small-sample
uncertainty quantification screening mechanism that integrated Failure Mode and Effects Analysis (FMEA) with
parameter correlation analysis was innovatively constructed, and the FMEA method was employed to analyze

potential failures during the operation of PRS. Secondly, key uncertainty factors related to failure modes in physical
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processes were identified. Then, based on accident scenarios, a parameter list was determined and probability
distributions and variation ranges were assigned to each parameter. Subsequently, based on probability density
functions, Latin Hypercube Sampling (LHS) was applied to generate input sample combinations. The ratio of
instantaneous heat removal power to core decay power was taken as the key performance indicator, and the indicator
value at the moment when the system entered a stable operation state during the accident process was selected as the
evaluation basis. Through the best-estimate program, transient simulation calculations were conducted to obtain the
output performance indicator result set corresponding to the input sample set. Finally, the Spearman’s rank
correlation coefficient was chosen to measure the correlation between input parameters and output indicators,
completing the preliminary screening of parameters. Thereafter the ASYST was employed to conduct uncertainty
quantification and transfer on a small sample group (Group A, n=100) generated through LHS after 24 uncertainty
input parameters were determined through FMEA. [Results] By combining parameter correlation analysis, 11 high-
impact parameters, whose consistency and validity are verified through analysis results from a large sample group
(Group B, n=10 000), are identified. [Conclusions] Results of this study reveal that the small-sample screening
strategy proposed in this study exhibits both efficiency and reliability in the identification of uncertainty parameters
for physical process failures in passive safety systems. The findings of this study offer solid theoretical support and

practical technical references for uncertainty quantification and reliability design optimization in passive systems,

contributing to enhanced safety and operational efficiency in advanced nuclear power applications.
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#*1 FMEA 4R
Table1 FMEA analysis results

Frs s R EE S AT RER R AR P
No. Component Failure mode Consequences Possible causes
1 ZRRAES BRI RAVBGATL R FEOTREE AL, MO
SG i BE ) 5| EHE I OUX S 3G I Insufficient heat  Excessive decay heat in the
Excessive thermal load removal and core overheating risk due to reactor core
on single-train PRS single-train thermal overload
2 ARRAES HESHREREAMLE LA — [ ER BN R R BERGHE S A
SG 95 R Insufficient cooling of the reactor core ALk BRI A
Ineffective heat transfer Abnormal primary loop flow
from the reactor core to the preventing heat transfer from core
secondary side to steam generator
30 AFRAES ARRRAESKALRR PRS FN J5 R PR FRIR AR KA & S
SG Abnormal water level in Reduced efficiency after PRS activation Abnormal water level measurement
the steam generator in the steam generator
4 WPUKFE  BBUKFEVIIRIREE R A RERCRE TR IRE) RSB Wedii R =T R K A 5k
Heat transfer Excessively high initial w5 FEE 98N WEER =
tank temperature of the heat Decreased heat removal capacity due to Elevated ambient temperatures due
transfer tank reduced condensation efficiency and to extreme meteorological conditions
diminished driving force and seasonal factors
5 NESRHGHE BHE R EHGRL R BERCR TR IR S0 ) PRI 3 AL R 2R ) 3
HYA#EIEE  Degradation of surface heat 5 #HE J198/)N MR AR
E-HX transfer on heat exchange  Decreased heat removal capacity due to Surface property alteration caused by
tubes reduced condensation efficiency and oxidation, corrosion, aging, or
diminished driving force localized pressure
6  NERPE HAE TSR o BN AR E MIFE 738K A R AT AR BT BURLITRR R e SR AR
HARE  RIEZR BN, FEGT GRS T % Suspended particle deposition and
E-HX Flow restriction caused by ~ Decreased heat removal capacity due to corrosion product accumulation
deposition inside heat increased tube-side resistance and reduced
exchange tubes effective heat transfer area result in
7 MERPEE AEHEARUE BTV ES IS AR R T
A EIEE Accumulation of Reduced heat transfer efficiency JSANE 9l GawN
E-HX non-condensable gases Residual gas in tubes, dissolved gas
outgassing, and gas generation from
chemical reactions
8 NISAMKAE WIRAKEEEAE ANBEA R FE F BT HEB AR R IVFSE ViV Al e 2t
E-MT Insufficient initial water Insufficient compensation for steam Abnormal water level measurement
inventory loss during accident conditions in E-MT
9  HINEER RERsE R EIEEFERIIN, PRS R HAMEM R FALJEh R BT
v Degraded surface flow S ikhe ) T k% Oxidation, corrosion, impurities, efc.
characteristics Decreased natural circulation flow rate and
heat removal capacity of the PRS due to
increased pipeline pressure drop
10 RGEE  EEARIDRNFIERL EEEERIN,PRS REHAERRE  FAJEM R BTUTESS
System Degradation of flow iy a1 T B Oxidation, corrosion, impurities, etc.
pipeline characteristics on the Decreased natural circulation flow rate and
inner surface of pipelines ~ heat removal capacity of the PRS due to
increased pipeline pressure drop
3.4 THEMSHTHE ANSHUNE . R HIZ IR0 S BTk 1 1 je /R 2k

ARATE AR MEAR SRR (AL, n = 1000 [
SEE R AT M SRNE 70 M, DASIRBILS SR B8 AN 2 1P
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Table 2 Identification of uncertain input parameters

Frg R FRIR AN E VERI A Z 5L
No. Failure mode Associated uncertainty input parameters
1 RIS H RS FEAZ T Decay power
Excessive thermal load on single-train PRS
2 HERHRECRAEE SIS F3h{E %I ] Manual pump shutdown time
Ineffective heat transfer from the reactor core to R H ) E Moment of inertia of the primary
the secondary side coolant pump
3 AIRRAEGKAELH BRI BAI0R /K AL
Abnormal water level in the steam generator Initial water level of the steam generator
4 HHOKFERIIGIL R L HeBoK I AR IR
Excessively high initial temperature of the heat transfer tank Initial temperature of the heat transfer tank
5 RNRRGEH A A S AE R TE R AL L AR FAHE HH VA 1 25 B e 2 R 3
Degradation of surface heat transfer on heat exchange tubes L AR AR VA E AR e e R 2
of the E-HX Heat transfer coefficient on the tube side of the E-HX
Heat transfer coefficient on the shell side of the E-HX
6 RLURFGHE A I B HIE TR S BOR I SZ B B2 AR HRHE L 72 0 25 0 BB
Flow restriction caused by deposition inside heat exchange AR P A E SR A N AME
tubes of the E-HX Number of heat exchange tubes in the E-HX
Inner and outer diameters of the heat exchange tube in
the E-HX
7 BURRIEEH A B AN B SRR JOL AR A HH 74 B0 25 I e A R A
Accumulation of non-condensable gases in the E-HX Heat transfer coefficient on the tube side of the E-HX
8 R KMYIA KRR R A KA 7K AL
Insufficient initial water inventory in the E-MT Water inventory in the E-MT
9 HEKE IR R IR RER AL BRI R
Degraded surface flow characteristics of the TV AR BRI ) 28

Coefficient of local resistance of the steam line
Coefficient of local resistance of the condensate line

10 EiE AR IR IER L ARABURHRIE ) Z25L
Degradation of flow characteristics on the inner WK B R BE ) &= 4L
surface of pipelines Coecfticient of local resistance of the steam line

Coefficient of local resistance of the condensate line
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Fig.2 Combinations of uncertain input parameter sample (color online)
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Table 3 Correlation coefficients and significance levels between input parameters and output parameters

Fa AEMASE 5 Y A 2H Group A B #H Group B

No. Uncertainty input parameters Symbols Range r p r p

1 FEAR T2 Decay power P, 0.5,1.5) 09390 <0.000 1 0.944 0 <0.000 1

2 e IK AW UAHR JE Initial temperature of the heat transfer tank 7, (0.92,1.12) 0.128 6 0.2022 0.085 8 <0.000 1

3 T-51% %2 7] Manual pump shutdown time oo (0.95,1.05) 0.1213 0.2294 0.004 6 0.648 3

4 Wi — F R E I, (0.5,1.5)  0.0190 0.8512 0.0045 0.6572
Moment of inertia of the primary coolant pump in Loop 1

5 Wi — ERE N I 0.5,1.5)  0.0134 0.8950 0.0019 0.8516
Moment of inertia of the primary coolant pump in Loop 2

6 Wi = F B = I (0.5,1.5)  0.0577 0.5688 0.0106 0.2922
Moment of inertia of the primary coolant pump in Loop 3

7 IR — 2R AR 2846 7K AL W, 0.9,1.1)  0.1056 0.2958 0.0047 0.6377
Initial water level of the steam generator in Loop 1

8 PRS H41—7ZVA B R%L K 0.5,1.5)  0.0474 0.6398 0.0381 0.000 2
Coefficient of local resistance in the steam line of PRS Train 1

9 PRS 51— ¥4kt /K Bt /1 20 Coefficient of local resistance K, (0.5,1.5 02008 0.0452 0.1825 <0.000 1
in the condensate line of PRS Train 1

10 PRS RHI—M 2R AHEH A E1 85 e #0912 Inner diameter iy 0.5,1.5)  0.0478 0.6367 0.0059 0.5600
of the heat exchange tubes in the E-HX of PRS Train 1

11 PRS R R 2R A H A H 85 i 4ME Outer diameter  dy 0.5,1.5)  0.0013 0.9896 0.0180 0.0751
of the heat exchange tubes in the E-HX of PRS Train 1

12 PRS B — MR HHE A0 35 e B 4L N, 0.5,1.5)  0.0744 0.4617 0.0041 0.684 2
Number of heat exchange tubes in the E-HX of PRS Train 1

13 PRS RHI— N AR A H A E 2B 4534 R4 Heat transfer /1 0.5,1.5)  0.0126 0.9008 0.0106 0.293 1
coefficient on the tube side of the E-HX of PRS Train 1

14 PRS RHI— 2R MHEH A EI 25 520434 R4 Heat transfer Ao 0.5,1.5)  0.0222 0.8263 0.0034 0.737 1
coefficient on the shell side of the E-HX of PRS Train 1

15 PRS & —#KfKEE C (0.95,1.05) 0.0044 0.9657 0.001 8 0.8573
Water inventory of the E-MT of PRS Train 1

16 RS 2R ORAESRVIMG K AL w, 09,1.1)  0.1275 0.2064 0.0033 0.746 3
Initial water level of the steam generator in Loop 2

17 PRS RHIZZIREH I R EL K, 0.5,1.5)  0.0673 0.5062 0.057 7 <0.000 1
Coefficient of local resistance in the steam line of PRS Train 2

18 PRS R ZAHEKELFH /1 24X Coefficient of local resistance K. (0.5,1.5) 02732 0.0060 0.1850 <0.000 1
in the condensate line of PRS Train 2

19 PRS R N SR HHEH A H 8 48 N 42 Inner diameter  d 0.5,1.5)  0.0684 0.4990 0.0073 0.468 6

of the heat exchange tube in the E-HX of PRS Train 2
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Bk

Fr5 AEERMAS K

No. Uncertainty input parameters

G G A% Group A B #H Group B
Symbols Range ‘ r ‘ p | r | p

20  PRS RF N AR MHEH A H 83 3 #43 4ME Outer diameter

of the heat exchange tube in the E-HX of PRS Train 2
21 PRS R "N SRR A AN 88

Number of heat exchange tubes in the E-HX of PRS Train 2
22 PRS R "R GUARHHR A K043 U #4455 % Heat transfer

coefficient on the tube side of the E-HX of PRS Train 2

23 PRS ZRH| N A #GHE A H1 88 5500 4 B R % Heat transfer

coefficient on the shell side of the E-HX of PRS Train 2

24 PRS RH “AhKAEKHE
Water inventory of the E-MT of PRS Train 2

dy (0.5,1.5)  0.0692 0.4939 0.0139 0.168 4
N, (0.5,1.5) 0.0779 0.4412 0.0062 0.5399
hy (0.5,1.5)  0.1380 0.1709 0.0058 0.564 3
he (0.5,1.5)  0.1559 0.1215 0.007 6 0.449 2
G (0.95,1.05) 0.0712 0.4815 0.0097 0.3367

IIMTEE B, 5 ML S G AT &, U 5
B R P — AN H R H B E AL
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K. X BRI T EARZKAE T, UK
FERG G T R AT W AT B S EUE BPUR . ik
DRI /INBE AR G T T 2804 JE 1 8t T v AE E B S A, AN
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K p < 0.25 (12 BB R Bl o B AN 52 ME SN
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Fig.4 Critical uncertainty input parameter screening
(color online)
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