HA9H ES

2026 %5 H

La! #% #; A NUCLEAR TECHNIQUES Vol.49,No.5

www.sciengine.com/NT May 2026

mE

£-T SPND M iy BB iR AR E T B R E 7K
TR 5 I IE SIS 2 #h
AR Fod! Fwig skiiHE' fEE ERrRE
L2 20lK % AR SEARER 1% 710049)

20 AR B IR AF P44 710061)

Ly 28 53 A B E S 96 AL B A HE RS ) S PR I8 AT T 3R A B B 5 W B BB U S a5 R — SR S B A

T, W TR B AR AT SENE B T IR HES S PR AT R S R TN A — BORE . ERHES TR A
SICIUMEL AR SRAT AT 4 PSR 8 T S80S PR T SRR o A SRR T K HE S 0 B A AP 5 PAY 500 8 i 7

IR LS R LR R T A AT R A3 BT I AT R o AR SCHE T PN 22 A8 a R 2 A% LR TH S 3 (Nuclear
Engineering Computational Physics, NECP) [41BA E T 6T &% ¥ s 7K HE HE 2540 2 73 B7 # £ NECP-Bamboo , T J& 25 T
N H 4 e THRI2E (Self-Powered Neutron Detector , SPND ) i & EE 4% 1 T 558 11 Th 2 43 A1 BAIE SE 36 70 4 » 58
B0 T I L L I PR Y T BT R HE Ty R AT U6 UE 25 SR TR . T AP 1000 HE TR S Bl K 1) B 45

1 , NECP-Bamboo #4155 SPND Wi 5 H ¢ FERS 752 35 2 2 T B4R AP 1000 JiR 25 % F #0#F 5 4 FH SPNID i o7 £
VRS HETH R Be A RUPRAR T2 20 A1 (10357 22 , NECP-Bamboo #0135 22 /N T AP1000 Ji7 258 L F #c1.

KT

DR ARIE, AP1000, Hehe 7HR4s, NECP-Bamboo

hESES TL329
DOI: 10.3724/5.0253-3219.2026.hjs.49.250291
CSTR: 32193.14.hjs.CN31-1342/TL.2026.49.250291

PWR core power distribution verification experimental analysis based on precisely calculated
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Abstract  [Background] The power distribution verification experiment is critical to confirm consistency between

a reactor core’s actual operating power distribution (measured value) and reactor physics design software
calculations, as it evaluates both software reliability and alignment between the core’ s actual operation and design
predictions. However, accurate core power distribution measurements rely on in-core detector response signals, and
traditional Pressurized Water Reactor (PWR) core physics software lacks sufficient accuracy in calculating Self-

Powered Neutron Detector (SPND) response current—this undermines the reliability of power distribution
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verification. [Purpose] This study aims to address the inaccuracy of traditional software in SPND response current
calculation and its impact on power distribution verification with emphasis on the comparison with that accurately
calculated by using NECP-Bamboo (a PWR core physics software independently developed by the NECP team of
Xi’ an Jiaotong University), and quantitatively analyze how this precise calculation improves power distribution
verification results. [Methods] Firstly, the actual measurement data from an AP1000 reactor core were collected,
including SPND response current and corresponding actual core power distribution data. Then, the NECP-Bamboo
was used to calculate the AP1000 core’ s SPND response current under the same operating conditions, and these
values were compared with the measured data to assess the software’s accuracy. Subsequently, the core power
distribution was derived using NECP-Bamboo’ s calculated SPND response current following standard procedures.
Finally, statistical indicators, i.e., root mean square error, relative error, were used to quantitatively compare errors
between the two software. [Results] Based on the AP1000 core’ s actual measurement data, the verification results
show clear advantages of NECP-Bamboo: its accuracy in calculating SPND response current is significantly higher
than that of the original dedicated software; using its precisely calculated SPND response current effectively reduces
core power distribution verification errors; and its power distribution error is consistently smaller than that of the
original software. [Conclusions] Results of this study confirm that NECP-Bamboo outperforms the in-service
AP1000 original dedicated software in SPND response current calculation for PWR cores; its precise SPND response
current calculation directly reduces reactor power distribution verification errors, enhancing the reliability of results.

It indicates that NECP-Bamboo can serve as a reliable tool for PWR core physics analysis and power distribution

verification in engineering practice.

Key words Power distribution verification, AP1000, Self-powered neutron detector (SPND), NECP-Bamboo
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Fig.9 The error between the power distribution calculated by NECP-Bamboo and the measured power distribution (Bu=
9 764.6 MWd-tU™) (color online) (a) The measured value based on the calculated value of NECP-Bamboo, (b) The
measured value based on the calculated value of the original dedicated software for AP1000
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Fig.10 The error between the power distribution calculated by NECP-Bamboo and the measured power distribution (Bu=11 271.7
MWd-tU™) (color online) (a) The measured value based on the calculated value of NECP-Bamboo, (b) The measured value based
on the calculated value of the original dedicated software for AP1000
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Fig.11 The error between the power distribution calculated by NECP-Bamboo and the measured power distribution (Bu=
12 642.5 MWd-tU™) (color online) (a) The measured value based on the calculated value of NECP-Bamboo, (b) The measured
value based on the calculated value of the original dedicated software for AP1000
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12 NECP-Bamboo i35 # 73 Afi 5 52PN Dy 37341 (12 22 (Bu=15 132.3 MWd-tU™) CR2 & WL 4 2% ff)
(a) SLMIMEFE T NECP-Bamboo i B HLR THEAE , (b) SEIMESE T AP1000 556 & F B0 B FLA TS AE
Fig.12 The error between the power distribution calculated by NECP-Bamboo and the measured power distribution (Bu=
15 132.3 MWd-tU™) (color online) (a) The measured value based on the calculated value of NECP-Bamboo, (b) The measured
value based on the calculated value of the original dedicated software for AP1000
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Fig.13 The error between the power distribution calculated by NECP-Bamboo and the measured power distribution (Bu=
16 214.8 MWd-tU™) (color online) (a) The measured value based on the calculated value of NECP-Bamboo, (b) The measured
value based on the calculated value of the original dedicated software for AP1000
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Fig.14 The error between the power distribution calculated by NECP-Bamboo and the measured power distribution (Bu=
16 687.5 MWd-tU™) (color online) (a) The measured value based on the calculated value of NECP-Bamboo, (b) The measured
value based on the calculated value of the original dedicated software for AP1000

14

—— Bamboo_Cal-AP1000_Mea(Max Positive Error)
12 - |—— Bamboo_Cal-Bamboo Mea(Max Positive Error)
10 | [—— Bamboo_Cal-AP1000_Mea(Max Negative Error)

—— Bamboo_Cal-Bamboo_Mea(Max Negative Error)
- - = Bamboo_Cal-AP1000_Mea(RMS)
- [~ = - Bamboo_Cal-Bamboo Mea(RMS)

X
: - F = B o
e AfF e cme e TR
=
=
=2k
-4+ e
-6
-8 =
e
-10 L 1 I |
10 12 14 16 13

Burnup Depth / (GWd-tU™)

BI15  SSHRFE I Dy o A iR 22 OR2 P L I 2% i)
Fig.15 Power distribution errors of each burnup depth
(color online)

4 g

A S B T SPND Wi B HL L RS HE T B X
AP1000 A1L4H Jsz )87 HE (1) T 28 43 A B S S dE AT 0 #r
45 LK B , NECP-Bamboo # /4 i1 % SPND i i Hi it
FRKS 1 55 35 v T I A% AP1000 J5 2% & F 41 s 18
SPND M 3 FL 08 1 1T 5 (H B 05 A R B Th % 40 A
1% % , NECP-Bamboo 4 [ 1% 2 /T AP1000 Ji
] A . ARG AE HPR1000 25 [6) 28 7Y J v
HE A gk 22 56 UF A SCHE H ) SPND i B H i 1 5
A

EEmAER HEAAFTEAE R MR ERY
FRXEES ; FZHARBRET XEERMEL
AT ; Bl e i S48 B F R B R IR E A 4
B R A An B G R B R 55T 3L SPND ¥ R H
RUTEBE, FRIAFTHALIPIREAXE
%%,

S

Lo e AP A HEN AR FIRIEE 5

W ITERT L], & F R, 2024, 47(3): 030405. DOL:
10.11889/j.0253-3219.2024.hjs.47.030405.
WU Xiong, ZHANG Xiangju, LUO Shijie, et al
Calculation of the signal current of self-powered neutron
detectors in a nuclear reactor[J]. Nuclear Techniques,
2024, 47(3): 030405. DOI: 10.11889/j. 0253-3219.2024.
hjs.47.030405.

2 EFEEHA, M, TR, & EKHEHE S Pin-by-pin Bk

LT HAE T NECP-Bamboo2.0 19 ¥ tH 556 E[J]. #43h
J1 T2, 2018(S2): 29 - 32. DOIL: 10.13832/j.jnpe.2018.
S2.0029.
LI Yunzhao, YANG Wen, WANG Sicheng, et al. Design
and verification of a PWR-core pin-by-pin fuel
management code[J].
Engineering, 2018(S2): 29 - 32. DOI: 10.13832/j. jnpe.
2018.52.0029.

calculation Nuclear Power

050604-9



% AR

2026, 49: 050604

10

RER, WRE . BAKHEZ B BORE BLM]. P2 7
LASH R WAL, 2021: 61 - 96.

WU Hongchun, CAO Liangzhi. Fuel Management for
Pressurized Water Reactor Nuclear Power Plants[M].
Xi'an: Xi'an Jiaotong University Press, 2021: 61 - 96.

Li Y Z, Zhang B, He Q M, et al. Development and
verification of PWR-core fuel management calculation
code system NECP-Bamboo: Part I Bamboo-Lattice[J].
Nuclear Engineering and Design, 2018, 335: 432 - 440.
DOI: 10.1016/j.nucengdes.2018.05.030.

Yang W, Wu H C, Li Y Z, et al. Development and
verification of PWR-core fuel management calculation
code system NECP-Bamboo: Part II Bamboo-Core[J].
Nuclear Engineering and Design, 2018, 337: 279 - 290.
DOI: 10.1016/j.nucengdes.2018.07.017.

Li Y Z, He T, Liang B N, et al. Development and
verification of PWR-core nuclear design code system
NECP-Bamboo: Part III: Bamboo-Transient[J]. Nuclear
Engineering and Design, 2020, 359: 110462. DOI:
10.1016/j.nucengdes.2019.110462.

Zhou Y C, Li Y Z, Shao R Z, et al. Automatic modeling
of PWR-core in the two-step reactor-core physics analysis
code NECP-Bamboo[J]. Nuclear Engineering and Design,
2023, 414: 112546. DOI: 10.1016/j. nucengdes. 2023.
112546.

MR, =, HiEE, %5 . & T NECP-Bamboo £ 7
FATR R K HE Z BORH A AZ R B 20 B 0. BT RERHS:
A, 2023, 57(3): 545 - 554. DOI: 10.7538/yzk. 2022.
youxian.0333.

YANG Senhan, LI Yunzhao, SHAO Ruizhi, et al. Nuclide
composition evaluation for commercial PWR nuclear
spent fuel assembly based on NECP-Bamboo[J]. Atomic
Energy Science and Technology, 2023, 57(3): 545 - 554.
DOI: 10.7538/yzk.2022.youxian.0333.

BB, Fad, R, & 2T S
NECP-Bamboo 1 54iE 5 W A [J]. #2311 7%, 2024,
45(2): 24 - 34. DOI: 10.13832/j.jnpe.2024.02.0024.
LIANG Yilin, LI Yunzhao, ZHOU Yuancheng, et al.
Verification and validation of NECP-Bamboo based on
measurement data from nuclear power plants[J]. Nuclear
Power Engineering, 2024, 45(2): 24 - 34. DOI: 10.13832/
jjnpe.2024.02.0024.

FTEF, EACE, R, A BRR AR A HE B T
T 5 FE P NECP-Panda " 1“7 T S A5 B 6 ] (1], #% 4%
K, 2025, 48(3): 185 - 196. DOI: 10.11889/j.0253-3219.
2025.hjs.48.230471.

11

12

13

14

15

16

17

050604-10

WU Yuxuan, WANG Yongping, QIN Shuai, et al.
Development of the neutronics calculation module of
neutronics and thermal hydraulic calculation program
NECP-Panda for pebble-bed high temperature gas-cooled
reactor[J]. Nuclear Techniques, 2025, 48(3): 185 - 196.
DOI: 10.11889/j.0253-3219.2025.hjs.48.230471.

U, R, W R &, 45 . NECP-Atlas Hh 5 2 £
il 1F B2 B (¥ 9 K 5 50 0F (7] % R, 2024, 47(7):
070503. DOI: 10.11889/j.0253-3219.2024.hjs.47.070503.
HUANG Yihan, ZU Tiejun, CAO Liangzhi, et al.
and verification of covariance data
generation NECP-Atlas[J].
Techniques, 2024, 47(7): 070503. DOI: 10.11889/j.0253-
3219.2024.hjs.47.070503.

Franceschini F, Godfrey A T, Gehin J C. AP1000” PWR
reactor physics analysis with VERA-CS and KENO-VI.
Part 2. Power distribution[R]. U.S.: Westinghouse Electric

Development

module  in Nuclear

Company, 2015.

AR . 2R RE rb 7 RN 25 ) 1S PRI e RS P T ST
J AR S s /K S v (0 B2 IR 8 [D]. 78 22 P 22 388K
%,2023.

SHAO Ruizhi. High-precision Calculation Method for
Self-Powered Neutron Detector Response Current and Its
Application in Advanced Pressurized Water Reactors[D].
Xi'an: Xi'an Jiaotong University, 2023.

TRER, HRE, Fa0, 5. HET YL SPND B K IR
AR R DA TH 7 0], #2380 7 AR, 2025, 46(1): 41
- 46. DOI: 10.13832/j.jnpe.2025.01.0041.

SHAO Ruizhi, CAO Liangzhi, LI Yunzhao, et al. Best
estimate power method based on vanadium SPND prompt
response currents[J]. Nuclear Power Engineering, 2025,
46(1): 41 - 46. DOI: 10.13832/j.jnpe.2025.01.0041.

Shao R Z, Cao L Z, Li Y Z, et al. Numerical simulation of
Delayed-SPND response current in NECP-Bambool[J].
Annals of Nuclear Energy, 2022, 179: 109438. DOI:
10.1016/j.anucene.2022.109438.

AR, BRE, Za, 5. J1LSPND K y LU
HEC I BB e ) (0], BT REARR A EOR, 2023, 57(8):
1568 - 1574. DOI: 10.7538/yzk.2022.youxian.0831.
SHAO Ruizhi, CAO Liangzhi, LI Yunzhao, et al. Impact
analysis of vanadium SPND prompt gamma current in
PWR-core measurement[J]. Atomic Energy Science and
Technology, 2023, 57(8): 1568 - 1574. DOI: 10.7538/yzk.
2022.youxian.0831.

Shao R Z, Cao L Z, Li Y Z, et al. Simulation and analysis

of the space charge effect in a self-powered neutron



FERB A . FE T SPND Wil )57 Fi JURS A TS50 A i 7K HE HE 5 D 2 23 A B8AIE S 36 73 Hr

18

detector[J]. IEEE Transactions on Nuclear Science, 2023,
70(8): 2097 - 2105. DOI: 10.1109/TNS.2023.3294693.
JRE, R &, X T, & BT R o SRR
SPND {135 24 S 5 75 72 A S B BAIE [T]. 4R, 2024,
47(9): 090403. DOI: 10.11889/j.0253-3219.2024. hjs. 47.
090403.

ZHOU Yao, CAO Liangzhi, LIU Zhouyu, et al. Research
on numerical method and experimental verification of the
vanadium SPND gamma effect based on current
component separation model[J]. Nuclear Techniques,
2024, 47(9): 090403. DOI: 10.11889/j. 0253-3219.2024.
hjs.47.090403.

19

20

050604-11

Yang J W, Wu H C, Guo L, et al. Validation of NECP-
Bamboo with BEAVRS and AP1000 measurements[J].
Nuclear Engineering and Design, 2021, 376: 111110.
DOI: 10.1016/j.nucengdes.2021.111110.

Li Z, He M T, Cao L Z, et al. Implementation and
comparison of least-square method and thin-plate spline
method for PWR online power-distribution monitoring
based on NECP-ONION system[J]. Nuclear Engineering
and Design, 2020, 365: 110712. DOIL: 10.1016/.
nucengdes.2020.110712.



