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The precise knowledge of decay heat is one of the most important factors in safety design
and operation of nuclear power facilities. Furthermore, decay heat data also play an
important role in design of fuel discharges, fuel storage and transport flasks, and in spent fuel
management and processing. In this study, a new application program, called DHP (Decay
Heat Power program), has been developed for exact decay heat summation calculations,
uncertainty analysis, and for determination of the individual contribution of each fission
product. The analytical methods were applied in the program without any simplification or
approximation, in which all of linear and non-linear decay chains, and 12 decay modes,
including ground state and meta-stable states, are automatically identified, and processed by
using a decay data library and a fission yield data file, both in ENDF/B-VI format. The
window interface of the program is designed with optional properties which is very easy for

users to run the code.

Keywords: Decay Heat, Average Decay Energy, Decay Chain, Fission Product, Summation

Calculation, Uncertainty Analysis, Decay Data, and Fission Yield Data.
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1. Introduction

Gamma and beta decay energy released from the delayed natural decay of the fission
products (FP) contributes approximately 8% to 12%? of the total energy generated through
the fission process, and is called “decay heat”. After a reactor is shutdown, this source of
radioactive decay energy still remains to maintain a moderate level of heating in the reactor
core. Therefore, after a power reactor has been shutdown, the reactor coolant has to be
maintained for an extent period of time determined by means of decay heat calculations. The
exact results form decay heat calculations are also important for safety design of a nuclear
power facility, design of shielding for fuel discharges, fuel storage and transport flasks, and
the management of spent fuel.

Studies on fission product decay heat, both experiment and theory, have been
continuously developed since 1940s?. In the recent years, with the great efforts of
improvement for the evaluated nuclear data libraries and for new measurements, decay heat
calculations are expected to predict the reliable data of decay heat. In this study, a new
application program, called DHP (decay heat power program), has been developed for FP
decay heat calculations, uncertainty analysis and for determination of the contribution of
individual nuclide. The method used in the program is so-called summation calculation, in
which the buildups and decay of FP nuclides, following a fission process, are analyzed by a
new numerical algorithm for exact analysis of the general solutions of Bateman Equations.
Based upon the input data for the program, nuclear decay data and fission yield, the
concentration of each FP nuclide at any point of time after a fission burst is determined
exactly. The difficulty of solving a complex decay-net system is overcome by using the present
algorithm, and all of decay chains and decay modes, excepted for spontaneous fission, are also
analyzed automatically by the program. Furthermore, the window interface of the program is
designed with optional properties which is very easy for users to perform a calculation process,
and the calculated results can be directly displayed in graphical form together with

experimental values, and can be saved as an output data file in tabular form.

2. Fission Product Decay Heat Summation Calculations

The summation calculation of fission product decay heat after a fission burst is briefly
reviewed in this section. The burst function A#) (MeV/fission/s) following time t after a fission

burst is defined as:
M
&) =D EAN (), (2-1)
i1

where
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M ! The maximum number of FP nuclides,

E; : Mean decay energy per decay of the nuclide j,
Ai : Decay constant of the nuclide i,

Nit) : Number of the nuclide 7 at cooling time ¢

The number of the atom nuclide 7 at cooling time ¢ after burst fission can be calculated from
the following formula:

M

N, (t) = N, (0)exp(-At) + Z N, (), (2-2)

j#i
in which, Ni(0)=y:i is the independent yield of the nuclide 7, and the part of N;_i(#) is the
number of nuclide 7 at cooling time # that were formed in all of decay chains originated from
the nuclide j. This term of calculation can be obtained by analysis of the general solutions of
the Bateman equation for every particular decay chain. In this work, we developed a
numerical algorithm to calculate the term N; .:(2) in equation (2-2) directly by using a decay
data file and fission yield data.
The procedure is as the following steps:

a. For every nuclide j, the decay-net that starts from the nuclide j is separated to form
the equivalent liner decay chains, where the concentration of any nuclide depends
only on a single parent and its own radioactive decay, and fission yield.

b. For each liner decay chain, if nuclide 7is a daughter nuclide in the decay chain, the
general solution of Bateman equation?® is applied to the liner decay chain to calculate
the build up number of nuclide 7, at the cooling time £ due to the decay of nuclide j
through the present liner decay chain.

c. The amount of N; /(%) can be obtained by summing all of the build up number of

nuclide 7 from all of the liner decay chains.

In the present program, all of decay chains and 12 decay modes are taken into consider
automatically, including beta- decay to ground, fist and second isomer states, double beta-
decay, electron capture decay to ground and isomer states, alpha, proton, delay neutron beta-
decay and internal transitions.

In addition, the results of calculations and comparison data are shown in the screen

window of the program in graph form, and also can be store as an output data file.

3. Uncertainty analysis
The analysis of uncertainty in FP decay heat summation calculations can be performed in
the DHP program by means of the sensitivity analysis method. Input data for the calculations

are mainly based on the uncertainties of decay data and independent fission yield data. The
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errors of half-lives and average decay energies for each nuclide are assumed to be
uncorrelated, but the errors of fission yields are negative correlated. The uncertainties in
decay heat summation calculation respect to half-life, decay energy and fission yield can be

derived by the following expressionst?.

O'E(f)=\/i[/1ini(t)0'g(Ei)]2 ) (3-1)

m(f)=Ji[E.d” O o G (39

_ N d(n;(t) 2 d(n 1) 2 i
Uy(f)—\/iz_ll[Ei/l.—dyi o, (YD - (Y)[ZE/l dy, a’y(Y)I, (3-3)

where Ej, Ai Y; and ni(¢) are average decay energy, decay constant, fission yield and
number of r-th nuclide, respectively, and ¢ denotes the uncertainty.
A procedure has been developed for this purpose of analysis as a function of the DHP

program, and the analysis of uncertainties in decay heat summation calculations can be done

directly from the source code.

4. Contributor analysis

The calculation of contribution of each nuclide to the total FP decay heat following time
after fission process is important need in the FP decay heat evaluation and the evaluation of
decay data. In this program, the decay heat power due to each fission product nuclide relative
to the total decay heat resulted from summation calculation is reported as an output data file
for nuclides which contribution is larger than 1%. A result of contributor analysis in FP decay

summation calculation for 238U fast neutron fission is illustrated in Fig. 1.
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Fig. 1: Main contributions to the total beta-ray heat from 238U fast fission calculated at

different cooling times by using the DHP program

5. Description of DHP Program

The source code of the program is developed using the C++ compiler, and the window
interface of the program is designed with optional style. That makes it easy for user to utilize
the program, and the user can choose optionally to calculate FP decay heat after a fission
burst or after a period time, T, of irradiation. The input data for the program is loaded from
the decay data and fission yield data libraries with ENDF/B-6 format such as FP Decay data
File and fission yield data file from JENDL3.3 and JEFF3.1. In addition, the experimental
and recommended values for comparison are loaded from files in table form. The screen

window of program is illustrated in Figs. 2 and 3.
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Fig. 3: FP Decay heat summation from 239Pu thermal neutron fission calculated based upon

the JENDL3.3 Decay Data File by using DHP program
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6. Applications

The DHP program has been applied for decay heat summation calculation and
uncertainty analysis for several fissile nuclides by using the decay data and fission yield data
from JENDLS3.3. The results of calculation for fissile nuclides of 235U, 238U, 233U 239Pu, 232Th is

shown in Figs. 3-13, in comparison with the experimental values from the University of Tokyo
(YAYOID)#19, the Oak Ridge National Laboratory (ORNL)1"13), and Yarnell14.15),

U-235 Thermal Neutron Fssion
Beta

0.2 - JENDL3.3
01 | e ORNL \
0.0

1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05
Cooling time (s)

Fig. 4: Beta-ray heat after 235U thermal burst fission,
calculated using the DHP program
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Fig. 5: Gamma-ray heat after 235U thermal burst fission,

calculated using the DHP program
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1.E+05

Fig. 6: Total decay heat after 235U thermal burst fission,

calculated using the DHP program
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Fig. 7: Beta-ray heat after 239Pu fast burst fission,
calculated using the DHP program
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Fig. 8: Gamma-ray heat after 239Pu fast burst fission,

calculated using the DHP program
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Fig. 9: Total decay heat after 239Pu fast burst fission,
calculated using the DHP program
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Fig. 10: Decay heat and uncertainties as functions of cooling time after fast neutron fission of

238, calculated using the DHP program
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Fig. 11: Decay heat and uncertainties as functions of cooling time after fast neutron fission of

232Th, calculated using the DHP program
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Fig. 12: Total decay heat of U-235 thermal fission after 1013s irradiation, calculated

using the DHP program
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Fig. 13: Total decay heat of 233U thermal fission after 2x104 s irradiation, calculated
using the DHP program

7. Conclusion

In the present work, an application program, called DHP, has been developed for FP decay
heat summation calculation, uncertainty and contributor analysis in decay heat evaluation.
In the present program, all of decay chains and 12 decay modes are taken into account. The
main characteristics of DHP program are exact calculation, fast and easy to use. In conclusion,
we thought that the DHP program would be a significant tool in fission product decay heat

evaluations.
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