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Uncertainty Quantification of PWR Fuel Assembly
Performance Analysis Based on Statistical Sampling Method
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Abstract: The design and safe operation of nuclear reactor are inseparable from high-
precision and high-resolution simulation program. With the development of calculation
methods and the progress of computer hardware, high-fidelity numerical reactor tech-
nology becomes a research hotspot. However, due to the complexity of the objective
world and the limitation of human cognitive level, there is uncertainty in any measure-
ment and mathematical-physical modeling process. Therefore, the simulation results
need to provide the corresponding uncertainty as the confidence interval to meet the
requirements of high confidence in numerical reactor technology. In order to promote

the development of sensitivity and uncertainty analysis of reactor system, OECD/NEA
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(Organization for Economic Co-operation and Development/Nuclear Energy Agency)
issued the UAM-LWRs (uncertainty analysis in modelling of light water reactors)
benchmark. The exercises are carried out in 3 phases that is neutronics phase, core
phase and system phase. In the neutronics phase, the uncertainty of nuclear data is
transferred from the evaluation nuclear database files (ENDF) to multi-group micro
sections, and then to macro few-group sections and key parameters of steady-state core
calculation. The core phase includes three independent physical processes which is fuel
performance analysis, time-dependent neutronics and bundle thermal-hydraulic. The
system phase includes multi-physics coupling calculation, and finally gives the best esti-
mation plus uncertainty (BEPU) result. In order to provide confidence interval while
giving numerical simulation results, the uncertainty quantification of fuel performance,
assembly burnup and thermal-hydraulic analysis was carried out based on the second
phase (core phase) of UAM-LWRs benchmark. Using the uncertainty analysis platform
NECP-UNICORN independently developed by Xi’ an Jiaotong University, the light
water reactor fuel analysis code FEMAXI, the lattice physics program NECP-Bamboo-
Lattice and the subchannel thermal-hydraulic code CTF were coupled respectively.
Firstly, according to the characteristics of different physical processes, the sources of
uncertainty to be considered were analyzed. Then, according to the characteristics of
sparse and unfilled rank covariance matrix of nuclear data, COST method was applied to
reduce the sample size. It is found that for fuel performance analysis, boundary condi-
tions, geometric parameters and material properties have significant effects on the
uncertainty of fuel center temperature. For the burnup process, the nuclear data and
manufacturing parameters have a significant impact on the uncertainty of eigenvalues,
power distribution, two-group constants and nucleon density. For thermal hydraulic
analysis process, boundary conditions, geometric parameters and model coefficients
have a great influence on the uncertainty of coolant and cladding temperature. For each
physical field, quantifying the uncertainty of its input and output parameters is of great
significance for quantifying the uncertainty of multi-physical coupling process of complex
system.

Key words: uncertainty quantification; fuel performance; burnup; thermal hydraulics
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Table 1 TMI-1 fuel assembly
dimensions and parameter
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Table 2 Uncertainty of input parameter

in fuel performance analysis
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Table 3 Analyzed nuclide in uncertainty analysis for fuel-assembly burnup
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Table 5 Relative uncertainty of two-group constant

W AR
PR R
VR HX A 42 B (10) / %6 PRl HHXEAS o 2 (10D / 24
Dy 1. 126 1.04 1.108 1.02
D, 3.270X 107! 0.55 3.211X 107! 0.51
S 1.034 X102 0. 69 1.206X10 2 0. 87
Sz 1.081X 107" 0.35 1.060X 10" 1.64
v 8.097x10°% 0.77 4.464X10°3 1.55
V1.2 1.661X107" 0. 80 1.204X1071 2.36
Saa 2.682X 107! 1.10 2.730X 107! 1.08
Za.: 1.749X107? 0. 96 1.574X 1072 1.13
Sea 2.026X107° 0. 66 1.935X107% 161
Za. 9.091x 107! 0.61 9.302X 107! 0. 63




246 JRTRERIERR 56

7.0r 10.010
fI»;E A w BSUR; T-35 i ~0.035 TE u B8URL T
S o AR 0030 & 5 68F o R AHEE 10008 ©
2 0025 & 2 =
= 000 R 6.6F 10.006 15
& & & S
il 0015 & 1L 6.4f oq0-004 &
x o010 B 0N ®
; 0005 © § 6.2f 40.002 =
0.000 6.04 ! : ' : ! 40.000
0 10 20 30 40 50 60 0 10 20 30 40 50 60
WREE/(GW-d-tU™) WREE/(GW-d-tU™)
5r 40.030 1.5¢ 0.025
! 0.025 P
zg 4 o o 2% 0.020 ©
S 205 =210 &
B 3 oois ¥R 0.015 49
5-5 2 0.010 E {rf 0.010 E
i = Pul T o' ox03 UPugTEE | &
£l o HR B P 0005 & 2 o HMAHIERE {0.005 =
g L I L L I TOOOO & 1 I I I I I
00 10 20 30 40 30 60 0080 20 30 a0 30 60
PREE/(GW-d-tU™") WREE/(GW-d-tU™")
Bl 6 A% % K A XN E
Fig. 6 Nucleon density and relative uncertainty
K6 ARIKNSHTREONSHNOTHEE h(325. 2041, 05) °C, Je KA 7 IR EE Ay (336. 80+
Table 6 Uncertainty of input parameter 1.29) °C, ‘{/Q\js‘ﬂ;;ﬂj &K (31.504+0.12) kPa,
in thermal-hydraulic analysis /ﬁ\:tlj—/l\%ﬁiﬁﬂ@?@%ﬂffﬂ?ﬂﬁ *ﬂ@%?ﬂﬁ Fﬁ%lﬁj
91 28 AWETE vt e S A B HON A o B AN B 7.8 TR
(30)
SUR S s RYET] +£1.0%  IEESA
- " ° £7 BERTKNAHEROABREE
e HFR L +£1.5%  IEASM .
Table 7 Uncertainty of steady-state thermal
RET % +£1.0% IEX . .
hydraulic analysis result
UNERETIE NS +1L0K  #54Ai
AT - P Nl 2 BE (30D
PR t30%  EEAE i s 24 S A E JE (3o
e RV HIFRNR B L °C 325. 20 1.05
IROE" " SR D % +0.45 mm  iEAS
TR SERAE, C 336. 80 1. 29
OB AR +0.02 mm iE&45
JE W%  kPa 31.50 0.12
LEES AR A R AL +42%  IEXSA
ARG R +24% IE A i 330
e glohd 4% EES 325F —FEE =
LIRS L1 R AL I 25 43 i ~~Iﬁ§a7£}§(3a)/
WHBIBERRR  t24% EASM 320r
3154 o
BN B2 +£32% EAS o 310k /:i/
N L=
RS BB GRERD £26% IEX ffa_ 305| /:i/
WEI )R BRGD  £36% A 0 S
295} //
290_ 1 1 1 1 1
DN =¥} 0 10 20 30 40 50
OREES R
BB AT R ALPE 1%y 3. 915 MW, R % AR
HEJ74 15.2 MPa, A 0¥ EHIF) R B 4291, 85 °C, B 7 FimIE AR S HOR G e R
A HFI G N 20.5 ke/s, AT KA Fig. 7 Subchannel coolant

%% E"JZ:% %E ﬁu %‘;é 7 Fj’l"ﬁu , % j(?é\ {[] %‘IJ TFJ]E]IIE temperature and uncertainty



AR E FH 45 < 5 T 8 TR £ K HE KRR L 1 BB o BT A i B2 A AL F 5

247

$i2M
lls —FHE Lemx
335H ~~ - N (30) P
1 1 1 1
10 20 30 40 50

i

B8 3 18 A0 50 i B B R o o B
Fig. 8 Subchannel cladding

temperature and uncertainty

2) B

WS RIS SRA MR, BES SRh &
NREAFR AR 9 B, SR JE A
V8 20 50) Tk B i A R A A8 L ¥ A0 50 I it A
0~2.6 s T REAR, Bl G X B Wt . BEAS
HFEAE 0.2.6.5.0 s BF. ¥ #0500 013 B

10 JF 7R o die K H T ¥ 40550 3t

BEAL T A

DAL HAEREA WS 1 R AR W
T -
X
R \ —
0.9 \ e
m sl  — e -
= 0.8 \ — R
E k 4
0.7 i /
\. //
061 N
0.5k .
0 1 2 3 4 5
i Al/s

Bl 9 TMI-1 #RREAL B 25 0 2 il 6

Fig. 9 TMI-1 fuel assembly transient history plot

Wk 25 o R o R A R R L e R SR TR
R B 11 Fﬁmo B & 11 W) 0L, e
WIHEARAS AL 7 e KRy (338.00£1.27) °C,
A H ) 5 AR B R (326.00£1.06) C35.0 s
B o 458 F IR B R (345.00+0.62) CL, 8 H)
F 5 KU BE Ry (335,001, 14) °C,

. SoC I oS So I T von |
325 325 BEDESZSI EEERSESRSEE 52 5.9 329 3291 4 NSRS 54 554 (53473534
EREES~E 5As IR 1Hs 175 295 aacl R 2~0 2H0 BAGE 190 190 210 Baal SN 21 4 BENE 224 114 224 DA
_JLJ J‘J_JLJ DL LD DD _JLO JLO_JLO DLO D40 OL7 _JJ‘P JJ"'_JJ‘P DI POt I
__325 325 325 325 325 325 325 __328 328 320 328 328 328 328 __334 334 334 334 334 334 334
1325 325 325 325 324 324 324 324 1529-329 329 328 328 328 328 328 [Bade3s4 334 334 333 333 333 333
BBl Hc 15 )4 Do EsEsyEaayE B 1Ho 110 190 BhnianENssGEanl R 221 124 122 BonlSssNGEENSSS
_JLJ DLD IJLT IJLT IJLt DLt oLt -JLO DLO D40 D&l &l Jd&al Izl _JJ“" DIOT JI0 III III III IID
325 325 325 324 324 B93WR0RER0R 320 328 328 328 327 BYAERDANRDAI 334 334 334 333 333 B30ERR0ERR0
I ] C— . I
| PYSPUNENSEA L 000000 W PeviPeeeSSs s 0000 B vehwwweesn . 000 |
BEZDE 320 320 324 324 DEDEEREREEE BZ8E 5.8 5.8 5.8 O/ NN 558 334 334 353 355 DD
BAEI95E] 115 1) 4 99 BRI BAGI Y0 1)Q 119 95y NN BEWE 2241 2114 2272 222 R
-JLJ DLI JdLt JL'T_ _JL) DLO D40 2z _ -JJ'T DIT JII JJJ_
0s 26s 50s B, C
10 BEA R IR 0 AR
Fig. 10 Transient process outlet coolant temperature
L 4 Zig
342 AR SCHE T AN BE S B B2 NECP-UNI-
3401
33821111 = @5 C()RN,X#KE%XEEE{%%{E@ UAM-LWRs
O ITTTTL e s N T
g sl - Phase I 34 9 TMIL 6§ 411 7704
% 33t PEBEZX BT HRFE T R K T 3 Bt i AN W 5
330— > M2y == ™.
328 G BERALBT ST WRRHPE BE 23 B o 25 &L R A
i G e -
istsssats i JUAT 25 $CRUBE KAV 00 7R 0 2 R 351
1 1 1 1
0 I 2 3 4 5 i 225 AR LT 2 R0 ANl T IR Tk
it R] /s

& 11
Fig. 11

R 25 94 0700 B e fo UL IE 2 LA 1 A2 JEE

(30

Maximum coolant and cladding

temperature and uncertainty (3¢) in transient process

J1 53 B i 275 JE 1 B A LA 2 B L B Y
AR AHE L

Xt F TMI-1 R SR o iR B 1Y A
SE BETE [A] — T 3P T BE A AR 1 % 1 7 3



248

JRTRERIERR 56

R s A 0 2 THT I 1 AN B A e A R 1) o R AR
AR 2 £5 C, X+ TMIL R AL,
FEFF AW fesor B9 AS T 5 JBE B K. 2 850 pems Fifi
B WRAE BTN S B AEAE PR AT 22 5 2 7 /) » 77 30
A ko BIANHE TN 475 pem. X F TMI-1 44
BHAM AR BRI R (336. 80+ 1. 29) C,
B RBHIFNEEE (325, 2041, 05) °C., fEBRA
FREE SR A 72 e KR Ry (345. 00£0. 62) °C ¥
I3 B KU B (335.00+1. 14) C,

SE K

[1] IVANOV K, AVRAMOVA M, KAMEROW S,
et al. Benchmarks for uncertainty analysis in
modeling (UAM) for the design, operation and
safety analysis of LWRs, Volume [ : Specifica-
tion and support data for the neutronics cases
(Phase T ). NEA/NSC/DOC (2012) 10[R].
Paris: OECD Nuclear Energy Agency, 2016.

[2] HOU]J, DELIPEI G, BLYTH T, et al. Bench-
marks for uncertainty analysis in modeling

(UAM) for the design, operation and safety

analysis of LWRs, Volume [ : Specification and

o,

NEA/NSC/DOC(2020) [R]. Paris: OECD Nu-

clear Energy Agency, 2020.

[3] HOU J. DELIPEI G, AVRAMOVA M. et al.

support data for the core cases (Phase

Benchmarks for uncertainty analysis in modeling
(UAM) for the design, operation and safety
analysis of LWRs, Volume Il : Specification and
support data for the system cases (Phase [l[ ),
NEA/NSC/DOC(2021)[R]. Paris: OECD Nu-
clear Energy Agency, 2021.

[4] WANC, CAO L, WU H. Code development for
eigenvalue total sensitivity analysis and total
uncertainty analysis[J]. Annals of Nuclear Ener-
gy, 2015, 85: 788-797.

[5] WANC, CAO L, WU H. Total sensitivity and
uncertainty LWR pin-cells
improved UNICORN code[ J]. Annals of Nuclear

analysis for with

[6]

L7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

Energy. 2017, 99. 301-310.

SUI Z, CAO L, WAN C, et al. Covariance-
oriented sample transformation; A new sampling
method for reactor-physics uncertainty analysis[ J .
Annals of Nuclear Energy, 2019, 134 452-463.
TRKOV A, HERMAN M, BROWN D A.
ENDF-6 formats manual, BNL-90365-2009[ R].
US: Brookhaven National Laboratory, 2012.

T3 7ROHE. A% B HE B0 B SO AR i
M R HAE R A R BB OF S (D] 7% .
P4 22 5858 K2, 2018,

W L Gl R RS A B R S A BT S R
WALV ELD]. 4%« PG 4 520l R . 2020.
Wi R T RO L B RN M R
THRZHAHEERMALIFFRLC]/ COR-
PHY2018. Jbat: h E R 22 2 0 F 5 4 B2 & b
HEEAH T S R s Bl R S AL RSl )
oy SN HE Bl 2 42,2018,
LI Y, ZHANG B, HE Q, et al.

and verification of PWR-core fuel management

Development

calculation code system NECP-Bamboo, Part | :
Bamboo-lattice[ J]. Nuclear Engineering and De-
sign, 2018, 335: 432-440.

PP N REEE. ST BEAVRS B
1) NECP-Bamboo 7 3 IE 5 #A[C]/ £
BOES B RS T A RS 2. st E
ORI S UF RO T L & B 23, 2017,
CHADWICK M, HERMAN M, OBLOZINSKY,
et al. ENDF/B-V[. 1 nuclear data for science and
technology: Cross sections, covariances, fission
product yields and decay data[J]. Nuclear Data
Sheets, 2011, 112. 2 887-2 996.
MACFARLANE R, MUIR D, BOICOURT R,
et al. The NJOY nuclear data processing system,
Version 2012[R]. US.
Laboratory, 2012.
AVRAMOVA M N, SALKO R K. CTF theory
manual, CASL-U-2016-1110-000[ R]. US. CASL,
2016.

Las Alamos National





