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Development on calculation code CPAP for radioactive activation product of pressurized

water reactor nuclear power plant
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Abstract  [Background] Radioactive activation products are the main source of radiation for pressurized water
reactor nuclear power plant. [Purpose] This study aims to create the calculation model and analysis tool for the
radioactive activation product of a pressurized water reactor nuclear power plant. [Method] First of all, pathways of
producing the source term of activation products was analyzed, a calculation model for the source term of activation
product in the materials outside reactor core was established. Then solutions based on matrix exponential method and
Chebyshev rational approximation method (CRAM) were given respectively. Furthermore, a calculation code CPAP
for the source term of the out-side core radioactive activation product with a man-machine interface was implemented
and benchmarked with existing similar codes worldwide based on neutron activation cases of typical material.
[Results] The benchmark results show that the tolerance of CPAP calculation is within the acceptable range and can
be used in engineering applications. [Conclusions] With advantages of good man-machine interface, optional solver
and so on, CPAP code makes it very suitable for radioactive activation product evaluation of nuclear power plant
during the design, commercial operation and decommissioning stage.
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1 16K CRAM &#

Table 1 16th order coefficient of CRAM method
% FK Name SE3 Real number HE i Imaginary unit
O 2.124 853 710 495 223 748 8x107'° 0
o -5.090 152 186 522 491 565 0107 -2.422 001 765 285 228 797 0x107°
% 2.115 174 218 246 603 090 7x10™* 4.389 296 964 738 067 391 8x10~°
O3 1.133 977 517 848 393 052 7x10° 1.019 472 170 421 585 645 0x10°
Oy 1.505 958 527 002 346 752 8x10" -5.751 405 277 642 181 997 9
s -6.450 087 802 553 964 659 5x10' -2.245 944 076 265 209 605 6x10°
O —-1.479 300 711 355799 971 8 1.768 658 832 378 293 790 6
a7 -6.251 839 246 320 791 889 2x10' —-1.119 039 109 428 322 848 0x10'
O 4.102 313 683 541 002 127 3x10 —-1.574 346 617 345 546 819 1x107"
0, -1.084 391 707 869 698 802 6x10' 1.927 744 616 718 165 228 4x10"
0, —5.264 971 343 442 646 889 5 1.622 022 147 316 792 730 510"
0, 5.948 152 268 951 177 480 8 3.587 457362018 3222829
0, 3.509 103 608 414 918 097 4 8.436 198 985 884 375 082 6
0; 6.416 177 699 099 434 192 3 1.194 122 393 370 138 687 4
B 1.419 375 897 185 665 978 6 1.092 536 348 449 672 258 5x10"
0, 4.993 174 737 717 996 399 1 5.996 881 713 603 942 226 0
05 —1.413 928 462 488 886 211 4 1.349 772 569 889 274 538 9x10"
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El1 CPAPREFFIFSFEA 1
Fig.1 Calculation flowchart 1 of CPAP code
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Fig.2 Calculation flowchart 2 of CPAP code
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Fig.3 Interface display of CPAP code
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Table 2 Elemental content of AISI304

JG% Element i & &5 L Mass ratio / %
C 0.035
Cr 18
Ni 9.5
Si 0.5
Mn 1
S 0.015
0.018
Fe 70.932
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F3  EREMAR AISI304E X GIREAITE LR
Table 3 Calculation result of AISI304 activation during
algorithm test

x5 BEENRRSRR RN ES
Table 5 Calculation result of concrete activation during
algorithm test

F#x Nf Nc Nm delta ¢ delta m xR Nf Nc Nm delta ¢ delta m
Nuclide /% /% Nuclide /% /%
'H 3.82x10” 2.49x10" 2.50x10" —100.00 —100.00 'H 3.42x10™ 3.37x10* 3.35x10* —1.34 -2.07
'H 1.03x10*" 2.32x10" 2.32x10" -100.00 -100.00 *H 7.31x10%" 5.41x10* 5.37x10*" -92.60 -92.66
*H 4.88x10" 3.79x10" 3.80x10"” -100.00 -100.00 *H 6.75x10" 2.74x10" 2.72x10"* -100.00 -100.00
*He 2.47x10"7 5.15x10" 5.16x10" —100.00 —100.00 *He 3.99x10"™ 7.18x10" 7.14x10" -100.00 —-100.00
‘He 7.55%10”" 3.14x10" 3.15x10" -99.58  —99.58 ‘He 7.24x107 1.62x10" 1.63x10"™ -100.00 -100.00
Li 6.69x10" 6.68x10" 6.69x10" —0.17 0.00 Li 1.44x10" 1.44x10" 1.44x10" -0.31 0.00
“Na 3.41x10" 3.40x10" 3.41x10" -0.26 0.00 Li 1.71x10"% 1.71x10" 1.71x10" —0.11 0.01
Mg 2.69x10" 2.69x10" 2.69x10" —0.19 0.00 ‘Be 4.51x10" 4.50x10"™ 4.51x10" -0.24 0.00
“Mg 2.75x10% 2.74x10* 2.75x10* —-0.19 0.00 ""Be 5.07x10"™ 5.06x10" 5.07x10"™ —0.25 0.00
Mg 1.18x10" 1.18x10" 1.18x10" —-0.19 0.00 "B 2.24x10"™ 2.24x10" 2.24x10"™ 0.04 0.00
Al 1.29x10" 1.29x10™ 1.29x10" —0.25 0.00 C 1.79x10%" 1.78x10* 1.79x10”" -0.14 0.00
Al 1.49x10% 1.48x10* 1.49x10* -0.19 0.00 “Ca 1.18x10** 1.18x10* 1.18x10* -0.13 0.00
Al 2.32x10% 2.31x10" 2.32x10" —-0.12 0.00 YCa 2.95x10% 2.94x10* 2.95x10%* —0.20 0.00
#Si 9.85x10” 9.84x10” 9.85x10* —0.12 0.00 “Ca 8.02x10* 8.01x10*" 8.02x10* —0.13 0.00
*Si 5.01x10* 5.00x10*" 5.01x10*" -0.12 0.00 “Ca 1.86x10”" 1.85x10* 1.86x10*" -0.14 0.00
“Zn 1.31x10" 1.30x10™ 1.31x10" —0.78 -0.50 “Ca 2.57x10% 2.57x10* 2.57x10* -0.13 0.00
“Zn 5.25x10" 5.24x10" 5.25x10" —-0.37 -0.09 “Ca 4.80x10" 4.80x10" 4.80x10" -0.16 0.00
*4 ERLMNTERS :’Ca 4.91><10: 4‘90><10: 4.91><10: -0.13 0.00

Table 4 Elemental content of concrete Ca 4.55x107 4.54x107 4.55%107 —0.13 0.00
— = —5 “*Ca 2.30x10°" 2.29x10* 2.30x10*" -0.13 0.00
:% Flement Eifljjtt Mass ratio /% *Sc 4.65x10" 4.64x10"™ 4.65x10" -0.24 0.00
0 49.83 “Sc 5.97x10" 5.96x10" 5.97x10" —0.24 0.00
Na 171 YSc 3.37x10" 3.36x10"7 3.37x10" -0.13 0.00
Me 024 MO AT IR B . 6 BEFTIET 1O PP T RE I A A
o e P52 B T SR X U K M M550
S 012 g 154 5 14 I BUGLE-96 [ BB 1A A e il 15

o {959 4T BRI T R

Ca 8.26 3.2.2 IR
Fe 1.22 Xof T+ CPAP 2 7 (14 48K THT 2 R 5 A 040 P2 1y Ak

3.2 HEEMTTHEIEEAR
3.2 KTk

CPAP T2 737 1) 8 THI 2 0 3 70 25040 2 1 R
5 ORIGEN-S &7 % b dr i 7 20 Bk ik e
S A% CPAP 2 /3 ¥ #% I /22 A1 52 48 £ 8 12 8 e
ORIGEN-S 2 [ H 7 i A T 2 A0 AL B0 122, S8 e
BT 0 AR T 2 AN 2 AR 005 PR )5 1Y) ORIGEN-S A2 /7
oy s g R B 451, 3 5 )5 Bt ORIGEN-S F2 F¢ () 11 5 45
BT

1T~ CPAP 2 5 1k 10 B4 2 9 47 #E 1V 2 Ek
[l %2 , Tl ORIGEN-S 72 J7 fi £ 3 iU A 1 7
o7 78 T A B RE AR T 5 F O 6 CPAP 2 AT

HAI W 6. Frh R EE A AISI304 )70 3% 4 5>
H L 2 F1F 4,

WS EH PR RN ESE RS
ORIGEN-S #2 /7 i jit v B8 25 S b 47 5% bk, 0 Bl

6 CPAPHIBERIMIXEH
Table 6 List of test cases for database of CPAP code

A R FIEEAKCE R
Calculation Calculation  Neutron flux Irradiation
case mode /em?es™ time / d
T € 1 & Fixed 1.0x10" 500
Concrete neutron flux

AISI304 4 52 i i& Fixed 1.0x10" 10
AISI304 neutron flux

steel

040005-6



EURBIAR - /K HERZ FL st AL iR I i SRR e CPAP YT A

Sl W2 T AR 8. X &k SR AT AN, R0 i R ARAE
INTF10% F i 22 5 AT R Jat D] S 280 T 25090 e 25 46 st
FERE AL 2 8 ) ) 22 S DA I hn R 2
IV AR AS I 22 57 o
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AR E IR R % B om™ s Ne Ron i
CPAP F2J7 11 i 5 48 2 2 ORIGEN-S F2 7 £ 4 £ J5
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Table 7 Calculation result of AISI304 activation during
database test

Wz Ns Nc delta_c/ %
Nuclide

12C 3.46x107 3.46x107 0.00
3C 421x10™ 421x10™ 0.00
S 4.59x107" 4.59%x10™" 0.00
»Si 2.41x107 2.41x107 0.00
IS 1.65%107 1.65%107 0.00
3p 1.80x107 1.80x107 0.00
28 1.42x10°° 1.42x107 0.00
S 1.16x10°° 1.16x107 0.00
*S 6.70x107° 6.70x107 0.00
*S 2.86x1077 2.86x1077 0.00
ICr 7.52x107" 7.52x107" 0.00
2Cr 1.51x10' 1.51x10' 0.00
3Cr 1.74x10° 1.74x10° 0.00
*Cr 4.41x10™ 4.41x10™ 0.00
*Fe 3.98x10° 3.98x10° 0.00
*Fe 6.52x10' 6.52x10' 0.00
Fe 1.56x10° 1.56x10° 0.00
SFe 2.13x10™" 2.13x10™ 0.00

3.2.3 k4

FHER 7 AR 8 A il 4 SR mT %, X Bl )
il , 41 F CPAP F2 J3 (1) 485 ThI 2 AR 32 A8 B0 40 2 BT 19 468
KA F ) 5145 )R 5 ORIGEN-S F2 ¢ H 4 Bl
FE TS B4 R 2 R ZE 76 1% LN, D B R
TEAEASHE T 10% B 22 . % 18 310 1k i 4 i 2 e
2 5 i e e A AL B 2 R I R G 1 22 S AR
TN T 2 1 B PP P R A | 22 e, DL b Al 22 AT A
NEH,

4 4E5iE

ARSI T HES A AR AR R R AL ) R
PENERS RINLEL S 1 HESMA 2 FIRE AR 4L
PEIRIR K TR I g T iF SR R CPAPLLO
fio BT SLRURORL A AL, SR A A R SR T

*8 BUREMRXFDRELEU ORI ESR
Table 8 Calculation result of concrete activation during
database test

1% % Nuclide Ns Nc delta ¢/ %
'H 1.32x107 1.32x107 0.00
*H 7.90x10°° 7.76x10°° -1.77
*H 1.83x107" 1.98x107" 8.20
%0 1.17x10° 1.17x10° 0.00
o) 4.73x10™ 4.73x10™ 0.00
"0 2.69x107 2.69x107° 0.00
*Na 4.04x10° 4.04x10° 0.00
Al 1.07x10" 1.07x10™" 0.00
#Si 6.82x10™" 6.82x10™" 0.00
#Si 3.58x107 3.58x107 0.00
*Si 2.46x107 2.46x107 0.00
S 2.67x107 2.67x107 0.00
*S 2.23x107° 2.23x107° 0.00
*S 1.26x10™ 1.26x10™ 0.00
*S 3.08x107° 3.08x107° 0.00
*S 5.38x1077 5.38x1077 0.00
S 1.53x107"° 1.53x107" 0.00
YK 4.19x107 4.19x107 0.00
YK 5.04x107 5.17x107 2.58
K 3.18x107° 3.18x107° 0.00
“Ca 1.88x10™ 1.88x10™ 0.00
“Ca 1.32x107° 1.32x107° 0.00
“Ca 2.70x10™ 2.70x10™ 0.00
“Ca 4.45x107 4.45x107 0.00
“Ca 7.71x107 7.40x107 -4.02
“Ca 7.79x10°° 7.79x10°° 0.00
*Ca 4.41x107* 4.41x107* 0.00
*Fe 1.61x107 1.61x107 0.00
*Fe 1.25x10°° 1.25x10°° 0.00
*Fe 2.66x107 2.66x107 0.00
“Fe 6.59x10™ 6.59x10™* 0.00
*Fe 8.69x107 8.80x107° 1.27
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