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0 0 0 0 -1 005
1 0 0 o o0 -10*

0.1 0.2

0.3 0.4
ag = 02 x107°%, a; = 00 x 10712,

0.7 0.8

0.9 1

1.1 1.2
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t = 10°, 10%, 107 B 2| (1R, MBS LT A BITE 2L
2181091011, 5 A FRFAEAE X A B AL )
MENAFIP, Bl A = PAP™', RN (15) X515
H(tA) = PH,(tA)P~", 48 50 K ok Hoe 0],

as = X 10_18,

N(0) =

= T T = =

Hy(tA) & xf M, BN o Rl A &4
TCERARN Hy () HEIERH, DLX R 77215 2 45
A R HEE, 4 BAE ] TTA A B AL 7 2 3R A,
ZERFITR 2. WLLE M, WREUE LS 2% R
B 45 RAHZ AR/, A 2 5E 42— 8, B0E T 71
IR

B AN T B R SN R,
MOX ## BH£2 5.3075 x 10'° cm—2.s~ 1 j:/J\E‘JEP%
i R R 20 K5 BRI RS E, MEHA
PR RS RS TR IT R P TR 3, Hh BRI R%L
TR AWH A AN, TR REGE AR
] 7 L

2 /NBUFERAE R B AN IR N 20 F i

Table 2. Solution of small matrix problem at different time.

IS 1] /s N; TTA AL ZENR
Ny 1.004226147 x 10° 1.004226147 x 10° 1.004226156 x 10°
No 3.786166617 x 104 3.786166618 x 104 3.786166618 x 104
105 N3 2.786101341 x 1073 2.786101341 x 1073 2.786101341 x 10~3
Ny 1.300260013 x 10—8 1.300261847 x 10~8 1.300260013 x 10~8
Ns 6.021385725 x 10~6 6.021385742 x 10~6 6.021385766 x 10~6
Ng 1.004227367 x 10~* 1.004227367 x 10~* 1.004227376 x 10~*
Ny 1.103453663 x 10° 1.103453663 x 10° 1.103453749 x 10°
No 7.802988826 x 10~ 7802988829 x 104 7.802988828 x 10~4
106 N3 5.535761548 x 1073 5.535761548 x 103 5.535761548 x 1073
Ny 2.525012381 x 103 2.525014262 x 10~8 2.525012381 x 10~8
Ns 7.442277976 x 1076 7.442277999 x 10~6 7.442278299 x 1076
Ng 1.103456003 x 104 1.103456004 x 10—* 1.103456089 x 10~4
N1 9.762646602 x 100 9.762646616 x 100 9.762646617 x 100
No 5.309448118 x 103 5.309448121 x 10—3 5.309448121 x 1073
L7 N3 3.748849797 x 10~2 3.748849797 x 1072 3.748849797 x 10~2
Ny 1.700010618 x 107 1.700010618 x 107 1.700010368 x 10~7
Ns 6.221330803 x 10~5 6.221330887 x 10~° 6.221330356 x 1075
Ns 9.762663701 x 10~4 9.762663716 x 104 9.762663720 x 10~4
3 MOX BRFEEBITHHAUG 5T
Table 3. Initial conditions of MOX burnup example.
B YILh &2 /1024 O EFF F%/10%4 s—1 LB A% /1024 52
14 2.1457 x 1072 2.1457 x 1079 1.0729 x 10~16
g 4.6375 x 1072 1.5458 x 10~° 1.1594 x 10~16
232Th 5.5332 x 1073 1.1066 x 1010 9.2220 x 10718
233y 3.4816 x 1072 —4.9737 x 10713 —4.3520 x 10720
238y 6.6150 x 1074 —7.3500 x 10712 —6.6150 x 10719
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Fig. 3. Results and relative error of MOX burnup calculated by two methods.

®4 HEBSRBESNBTYNRER

Table 4. Quantity of important actinides and fission products.

AR ZE / %

1251 FiZ RS EA N0, K 26 MZEIIRZE KT
10%. 303 MZEMZELE 0.1%—10% Z I, 481 M%
FIMZEIE1073%—0.1% 2 [0, 441 MZ R KR 2/
F1073%. RaHH T TREITEHIMEEES)R
A =k R & T E i o, /T DUE L, T
HIZIM S, THE AR Z IR /N, 22 oK1 243 Am B
HA5.91 x 1072%; xF T 24810 5 R 2 F5 K,
1B 22 B¢ R0 151 S tH AN HE T 1%, b B R R 7 ik
(IR B2 JE % i 2 TR B FH 75 5K

& TTA/10% HHEEL/10%4 MEZE/% %%k TTA/10%  HEEL/1024 A2/ %
232Th 5.6824 x 1073 5.6824 x 1073 0 SH  6.9774 x 1078 6.9760 x 108 0.020
233Th 6.2940 x 1078 6.2940 x 1078 5.55 x 1077 %Mo 1.3665 x 10~°2 1.3687 x 10~? 0.161
231 Pa, 1.4331 x 1078 1.4331 x 1078 3.20 x 10=% 99Tc 6.8515 x 1078 6.8664 x 10~ 0.218
233 Pa, 4.2875 x 1075 4.2875 x 10~% 5.60 x 10~7 103Ru 2.9771 x 108 2.9779 x 10~8 0.026
233U 4.3915 x 107% 4.3915 x 107% 1.60 x 10=7 109Ag 1.9122 x 1079 1.9244 x 10~? 0.637
234U 9.1326 x 1077 9.1326 x 1077 8.23 x 1077 135Xe 3.8515 x 1079 3.8516 x 10~° 0.004
235U 6.5423 x 1079 6.5455 x 1079 4.89 x 1072 133Cs 6.3634 x 1078 6.4231 x 108 0.938
236U 4.1101 x 10710 4.1103 x 10710 4.87 x 10~3 ™3Nd 3.1877 x 10~8 3.2044 x 10~8 0.524
238U 6.4513 x 10~* 6.4513 x 10~% 7.12 x 10~12 5Nd 6.3707 x 10~8 6.3736 x 108 0.046
239U 3.0259 x 1072 3.0259 x 1072 1.66 x 10~ 147Sm 7.3746 x 1011 7.3512 x 10~ 0.318
237Np 8.9305 x 10710 8.9305 x 1010 7.09 x 10~4 149Sm 1.1664 x 10~% 1.1725 x 108 0.512
238Pu 9.7469 x 10712 9.7470 x 10712 1.06 x 1073 130Sm 7.6066 x 10~10 7.6400 x 1010 0.439
239pu 2.1135 x 1076 2.1135 x 1076 1.06 x 1076 131Sm 5.7715 x 1079 5.8163 x 10~? 0.776
241py 7.7276 x 1010 7.7276 x 10~10 2.21 x 10~6 152Sm 3.9795 x 10~°2 3.9833 x 10~? 0.094
241Am 5.4425 x 10713 5.4425 x 10713 4.82 x 10~7 193Eu 1.8711 x 1079 1.8726 x 10~? 0.082
243Am 1.0136 x 10714 1.0142 x 10714 5.91 x 1072 155Gd 1.9500 x 10712 1.9525 x 10712 0.128
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Abstract

The inhomogeneous burnup equation is often used for describing the time evolution of nuclides’ depletion in nuclear
systems which have a significant nuclide migration effect. However, lots of burnup calculations codes only deal with
the homogeneous cases instead of the inhomogeneous ones, among them there are a few codes that can work only
when the inhomogeneous term of the equation is constant. Based on the condition that the inhomogeneous term can be
approximated by finite-order Taylor expansion, two methods are introduced to solve the inhomogeneous burnup equation
whose inhomogeneous term is time dependent. For the first method, the transmutation trajectory analysis method is
used to decompose the connections between nuclides into linear chains, for one chain the analytical solution is derived
strictly by using the Laplace transform. For the second method, a solution of the inhomogeneous equation in the form
of summation of infinite matrix series is first derived, and then the sum function of the series is found. Furthermore, the
different-order nearly-best rational approximation function of the sum function is found by using Carathéodory-Fejér
method. The error between the sum function and the rational function fluctuates in a certain range without exceeding a
limit value, while the maximum error decreases exponentially with the order of rational function increasing. By adopting
the nearly-best rational approximation, the summation of infinite matrix series converts into a finite expansion of matrix
fraction, which is much easier to deal with. These two methods are implemented in the burnup calculation code JBURN
and numerical tests are done through using two examples. The first example is a small-scale matrix example and the
result shows that the results from the two methods agree well in at least 6 decimal precision together with the results from
the reference solution. The second example is a large-scale problem based on real nuclides’ reaction database, and the
result shows that less than 1% among all nuclides have a deviation larger than 10% between two methods, while about 8%
nuclides have a deviation larger than 0.01% and the remaining ones have a deviation smaller than 0.01%. These results
validate the correctness and accuracy for each of the two methods. Finally, this paper provides a possible implementation

process for solving inhomogeneous burnup equations which have other time-dependent forms of inhomogeneous term.

Keywords: inhomogeneous burnup equation, Laplace transform, Carathéodory-Fejér method,

near-best Chebyshev rational approximation
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