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ABSTRACT

This report was prepared to provide support for major revisions to the current U.S. Nuclear Regulatory
Commission decay heat rate guide entitled "Regulatory Guide 3.54, Spent Fuel Heat Generation in an Independent
Spent Fuel Storage Installation,” using a new data base produced by the SAS2H analysis sequence of the SCALE-4
system. The new data base of heat generation rates provides a significant improvement by increasing the number
and range of parameters that generally characterize pressurized-water-reactor (PWR) and boiling-water-reactor
(BWR) spent fuel assemblies. Using generic PWR and BWR assembly models, calculations were performed with
each model for six different burnups at each of three separate specific powers to produce heat rates at 20 cooling
times in the range of 1 to 110y. A procedure that includes proper interpolation formulae for the tabulated heat
generation rates is specified. Adjustment formulae for the interpolated values are provided to account for
differences in initial *U enrichment and changes in the specific power of a cycle from the average value. Finally,
safety factor formulae were derived as a function of burnup, cooling time, and type of reactor. The procedure
included in this report was developed with the intention of providing one that was easier to use than that in the
current Regulatory Guide. Also, the complete data base and procedure is incorporated into an interactive code
called LWRARC which can be executed on a personal computer.

The report shows adequate comparisons of heat rates computed by SAS2H/ORIGEN-S and measurements for 10
BWR and 10 PWR fuel assemblies. The average differences of the computed minus the measured heat rates of
fuel assemblies were -0.7 + 2.6% for the BWR and 1.5 + 1.3% for the PWR. In addition, a detailed analysis of
the proposed procedure indicated the method and equations to be valid.
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FOREWORD

This report will provide technical support for major revisions proposed to the current U.S. Nuclear Regulatory
Commission (NRC) decay heat rate guide entitled "Regulatory Guide 3.54, Spent Fuel Heat Generation in an
Independent Spent Fuel Storage Installation.” A proposed revised guide is now under development by the NRC
staff. The proposed procedure applies computed results of the SAS2H/ORIGEN-S analyses sequence of the
SCALE-4 system, a more recent version of the software than that used for the current guide. The calculated decay
heat rate data base proposed here has a broader application and is designed to be easier to use than that in the
current guide.

This report is not a substitute for NRC regulation, and compliance is not required. The approaches and/or
methods described in this document are provided for information only. Publication of this report does not
necessarily constitute NRC approval or agreement with the information contained herein.

LA Ll
Donald A Cool, Chief
Radiation Protection and Health Effects Branch
Division of Regulatory Applications
Office of Nuclear Regulatory Research
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1 INTRODUCTION

Heat is generated during the radioactive decay of
discharged fuel from nuclear power reactors. The
assurance of proper methods of storing the spent fuel
assemblies requires knowledge of their decay heat
generation rates (also, known as decay heats or
afterheat powers). Regulatory Guide 3.54, "Spent
Fuel Heat Generation in an Independent Spent Fuel
Storage Installation,” that was issued in September
1984, addresses acceptable methods for calculating
long-term heat generation rates. Recently, improved
nuclear data libraries and computational models
incorporated into ORIGEN-S' and the SAS2H control
module’ of the SCALE-4 system® have been used 10
develop a basis for a substantial revision to the
current decay heat rate guide. The purpose of this
report is to present the data and analysis performed to

support a proposed revision to the regulatory guide.
1.1 Background of Current Guide

The current version of Regulatory Guide 3.54 (issued
in 1984) was developed upon the concept of providing
a procedure that specifies proper interpolation and
adjustment formulae for a data base of computed heat
generation rates. The technical basis for the data and
safety factors used in the current guide is reported in
Ref. 4. The current guide relies on a decay heat data
base calculated only for pressurized-water-reactor
(PWR) fuel. With no measured heat generation data
or validated caiculations for boiling-water-reactor
(BWR) fuel, the guide incorporated large safety
factors to prevent the possibility of specifying
nonconservative heat generation rates. In addition,
only a single maximum specific power (rather than a
range of specific power values) was used in the
analyses. The current guide provides decay heat rates
that are fairly accurate (within several percent) for
PWR assemblies that were operated at or near the
maximum power and decayed for relatively short
cooling times. However, for BWR assemblies and
PWR assemblies with more typical power densities
(commonly with average specific power levels near
half the maximum used for the guide basis),
conservative heat rates are produced by the current
guide. The main cause for this overestimation of heat
rates is the result of using an upper envelope of the
possible operating powers and is not the result of the
computational model

Since completion of the technical basis for the current
guide, a number of decay heat measurements have
been performed for PWR and BWR spent fuel. Thus,

the NRC decided to study the possibility of revising
the current guide to reduce the conservatism by (1)
developing separate decay heat data bases for PWR
and BWR fuel and (2) increasing the decay heat data
base 10 encompass a broader range of parameters
selected to characterize the PWR and BWR spent
fuel.

1.2 Improvements in the Proposed
Guide

In developing a proposed revision to the current
regulatory guide, the goal is to provide significant
technical improvements while also providing an easier-
to-use format and/or formulac. The technical
improvements discussed in this report were made by
adding a data base for BWR assemblies and increasing
the number and range of parameters selected to
characterize the spent fuel (i.e., burnup, specific
power, initial enrichment). This subsection briefly
discusses these improvements.

Analyses performed to provide a basis for the current
guide used the SAS2 analysis sequence provided in the
SCALE-2 and SCALE-3 releases of the SCALE code
systemt. This earlier SAS2 procedure used a unit-fuel-
pin-cell model at each depletion time step to obtain
the flux spectrum required to obtain burnup-
dependent cross sections for the fuel depletion
analysis. This simple neutronics model was shown* to
produce slightly conservative actinide inventories for
PWR spent fuel and did not provide the flexibility
required to model BWR fuel. After the release of the
current guide, the neutronic analysis capabilities of
SAS2 were significantly enhanced to form an updated
sequence called SAS?H that was released as a module
of the SCALE-4 system. The new SAS2H sequence
was used 1o calculate the PWR and BWR decay heat
rates used in preparing this revision to the current
guide procedure. For each depletion time step,
SAS2H performs one-dimensional (1-D) neutron
transport analyses of the reactor fuel assembly using a
two-part procedure with two separate unit-cell-lattice
models. The first model considered in the sequence is
a unit fuel-pin cell from which cell-weighted cross
sections are obtained for use in the second model that
represents a larger unit cell (e.g., an assembly) within
an infinite lattice. The larger unit cell zones can be
structured for different types of BWR or PWR
assemblies. The neutron flux spectrum obtained from
the large unit cell model is used to determine the

NUREG/CR-5625
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appropriate nuclide cross sections for the specified
burnup-dependent fuel composition.

A more detailed description of the improved analysis
method is given in Sects. $2.2.2 through S2.2.5 of the
SCALE-4.0 documentation.’ Essentially, this expanded
depletion model removes most of the conservatism
from the computed actinide decay heat rates and, also,
provides a procedure for calculating decay heat rates
of spent fuel from BWRs as well as PWRs. Prior to
generating the data base of decay heat rates, the
SAS2H analysis procedure was validated using
measured decay heat data obtained for PWR and
BWR spent fuel assembilies.

The current regulatory guide is formatted to provide a
set of tables containing decay heat rates as a function
of parameter values that characterize a particular
assembly. Using the appropriate table and
interpolation guidelines, an appropriate decay heat
value can be obtained from the tabular data base.
This basic concept of interpolating a reference data
base to obtain the decay heat value has been
continued in preparing the proposed revisions to the
current guide. However, the revised data base has
been improved significantly by incorporating
computed decay heat rates at six different burnups for
each of three specific powers (compared with one
maximum specific power in the current guide).
Within each case, final decay heat generation rates
were computed at 20 different cooling times in the
range of 1 to 110 years. The ranges of the BWR
burnup and power were 20 to 45 MWd/kgU and 12 to
30 kW/kgU, respectively. The PWR burnup and power
ranges were 25 to 50 MWd/kgU and 18 to 40 kW/kgU,
respectively. Also, additional cases were computed in
which the #*U enrichment was either decreased or
increased by one-third from that of the standard case.
Thus, the calculated decay heat rate data were
produced as a function of burnup, specific power,
cooling time, initial fuel ®*U earichment, and
assembly type (i.e., BWR or PWR).

An example demonstrating the significance of the
improvement in using the actual specific power as
opposed to a single maximum power can be seen in
the following comparison. Consider a PWR assembly
that has a burnup of 30 MWd/kgU and a specific
power of 18 kW/kgU. At a cooling time of 2 years,

NUREG/CR-5625

the computed heat rate is 3.632 W/kgU. Had the heat
rate result been determined from calculations using
the maximum power of 40 kW/kgU, for which the
computed heat rate is 5.129 W/kgl, the result would
have been excessively conservative by 41%. Of course
the differences between the heat rates at these two
powers is decreased considerably at increased decay
times.

The data base for a proposed guide revision has been
developed to encompass the defining characteristics of
the vast majority of spent fuel that is discharged from
the mainstream of normal reactor operations. It was
decided not to include assemblies with atypical
characteristics because it would force the guide to be
overly conservative for typical assemblies and/or
significantly increase the computational effort and/or
guide procedure.

1.3 Overview of Report

This introduction has provided a brief background of
the current guide and a discussion giving justification
for a proposed revision. The sources of the data used
for the analyses are presented in Sect. 2. Section 3
presents the validation of the decay heat rate
computational model performed by comparison with
measured calorimetric data. A description of the
cases producing heat rate data for a guide revision is
given in Sect. 4. The tabulated data and complete
procedure proposed for a revised guide are presented
in Sect. 5. This section is followed by a detailed
analysis of the method and equations. Finally, Sect. 7
provides a brief description of the LWRARC code
(for use on a personal computer), which is an
easy-to-use code applying the data base and
procedures presented in Sect. 5. Also included are the
addresses of two code centers from which the
LWRARC code may be requested.

The Appendix contains assembly design and operation
data, examples of the input for two of the tabulated
cases, a sample problem using the proposed pro-
cedure, plots showing heat rates of major isotopes,
and examples of the LWRARC code printouts.



2 SOURCES OF DATA FOR COMPUTING HEAT RATES

The ORIGEN-S nuclear data library’ provided with
the SCALE-4 system was the source of data for the
half-lives, decay branching fractions, and recoverabie
energy per decay for all fission products and signifi-
cant actinide and light element nuclides. These data
were taken from either ENDF/B-V* or ENSDF.” A
more detailed description of the source of all nuclear
data is presented in Sect. M6.2.6 of Ref. 5. The
fission product yield data were taken entirely from
ENDF/B-V.¢ A convenient formatted listing of these
yield data is presented in Ref. &.

The SCALE 27-energy-group depletion cross-section
library (27BURNUPLIB)® was used in all the SAS2H
cases. This library contains ENDF/B-1V data for the
major actinides and pre-release ENDF/B-V data for
the fission products. For each reactor type (i.e., BWR
or PWR), a preliminary SAS2H case was performed 10
produce an ORIGEN-S library (sometimes called a
"preSAS library") to'be used as the initial library in all
subsequent SAS2H cases. Each preliminary SAS2H
case performed one pass through the neutronics

portion of the sequence in order 10 produce updated
cross sections for 181 fission products, and provided a
base PWR or BWR library to replace the outdated
default ORIGEN-S library (made with circa 1960
data). The subsequent SASZH cases used the BWR
or PWR preSAS library as the base library and
generated updated cross sections for 38 to 39 signifi-
cant nuclides (pius 6 gadolinium isotopes for the
BWR) as a function of burnup. A list of the nuclides
that were updated as a function of burnup is provided
in Table 2.1. The cross-section update was obtained
from the neutronics analysis of the larger unit cell
model which simulates the fuel assembly. The fuel
spectrum from this analysis aiso provides new values
for the spectral parameters THERM, RES, and FAST
used by ORIGEN-S to model energy dependence

within the depletion calculation.

The above data sources were applied to all the
standard cases used to produce data for the proposed
decay heat guide revision. Other sources of data used
to evaluate the validity of the SAS2H data will be

referred to later in this report.

Table 2.1 List of nuclides updated as a function

of burnup in the SAS2H analyses
'H 18py BG4t
g *Nd et of
llBa de Z“U
%0 ¥'Nd i V]
BCo “pm 2y
“Zr ®Sm bt 0
»Tc BiSm Z'Np
Ru 5Sm Ztpy
CRh BEy Pu
¥Rh py Wpy
lee XSSEu MlPu
BXe BGd® M2py
mcs !SSGdb . Am
BCs BGdt ¥Am
WCe ¥iGgL #Cm
*Only in PWR cascs.
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3 COMPARISONS OF COMPUTED AND MEASURED HEAT RATES

The reliability of a computer code to calculate decay
heat generation rates can be demonstrated by com-
paring calorimetric measurements of heat rates of
spent fuel assemblies with values computed by using
code input similar to the design and operating char-
acteristics of the fuel assemblies. In this study, results
were compared for ten PWR and ten BWR spent fuel
assemblies. In the comparison benchmarks, the fuel
came from three reactors—Point Beach Unit 2 PWR,
Turkey Point Unit 3 PWR, and Cooper Nuclear
Station BWR. The heat rates of the Turkey Point
assemblies were measured” at the Engine
Maintenance Assembly and Disassembly Facility at the
Nevada Test Site. The measurements of the Point
Beach and Cooper Station assemblies were per-
formed™* at General Electric’s Morris Facility.

Decay heat results from these sets of measurements
were taken from Refs. 13 through 15.

This section presents a description of the design and
Ieactor operating characteristics of the spent fuel used
in the measurements. Then, the comparison of
measured and calculated heat rates is listed and
summarized.

3.1 Assembly Design and Operating
Characteristics

The design and operating history data of each
measured assembly from the three types of reactors is
listed in Tables 3.1 through 3.12, inclusive. The data
in these tables are sufficient for the required input to
the SAS2H and ORIGEN-S modules used for com-
puting heat rates of all the fuel assemblies in this
comparison study. However, more detailed operating
histories™ than the data in Table 3.9 were used for
some of the Cooper Nuclear Station assemblies when
considered necessary to account for large power fluc-
tuations over a fuel c¢ycle. Initial uranium isotopic
contents were determined from Table 3.12, as in a
previous similar procedure.® The isotopic ratio
factors in Table 3.12 were simply taken from those
derived from mass spectrometer analyses™ of initial
fuel for the Yankee Reactor Core V. Part of the
assembly daia (e.g., some Of the temperatures) were
not available in the references on the experiments and
assembly designs. In those cases, the values were
taken from Ref. 17 for the generic case of the reactor.
Table 3.11 lists the element contents (excluding that
of uranium) of the measured assemblies along with
the amounts applied in the PWR and BWR cases used
to create the decay heat data base presented in Sect. 5.

NUREG/CR-5625

The greatest uncertainty in the calculated decay heat
rates caused by inaccurate input data is probably that
resulting from the uncertainty in the cobalt contents
listed in Table 3.11. Measurements®? of cobalt in
clad and structural materials known to the authors
indicate amounts significantly less than that used here.
In order to be consistent, the same cobalt content per
kgU for each reactor type was applied in both the
cases for measurement comparisons and the cases for
the new decay heat data base of Sect. 5.

From the tabulated data on the measured assemblies,
note that some of the assemblies were in the reactor
during the same cycles (i.e., had similar overall ope-
rating histories) and had approximately equal burnups
(within 5%). These similarities in assembly character-
istics permitted a more efficient use of computational
time because a separate SAS2H calculation was not
needed for each assembly. Instead, for each set of
assemblies with similar characteristics, the SAS2H
sequence was used to perform a reactor depletion
analysis with an approximate operating history. The
burnup-dependent cross-section libraries created by
the SAS2H case were then accessed in separate stand-
alone ORIGEN-S cases that modeled the specific ope-
rating history and decay time for each applicable
assembly. In these cases, the heat rate difference from
not using SAS2H for individual assemblies was esti-
mated 10 be <1%.

3.2 Discussion of Comparisons

Comparisons of measured and SASZH/ORIGEN-S
calculated decay heat rates of spent fuel assemblies
from the three reactors in this study are listed in
Tables 3.13, 3.14, and 3.15. The major parameters of
total burnup, **U enrichment, and cooling time of
each assembly are shown. The measured and com-
puted heat rates for each experiment are listed.
Percentage differences between the measured and
calculated values are presented to provide a measure
of the comparison. In addition to the percentage
difference for each measurement, the average percent-
age difference of all the measurements on each
assembly is indicated. Averages of both types of per-
centage differences and the standard deviations of the
average differences are also provided.

There is at least one excessively high percentage diffe-
rence in each of the three tables. These data were not
excluded because it was decided to use comparisons
for all reported measurements for which pertinent



Table 3.1 Point Beach Unit 2 PWR assembly description

Comparisons

Parameter Data Reference
Assembly general data
Designer Westinghouse 16
Lartice 14 x 14 16
Fuel weight, kg U 386 14
Water temperature, K 579 16
Water pressure, psia (12/73) 2000 16
Water density, avg, g-cm™ 0.7115* -
Soluble boron, cycle avg, ppm (wt) 550 17
Number of fuel rods 179 18
Number of guide tubes® 16 18
Number of instrument tubes 1 18
Fuel rod data
Type fuel peliet vo, 16
Pellet stack density, g-cm™ 9.467 -
Rod pitch, cm (in.) 1.412 (0.556) 18
Rod OD, cm (in.) 10719 (0.422) 18
Rod ID, cm (in.) 0.9484 (0.3734) 18
Active fuel length, cm (in.) 365.8 (144) 18
Clad material Zircaloy-4 18
YU wt % 0.030* -
U wt % 3397 14
BT wt % 0.016* -
U wt % 96.557 -
Effective fuel temperature, K 811 17
Clad temperature, K 620 17
Guide tube data®
Inner radius, cm (ID, as in.) 0.6845 (0.539) 18
Outer radius, cm (OD, as in.) 0.6414 (0.505) 18
Tube material Zircaloy-4 18

*These data were calculated from other data in the table.

*Control rods were considered to be fully withdrawn during reactor uptime.

NUREG/CR-5625



Comparisons

Table 3.2 Point Beach Unit 2 PWR operating history”

Core-avg burnup,

Cycle Startap Shutdown Uptime, d Downtime, d MWd/kgU
1A 8/01/72¢ 273 o 1.070
1B 501/73° 10/16/74° 533 65 15993
2 12/20/74 2/26/16 433 32 11.806
3 3/29/76 3/03/77 339 -
10.040
*See Ref. 14.

*Cyde 1 was split in onder 1o apply significantly different powers more correctly.

Table 33 Point Beach Unit 2 assembly burnups® and powers

Fuel assembly ID

Burnup, MWd/kgU C-52 C-56 Cco4 C-66 C67 C68
Cycle 1 10.801 16.475 16.920 11.668 16.600 13.034
Cycle 2 12.316 12.881 12.844 13.256 12.801 13.908
Cycle 3 8.797 9.561 9.620 10.509 9.545 10.115
Power,” MW/assembly

Cycle 1A 0958 1.461 1.500 1.035 1472 1.156
Cycle 1B 7332 11.183 11.485 7920 11.268 8.847
Cycle 2 10.979 11.483 11.450 11.817 11412 12398
Cycle 3 10.017 10.887 10.954 11.966 10.868 11.517

*See Ref. 14.

*Computed from the uptimes and core-averaged burnups in Table 3.2, 386 kgU/assembly, and the above burnups.
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Table 3.4 Turkey Point Unit 3 PWR assembly description

Comparisons

Parameter Data Reference
Assembly general data
Designer Westinghouse 19
Lattice 15 x 15 19
Fuel weight of B-43, kgU 4478 -
Fuel weight of D-15, kgU 456.1 -
Fuel weight of D-22, kgU 4580 -
Fuel weight of D-34, kgU 455.2* -
Water temperature, K 570 4
Water density, g-cm’ 0.7311 4
Soluble boron, cycle avg, ppm (wt) 450 4
Number of fuel rods 204 4,18
Number of guide tubes® 20 18
Number of instrument tubes 1 18
Fuel rod data
Type fuel pellet Uo, 4,18
Stack density (B-43), % TD 91.53¢ -
Stack density (D-15), % TD 93.23° -
Rod pitch, cm (in.) 1.4300 (0.563) 4,18
Rod OD, cm (in.) 1.0719 (0422) 4,18
Rod ID, cm (in) 0.9484 (03734) 4,18
Pellet OD, cm (in.) 0.9296 (0.366) 4
Active fuel length 365.8 (144) 4,18
Clad material Zircaloy-4 4,18
B wt % 0.023¢ -
U wt % (B-assemblies) 2559 -
U wt % (D-assembilies) 2557 -
By wt % 0.012° -
U wt % (B-assemblies) 97.406° -
*U wt % (D-assemblies) 97.408° -
Effective fuel temperature, K 922 4
Clad temperature, K 595 4
Guide tube data®
Inner radius, cm (ID, as in.) 0.6502 (0.512) 18
Outer radius, cm (OD, as in.) 0.6934 (0.546) 18
Tube material Zircaloy4 18

*Florida Power and Light Co. data provided by E R. Knuckies.

*Control rods were considered to be fully withdrawa.

“These data were calculated from other data in the table.
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Comparisons

Table 3.5 Turkey Point Unit 3 PWR operating history*

Cycle Startup Shutdown Uptime, d Downtime, d
1 10720772 10/04/74 714 73
2 12/16/74 10/26/75 314 58
3 12/23/75 11/15/76 327 62
4 1/16/77 11724775 312 -

“Florida Power and Light Co. data provided by E. R. Knuckles.

Table 3.6 Turkey Point Unit 3 assembly burnups* and powers

Fuel assembly ID

Burnup, MWd/kgU B-43 D-15 D-22 D-34
Cycle 1 15.998 - - -
Cycle 2 8.829 9.480 9.826 9.488
Cycle 3 - 9.752 8.867 9.338
Cycle 4 - 3.920 7253 8794
Power," MW/assembly

Cycle 1 10.033 - - -
Cycle 2 12591 13.7711 14332 13.756
Cycle 3 - 13.603 12419 13.000
Cycle 4 - 13.040 10.647 12.831

*Florida Power and Light Co. data obtained from PDQ-7 analyses and provided by E. R. Knuckles.
*Computed from the uptimes in Table 3.5, the uranium weights per assembly in Table 3.4 asd
the above burnups.
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Table 3.7 Cooper Nuclear Station BWR assembly description

Comparisons

Parameter Data Reference
Assembly general data
Designer General Electric 20
Lattice 7%x7 20
Fuel weight, kgU 190.2* 15
Water temperature, K 558 17
Water vol-avg density, g-cm™ 04323 17
Number of fuel rods 49 20
Burnable poison element Gd 20
Number containing poison 4 17
Assembly pitch, cm (in.) 15.24 (6.0) 15
Shroud (tube) thickness, cm (in.) 0.2032 (0.08) 15
Shroud inside flat-to-flat, cm (i) 13.406 (5.278) 15
Shroud material ‘ Zircaloy-4 17
Shroud temperature, K 558 17
Channel] water density, g-cm™ 0.669"° 17
Channel water temperature, K 552 17
Channel avg B content, atomb-cm  7.15 X 10* (see footnote ¢) -
Fuel rod data
Type fuel pellet uo, 18
Pellet stack density, g-<m™ 9.96° -
Rod pitch, cm (in.) 1.8745 (0.738) 15
Rod OD, cm (in) 1.4300 (0.563) 15
Rod ID, cm (in.) 1.2421 (0.489) 15
Active fuel length, cm (in.) 365.76 (144) 20
Clad material Zircaloy-2 20
Gadolinia bearing rods, Gd wt % 35° -
Assembly CZ102 average U content:
U wt % 0.010° -
BUwt % 1.100 15
U wt % 0.005* -
U wt % 98.885* -
Average U content, all except CZ102:
™y 0.0224 -
sy 2.500 15
gy 0.012° -
U 97.466° -
Effective fuel temperature, K 840 17
Clad temperature, K 620 17

*Some assemblics had 1905 kgU. However, the 190.2 valuc was used in the analyses.

*Reduced the 0.743 g-cm™® bottom node deusity by 10% 1o account for control cruciform displaccment.
“Applied in channel region for boron cruciform; used content producing average k,, of approximately unity.
“These data were calculated from other data in the table.

“Used the average of 3 and 4 wt % Gd, each the content of two rods.
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Comparisons

Table 3.8 Cooper Nuclear Station BWR operating history*

Cycle Since Since

Cycle start startap, d Shutdown startup,d  Uptime, d Downtime, d

1 703774 0 9/17/76 807 807 59

2 11/15/76 866 9/17/T7 1172 306 31

3 10/18/77 1203 3/31/78 1367 164 35

4 5/05/78 1402 417779 1749 347 23

5 310718 1772 3/01/80 2068 296 98

6 6/07/80 2166 4/20/81 2483 317 48

7 60781 2531 5/21/82 2879 3438 -

*Sec Ref. 15.
Table 3.9 Cooper Nuclear Station adjusted cycle burnups®
Assembly Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 Cycle 6 Cycie 7
CZ102 93NM4 2.273
CZ205 10298 7.414 2.987 0 0 1.864 2781
CZ209 10.651 7.669 3110 0 0 2.296 1.657
CZ259 6.026 4339 2555 8511 2.165 2.870
CZ331 12.875 5.495 2.962
CZ369 11.162 8035 2481 0 0 1.982 2.916
CZA29 10.878 7.833 2.899 0 0 3232 2799
CZ515 11.003 7922 0 0 2691 4.121
CZ526 10.939 1875 2734 0 0 3239 2.809
CZ528 10.996 7917 0 0 2692 4110
*Sec Ref 15.
Table 3.10 Cooper Nuclear Statior assembly powers
Powers® by cycles, MW/assembly

Assembly Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 Cycles Cycle 7
CZ102 2214 1413
CZ205 2427 4.608 3.464 0 0 1118 1.520
CZ209 2510 4.767 3.607 0 0 1378 0.906
CZ259 1.420 2697 2.963 4.665 1391 1722
CZ331 3.034 3416 3435
CZ369 2631 4.994 2.877 0 0 1.189 1.5%4
CZA29 2.564 4.869 3362 0 0 1.939 1.530
CZ515 2593 4924 0 0 1729 2473
CZ526 2.578 4.895 3.171 0 0 1.943 1.535
CZ528 2.592 4921 0 0 1730 2466

*Computed from uptimes in Table 3.8, burnups in Table 3.9 and 1902 kgU/assembly.
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10



Comparisons

Table 3.11 Element contents* from clad, structure, and water (for BWR)
Cooper Point Turkey

BWR PWR Station Beach Point
Element® gheU gkgU kg/assembly kg/assembly kgfassembly
H 164 31
B 0.068 0.013
O 265.0 1350 505 520 62.0
Cr 24 59 0.45 23 27
Mn 0.15 033 0.029 0.13 Q.15
Fe 6.6 129 12 50 59
Co 0.024 0075 0.0046 0.029 0.034
Ni 24 99 045 38 45
Zx 5160 2210 982 85.0 101.0
Nb 0 0.71 0 027 032
Sn 87 36 1.6 14 16
Gd c 0.544

*Caiculated from data and factors in Ref 21, except for spectral correction factors in Ref. 22 for PWRa.
*Included only elements with coatents exceeding 0.5 g/kglU pins Ma, Co, and B (for BWR oaly).

“The Gd in BWR standlard cases varicd with wt % Gd in pins.

Table 3.12 Uraninm isotope dependence™

on X wt % U earichment
Isotope Assay, wt %
By 0.0089 X
b ¥ 1.0000 X
b 4§ 0.0046 X
=g 100 - 10135 X

parameters were available. Each of the calculated
heat rates reported for the Point Beach PWR
assemblies in Table 3.13 was higher than the measured
value. However, except for the 16.2% value, the
differences did not exceed 3%. This reactor was the
only reactor for which the average difference exceeded
the standard deviation (i.c., 3.0 + 1.9%) and,
therefore, it indicates there is a systematic bias to
calculate decay heat rates higher than the measured
data. The burnups and U enrichments also were
higher than the other assemblies compared. The 3%
difference for the C-64 assembly was the result of a
comparison with a measurcment by a static test,
whereas the 16.2% resulted from a comparison with a
measurement that was determined by a recirculation
test. Had the assembly been excluded from considera-
tion, the average percentage difference of the other
assemblies would have been 1.7 + 0.9%.

11

The computed heat rates of the Turkey Point PWR
assemblies in Table 3.14 were both higher and lower
than measured values. A previous comparison* of
SAS? results with measurements applied equal
burnups and specific powers™ for the three cycles of
the D-assemblies. This rather rough estimate of
operating history was improved in the present calcula-
tions by using more complete data given by the
operating utility (see Tables 3.5-3.6). The results in
Table 3.14 show that three of the assembly average
differences were within 2.3%. The remaining
assembly, B-43 (which had a —4.5% difference), was
the only one of the four that was in the reactor during
the first cycle. The lower calculated value for
assembly B-43 could be caused by extremely low
operating powers during initial reactor startup. This
extremely low power during the early period of the
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Comparisons

Table 3.13 Point Beach PWR measured® and computed decay heat rates

Assembly  Bumnup, Initial Cooling Heat rate, W % Difference % Differcnce
D MWdkgU *Uwt% time, d Meas. Calc.  (C/M-1)100% assembly-avg
C-52 31914 3397 1635 724" 732.2 1.1
1635 723° 7322 13 12
C-56 38917 3397 1634 921 9433 2.4 24
Co64 39384 3397 1633 931* 959.0 3.0
1633 825° 959.0 162 9.6
C-66 35.433 3397 1630 846 852.2 0.7 0.7
C-67 38.946 3397 1629 934 9465 13 13
C68 37.057 3397 1630 814 898.0 27 27
Average 36 30
Standard deviation +23 +19
*See Ref. 14.
*Static test.
“Recirculation test.
Table 3.14 Turkey Point PWR measured® and computed decay heat rates
Assembly Burnup, Initial Cooling Heat rate, W % Difference % Differcnce
D MWdkgU ®Uwt%  time, d Meas. Calc. (C/M-1)100% assembly-avg
B-43 24.827 2.559 1782 637 608.1 ~4.5 ~4.5
D-15 28152 2.557 962 1423 1436.0 0.2
1144 1126 11720 4.1
2077 625 6284 05 18
D-22 25946 2557 963 1284 1255.0 -23 -23
D-34 27.620 2557 864 1550 1582.0 21 21
Average 0.1 ~0.7
Standard deviation +13 +1.7
*Sec Ref 14.

first cycle lowered the average cycle power below that
used for most of the cycle-1 burnup. Thus, the
measured decay heat rate of assembly B-43 is greater
than it would have been for the use of a constant
power in cycle 1, because the decay time of part of the
fission products is less. The average assembly
percentage difference, however, of -0.7 + 1.7%
indicates good agreement.

The percentage differences in the comparisons in

Table 3.15 for the Cooper Nuclear Station BWR
assemblies extended through a much wider range than
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those for the PWRs. However, the decay heat
measurements were much lower values (62.3 to
395.4 W) than those measured for the PWRs (625 to
1550 W). Because measurement precision tends to be
represented as a constant heat rate instead of a
percentage of the total heat rate, the percentage
uncertainty in the measured data would increase as
the measured value decreases. Thus, the broader
range of percentage differences in measured and
calculated decay heat rates is expecied. The increase



Table 3.15 Cooper Nuclear Station BWR measured® and computed decay heat rates

Comparisons

Assembly Burnup, Initial Cooling Heat rate, W % Difference % Difference
D MWdkgU ZUwt%  time,d Meas. Calc. (CM-1)100% assembly-avg
CZ102 11.667 11 2565 623 789 26.6
2645 704 718 10.5 18.6
CZ2205 25344 25 857 3240 3283 13
867 361.0 3253 -99
8n 3435 3241 -5.6
872 3532 3238 -83
886 3318 3198 -3.6
887 338.7 3195 -5.7
892 3215 3181 -29
896 3131 3169 1.2
899 3114 316.1 15
930 314.0 307.8 ~20
936 3312 306.2 -15
946 3171 303.7 -4.2 -38
CZ209 25383 2.5 891 2795 290.1 38 38
CZ2259 26.466 25 1288 2476 285.7 154
1340 2885 2785 -35 6.0
CZ331 21332 25 2369 162.8 161.6 -0.7
2457 180.1 1582  -122 -6.5
CZ369 26.576 25 888 3476 3404 -2.1 -21
CZA429 27641 25 889 385.6 366.5 -5.0 -5.0
CZ515 25.737 25 1254 294.0 2823 -4.0
1285 296.0 276.7 -6.5 -53
CZ526 27596 25 864 395.4 374.7 -52 -52
CZs28  25.715 25 1286 2976 2754 -75 -75
Average ~-14 -0.7
Standard deviation +1.7 +26
*Sece Ref 15.
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Comparisons

in the number of measurements and assemblies,
however, has somewhat reduced the final standard
deviation. The average assembly difference of -0.7
+2.6% shows good agreement between calculated and
measured values for the BWR assemblies.

A summary of percentage differences in comparisons
of measured and calculated spent fuel decay heat rates
for all cases and assemblies is presented in Table 3.16.
The average heat rate computed was less than the
measured value for the BWR assemblies and the
opposite was true for the PWR assemblies. The final
average difference for all 20 LWR spent fuel

assemblies was 0.4 + 1.4%. Then at the confidence
level associated with 2 standard deviations the
percentage differences should lie in the range ~2.4 to
3.2%. Thus, at the 2¢ confidence level and for the
design and operating parameters of the given
assemblies, the nonconservative error in computed
decay heat rates should not exceed 2.4% plus any
ponconservative bias in the measurements. The
comparisons of measured and calculated decay heat
rates shown in this section provide the basis for the
calculational bias that will be used in development of

a proposed regulatory guide.

Table 3.16 Summary of decay heat rate comparisons

Type of summary Number % Difference” + std dev

Summary by cases:
Average Point Beach case g 36 + 23
Average Turkey Point case 6 01+13
Average Cooper case 25 ~14 + 17
Average PWR casc 14 21+ 14
Average BWR case 25 -1.4 4+ 1.7
Average, PWR and BWR avg-case =03 4+ 11

Summary by assemblies:
Average Point Beach assembly 5 30+ 19
Average Turkey Point assembly 4 07 + L7
Average Cooper assembly 10 ~07 + 26
Average PWR assembly 10 15+ 13
Average BWR assembly 10 ~0.7 + 26

Final average, all assemblies 20 04 4+ 14

*(Calcalated/measured - 1)100%.
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4 HEAT RATE DATA COMPUTED FOR PROPOSED GUIDE

This section provides a few summary remarks about
the SAS2H/ORIGEN-S cases used to calculate the
decay heat rates. For each reactor type, combinations
of six different burnup values and three different
specific powers were considered. The ranges of the
BWR burnup and power were 20 to 45 MWd/kgU and
12 to 30 kW/kgU, respectively. The PWR burnup and
power ranges were 25 to 50 MWd/kgU and 18 10

40 kW/kgU, respectively. Final decay heat generation
rates were calculated in each case at 20 different
cooling times ranging from 1 to 110 years. A total of
720 decay heat generation rates were calculated from
the 18 PWR and 18 BWR cases.

The PWR and BWR assembly design and operating
characteristics applied in the SAS2ZH/ORIGEN-S cases
are taken from the generic data provided in Ref. 17.
The specific data used for the cases are provided in
detail in Appendix A. For the BWR cases, the
contents of gadolinium in the fuel, the boron in the
cruciform control assemblies and the coolant density
between the assembly shrouds were changed from the
generic-case values to represent more realistic data,
The specific powers, burnup, and initial™U fuel
enrichments were changed from that provided in
Ref. 17 to those needed to span the desired range for
each parameter. The cycle times were changed to
produce the proper burnup and power. Uptimes of
80% (which includes the effect of reload downtimes)

15

were used for all cycles except the last one was
considered to be 1009 uptime. ' Three cycles were
used for the two lowest burnup cases, four cycles for
the next two higher in burnup and five cycles for the
two highest in burnup.

In the procedure provided in Sect. 5, the heat rate
corresponding to the conditions given for a particular
assembly is first determined by interpolating tabulated
values linearly between powers and burnups and
logarithmically between cooling times. However, this
interpolated value corresponds to the computed heat
rate at only the power, burnup, and cooling time
specified. The interpolated heat rate value must be
corrected for significant changes between other
conditions used in the calculations and those of the
given assembly (e.g., 2*U enrichment or operating
history). Most of these different parameter variations
cause small enough changes in the results that their
effects could be conveniently included in the safety
factor. However, explicit factors are derived for
deviations from the calculations in parameters of the
assembly such as the initial ®*U enrichment and the
last two operating cycle powers. These factors are
then applied as adjustments to the interpolated value.
An additional safety factor is applied as a function of
reactor type, burnup, and cooling time. A more
detailed analysis and discussion of the factors and the
method in general are given in Sect. 6.
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5 PROPOSED REGULATORY GUIDE PROCEDURE

This section of the report presents the proposed
procedure for use in a revision to the NRC regulatory
guide on spent fuel heat generation in an independent
spent fuel storage installation. Section 5.1 contains
the definitions, as used here, of parameters needed in
the determination of the heat generation rate of a fuel
assembly. Section 5.2.1 contains the procedure for
interpolating tables to derive the uncorrected heat
rate of an assembly. Sections 5.2.2-5.2.6 include the
final evaluation method that uses simple adjustment
factors for cases that are somewhat nontypical, in
addition to the specified safety factor.

There may be fuel assemblies with characteristics that
lie sufficiently outside the mainstream of typical plant
operations as to require a separate method for pre-
dicting the heat generation rate. Assemblies whose
parameters lie outside the range of values used in the
guide may be considered atypical for the purposes of
using the proposed guide revision. A discussion of
the characteristics of assumed typical reactor opera-
tions is in Sect. 53. A glossary of terms is given in
Sect. 5.4.

5.1 Definitions and Derivations of
Required Parameters

The following definitions are used in the proposed
guide procedure.

5.1.1 Heat Generation Rate of the
Assembly (p)

The heat generation rate of the spent fuel assembly is
the recoverable thermal energy (from radioactive
decay) of the assembly per unit time per unit fuel
mass. The units for heat generation rate used in this
guide are W per kg U, where U is the initial uranium
loaded. Heat generation rate has also been referred to
as decay heat rate, afterheat, or afterheat power.

5.1.2 Cycle and Cycle Times of the
Assembly (T)

A cydle of the operating history for a fuel assembly is

the duration between the time criticality is obtained

"The adopted International System of units.
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for the initially loaded or reloaded reactor to the time
at which the next reloaded core becomes critical. The
exception is for the last cycle where the cycle ends
with the last reactor shutdown before discharge of the
assembly. T, denotes the elapsed time during cycle i
for the assembly. Specifically, the first and last cycles
are denoted by i = s (for start) and i = e (for end),
respectively. T, the total residence time of the
assembly, is the sum of all T; for i = 5 through e,
inclusive. Except for the last cycle for an assembly,
the cycle times include the downtimes during reload.
Cycle times, in this guide, are in days.

5.1.3 Fuel Burnup of the Assembly (B;
and B,,)

The fuel burnup of cycle i, B, is the recoverable
thernmal energy per unit fuel mass during the cycle in
units of megawatt days per metric ton (tonne) initial
uranium (MWd/tU) or in the SI units’ of mass used in
the guide, megawatt day per kilogram U (MWd/kgl).
B, is the maximum estimate of the fuel assembly
burnup during cycle i. B,, is the total operating
history burnup:

)

5.1.4 Specific Power of the Fuel (7;, P,,
and P_.)

Specific power has a unique meaning in the guide.
The reason for developing this definition is to take
into account the differences between the actual
operating history of the assembly and that used in the
computation of the tabulated heat generation rates.
The calculational model applied an uptime (time at
power) of 80% of the cycle time in all except the last
cycle (of the discharged fuel assembly), which had no
downtime. The definition of specific power, used
here, has two basic characteristics. First, when the
actual uptime experienced by the assembly exceeds the
80% applied in the SAS?H/ORIGEN-S calculations,
the heat rate changes by less than 1%. Second, when
the actual upiime experienced is lower than the 80%
applied in the calculations, the heat rate is reduced.



The technical basis for these characteristics is
presented in Sect. 6.1.

The specific power of cycle i, or e (last cycle), in
kW/kgU, using burnup in MWd/kgU, is defined as

1000 B, .
P, = fori < e;
08T,
@
1000 B, .
P = Zfori=e.

4

The average specific power over the entire operating
history of a fuel assembly, using the same units as in
Eq. (2), is defined as

1000 B,

P, = .
T, +08Y: T,

ave

@)

The average specific power through the next to last
cycle is used in applying the adjustment factor for
short cooling time (see Sect. 5.2.2). This parameter is
defined as

= IO(X)(BM - Be) (4)

08(T,, - T,)

ave,e -1

Note that B,, and P, , as derived in these definitions,
are used in determining the heat generation rate from
the guide. Also, for cooling times <7 years, P, is used
in an adjustment formula. The method applied here
accommodates storage of a fuel assembly outside the
reactor during one or two cycles and returning it to
the reactor. Then, B, = 0 may be set for all
intermediate storage cycles. If the cooling time is
short (i.e., <10 years), the results derived here may be
excessively high for cases in which the fuel was
temporarily discharged. Other evaluation methods
that include the incorporation of storage cycles in the
power history may be preferable.

5.15 Assembly Cooling Time (7,)

The cooling time, T,, of an assembly is the time
elapsed from the last downtime of the reactor prior to
its discharge (at end of 7,) 1o the time at which the
heat generation rate is desired. Cooling times, in the

guide, are in years.
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5.1.6 Assembly Initial Fuel Enrichment (E))

The initial enrichment, E,, of the fuel assembly is
considered to be the average wt % Z*U in the
uranium when it is first loaded into the reactor. Heat
generation rates vary with initial enrichment for fuel
having the same burnup and specific power; the heat
rate increases with lower enrichment. If the enrich-
ment is different than that used in the calculations at
a given burnup and specific power, a correction factor
is applied.

5.2 Determination of Heat
Generation Rates

Directions for determining the heat generation rates
of light-water-reactor (LWR) fuel assemblies from
Tables 5.1-5.8 are given in this section. First, a heat
rate, p,, , is found by interpolation from Tables
5.1-5.3 or Tables 5.5-5.7. Then, a safety factor and all
the necessary adjustment factors are applied 10
determine the final heat generation rate, p,,,. There
are three adjustment factors (see Sects. 5.2.2-5.2.4)
plus a safety factor (see Sect. 5.2.5) that are applied in
computing the final heat generation rate, pg,,, from
Dy - In many cases, the adjustment factors are unity
and thus are not required. An alternative to these
directions is the use of the LWRARC code on a
personal computer (see Sect. 7). This code evaluates
P and pg;,,, using the data and procedures established
in this section.

5.2.1 Computing Heat Rate Provided by
Tables

Use Tables 5.1-5.3 for BWR fuel or Tables 5.5-5.7 for
PWR fuel. The heat rates in each table pertain to a
single specific power and are listed as a function of
total burnup and cooling time. After determining
P, ,B,,and T, as defined above, select the next
lower (L-index) and next higher (H-index) heat rate
values from the tables so that:

P, <P, < Py

B, < B, < By;
and

T, =T,

[

< Ty.
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Table 5.1 BWR spent fucl heat generation rates, watls per

kilogram UJ, for specific power = 12 kWikgU

Cooling Fuel bursup, MWd/kgU
time,
years
20 25 30 35 40 45
10 4.147 4.676 5.121 5.609 6.064 6531
14 3.132 3574 3.955 4370 4.760 5.163
20 2.249 2610 2933 3.281 3.616 3.96D
28 1.592 1.893 2174 2472 2764 3.065
4.0 1.111 1363 1.608 1.865 2.121 2384
5.0 0.919 1.146 1371 1.606 1.844 2.087
7.0 0.745 0.943 1.142 1.349 1.562 1.778
100 0.645 0.819 0.996 1.180 1.369 1.561
150 0.569 0.721 0.876 1.037 1.202 1370
200 0518 0.656 0.795 0.940 1.088 1.240
250 0477 0.603 0.729 0.861 0.995 1132
300 0.441 0.556 0.672 0.792 0914 1.039
400 0380 0.478 0576 0.678 0.781 0.886
50.0 0.331 0416 0.499 0.587 0674 0.764
60.0 0292 0365 0.438 0.513 0.589 0.666
70.0 0.259 0324 0.387 0454 0.520 0.587
80.0 0.233 0.291 0347 0.405 0.464 0.523
90.0 0.212 0.263 0313 0.365 0418 0.470
100.0 0.194 0.241 0.286 0333 0380 0.427
110.0 0.17 0222 0.263 0306 0348 0391
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Table 5.2. BWR spent fuel beat generation rates, watts per

kilogram U, for specific power = 20 kW/kgU

Procedure

Cooling Fuel burnup, MWd/kgU
time,
years
20 25 30 35 40 45
1.0 5.548 6.266 6.841 7.455 8.000 8571
14 4.097 4.687 5.173 5.690 6.159 6.647
2.0 2.853 3316 3.718 4.142 4.540 4.950
2.8 1.929 2.296 2631 2.982 3324 3.673
4.0 1.262 1.549 1.827 2117 2410 2.705
5.0 1.001 1251 1501 1.760 2.024 2.292
7.0 0.776 0.985 1.199 1.420 1.650 1882
10.0 0.658 0.838 1.023 1.215 1413 1.616
15.0 0576 0.731 0.890 1.056 1227 1.403
200 0523 0.663 0.805 0.954 1.107 1.263
25.0 0.480 0.608 0.737 0.871 1.009 1.150
300 0444 0.560 0.678 0.800 0.925 1.053
40.0 0382 0481 0579 0.682 0.786 0893
50.0 0.332 0.417 0501 0.588 0.677 0.767
60.0 0.292 0365 0438 0513 0.589 0.666
70.0 0.259 0324 0386 0.452 0518 0585
80.0 0.233 0.290 0345 0.403 0.460 0.519
90.0 0.211 0.262 0311 0362 0413 0.465
100.0 0.193 0.239 0.283 0329 0.375 0.421
1100 0.178 0.220 0.260 0302 0343 0.385
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Table 53. BWR spent fucl heat generation rales, watls per
kilogram U, for specific power = 30 kW/kpgl

Cooling Fuel burnup, MWi/kgU
time,
years
20 25 30 35 40 45
10 6.809 7.786 8531 9337 10.010 10.706
14 4.939 5.721 6357 7.006 1579 8.169
20 3368 3.958 4.463 4979 5.453 5.938
28 2211 2.651 3.050 3.460 3.855 4.256
4.0 1381 1.705 2016 2339 2.663 2991
5.0 1.063 1335 1.605 1.885 2172 2462
7.0 0.797 1.015 1.239 147 1.713 1.958
10.0 0.666 0.850 1.039 1.237 1.443 1653
15.0 0579 0.737 0.898 1.067 1.242 1.422
20.0 0525 0.667 0.811 0.962 1.117 1276
250 0.482 0.611 0.741 0.877 1.017 1.160
30.0 0.445 0563 0.681 0.805 0931 1.061
400 0382 0.482 0.581 0.685 0.790 0.398
50.0 0.332 0418 0.502 0589 0.678 0.769
60.0 0.292 0.366 0.438 0513 0.589 0.666
700 0259 0323 0.386 0.451 0.517 0584
80.0 0232 0289 0344 0401 0.459 0.517
90.0 0.210 0.261 0310 0361 0.411 0.463
100.0 0.192 0.238 0.282 0327 0372 0418
110.0 0177 0.219 0259 0300 0340 0382
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Table 54 BWR enrichments for burnups in tables

Average initial
Fuel burnup, enrichment,

MWad/kgU wt % U-235

20 19

25 23

30 27

35 31

40 34

45 38
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Table 5.5. PWR spent fuel heat generation rates, watts per

kilogram U, for specific power = 18 kW/kgU

Procedure

Fuel burnup, MWd/kgU

Cooling
time,
years
25 30 35 40 45 50
1.0 5.946 6574 7.086 7.662 8176 8.773
1.4 4.485 5.009 5.448 5.938 6382 6.894
20 3.208 3632 4.004 4411 4.793 5223
238 2253 2.601 2921 3263 3.595 3962
4.0 1551 1.835 2.108 2398 2.685 2997
5.0 1.268 1.520 1.769 2030 2294 2576
70 1.008 1.223 1.439 1.666 1.897 2.143
10.0 0.858 1044 1.232 1.430 1.633 1.847
15.0 0.744 0.905 1.068 1.239 1414 1.599
20,0 0.672 0.816 0.963 1116 1.272 1.437
25.0 0.615 0.746 0.879 1.018 1.159 1308
300 0566 © 0.686 0.808 0.934 1.063 1.197
40.0 0487 - 0588 0.690 0.797 0.904 1.017
50.0 0423 0510 0.597 0.688 0.780 0.875
60.0 0372 - 0.447 0.522 0.601 0.680 0.762
70.0 0330 0.396 0462 0.530 0.599 0.670
80.0 0.296 0355 0413 0473 0534 0.596
90.0 0.268 0321 0372 0.426 0.480 0.536
100.0 0.245 - 0293 0.339 0.387 0.436 0.486
1100 0.226 0.270 0312 0.356 0.399 0.445
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Table 5.6. PWR spent fuel heat generation rates, watts per

kilogram U, for specific power = 28 kW/kgU

Cooling Fuel burnup, MWd/kgU
time,
yecars
25 30 35 40 45 50
1.0 7.559 8.390 9.055 9.776 10,400 11.120
14 5.593 6.273 6.836 7.441 7.978 8593
20 3.900 4432 4.894 5385 5.838 6.346
28 2641 3.054 3435 3.835 4.220 4.642
40 1.724 2043 2352 2.675 2.999 3.346
50 1363 1.637 1911 2.195 2.486 2793
7.0 1.045 1271 1.500 1.740 1.987 2.248
10.0 0.873 1.064 1.261 1.465 1.677 1.900
15.0 0.752 0.915 1.083 1.257 1.438 1627
200 0.677 0.823 0973 1.128 1.289 1.457
250 0.615 0.751 0.886 1.027 1.171 1322
300 0.569 0.690 0.813 0941 1.072 1208
40.0 0.488 0.590 0.693 0.800 0.909 1.023
50.0 0.424 0511 0.599 0.689 0.782 0.877
60.0 0372 0.447 0523 0.601 0.680 0.762
70.0 0330 0396 0.461 0529 0598 0.668
80.0 0.295 0354 0.411 0.471 0.531 0.593
90.0 0267 0319 0371 0424 0477 0.531
100.0 0.244 0.291 0.337 0.385 0432 0.481
1100 0.225 0.268 0310 0352 0396 0.440
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Table 5.7. PWR spent fucl heat generation rates, watts per
kilogram U, for specific power = 40 kW/kglJ

Procedure

Cooling Fuel burnup, MWd/kgU
time,
years
25 30 35 40 45 50
10 8.946 10.050 10.900 11.820 12.580 13.466
14 6.514 7.400 8111 8.863 9.514 10.254
20 4.462 5.129 5.692 6.284 6.821 7418
28 2947 3.441 3884 4346 4.787 5267
40 1853 2212 2554 2910 3.265 3.647
50 1.429 1.728 2021 2327 2.639 2.970
7.0 1.067 1304 1.543 1.793 2.052 2325
100 0.881 1.078 1278 1.488 1.705 1.936
150 0.754 0.921 1.091 1.268 1.452 1.645
200 0678 0.827 0.978 1.136 1.298 1.469
250 0.619 0.754 0.890 1.032 1.178 1331
300 0570 0.693 0.816 0.945 1.077 1.215
40.0 0.488 0592 0.695 0.803 0912 1.026
500 0423 0512 0599 0.691 0.783 0.879
60.0 0371 0448 0.522 0.601 0.680 0.762
70.0 0329 039%6 0.461 0529 0597 0.668
80.0 0294 0353 0.410 0470 0.530 0.592
90.0 0.266 0319 0.369 0422 0475 0.530
100.0 0243 0.290 0336 0.383 0.430 0479
110.0 0.224 0267 0308 0351 0393 0.437
Table 5.8 PWR enrichments for burpups in tables
Average initial
Fuel burnup, enrichment,
MWd/kgU wt % U-235
25 24
30 23
35 32
40 3.6
45 39
50 42
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Compute p,, , the heat generation rate, at P, B,,,
and 7, by proper interpolation between the 1abulated
values of heat rates at the parameter limits of Egs. (3)
through (7). A linear interpolation should be used
between heat rates for either burnup or specific power
interpolations. In computing the heat rate at T, the
interpolation should be logarithmic in heat rate and
linear in cooling time. Specifically, the interpolation
formulae for interpolating in specific power, burnup,
and cooling time, respectively, are

Py—pP;

cp PP py, )

p=p, PH-PL(M 1_)
Py-Py

P=p.* hwmr&) . ©®

p=n cxp[hﬂ(.vﬂlm)

- 7
7T, T, TL)], (7)

where p; and p, represent the tabulated or inter-
polated heat rates at the appropriate parameter limits
corresponding to the L and H index. If applied in the
sequence given above, Eq. (5) would need to be used
four times to obtain p values that correspond to B,
and B, at values of T, and T. A mini-table of four p
values at P_, is now available to interpolate on
burnup and cooling time. Equation (6) would then be
applied to obtain two values of p at T; and 7. One
final interpolation of these two p values (at P, and
B,) using Eq. (7) is needed 10 calculate the final p,,
value corresponding to P, ,, B,,, and T,. The
optional Lagrangian interpolation scheme offered by
the LWRARC code is also considered an acceptable
method for interpolating the decay heat data, but is
not discussed in this section.

If P, or B,, falls below the minimum table value
range, the minimum table specific power or burnup,
respectively, may be used conservatively. If P,
exceeds the maximum table value, the table with the
maximum specific power (Table 5.3 for BWR fuel and
Table 5.7 for PWR fuel) may be used in addition to
the adjustment factor, f,, described in Sect. 5.3.2. The
tables should not be applied if B, exceeds the
maximum burnup in the tables, or if 7, is less than the

NUREG/CR-5625

24

minimum (1 year) or exceeds the maximum (110
years) cooling time of the tables.

5.2.2 The Short Cooling Time Factors f,
and f';

The heat rates presented in Tables 5.1-5.3 and Tables
5.5~5.7 were computed from operating histories in
which a constant specific power and an uptime of 80%
of the cycle time were applied. Expected variations
from these assumptions cause only minor changes
(<1%) in decay heat rates beyond approximately 7
years of cooling. However, if the specific power near
the end of the operating history is significantly differ-
ent than the average specific power, P, , then p,,
needs to be adjusted if T, < 7. The ratios P, /P, and
P, [P,,.., are used, respectively, to determine the
adjustment factors f; and f’,. The factors reduce the
heat rate p,, if the corresponding ratio is less than 1
and increase the heat rate p,,, if the corresponding
ratio is greater than 1. The formulae for the factors
are defined below.
=1 when T >7years or e=s
(i.e., 1 eycle only),
f,=1+035R/,/T, when 0<R<03,
f,=1+025R/T, when -03<sR<0,
f=1-0075/T, when R<-0.3,

@®

where

)

LH=1 when T, > 7 years or

e <3,
1+ ammﬁ; when 0 < R < 06,

1 + 0.08R/T, when -05 < R' <9,
1 - 0.04/T, when R < 0.5,

(10)

5

5

.

£

n

[}

where

(11)

avee~1



It is recommended not to use the decay heat values of -

this report if any of the following conditions occur:

if T, < 10 years and P,/P,, > 1.3,
if 10 years < T, < 15 years and P,/P,, > 1.7,
T, <10yearsand P, /P, ., > 1.6 (12)

Although it is safe to use the procedures herein, the
heat rate values for p,,, may be excessively high when

T, < 7years and P, /P,, < (0.6,
T, < Tyearsand P, /P, < 04. (13)

5.2.3 The Excess Power Adjustment
Factor f,

The maximum specific power, P, , used 10 generate
the data in Tables 5.1-5.3 and Tables 5.5-5.7 is 40
kW/kgl for a PWR and 30 kW/kgU for a BWR. If
P, , the average cumulative specific power, is more
than 35% higher than P, . (i.c., 54 kW/kgU for PWR
fuel and 40.5 kW/kgU for BWR fuel), then the guide
should not be used.  When 1 < P,_/P,.. < 1.35, the
guide can still be used, but an excess power adjust-
ment factor, f,, must be applied. The excess power
adjustment factor is

fll’:: VPcvelen ' (14)

ForP,, =P, f, =1
5.2.4 The Enrichment Factor f,

The decay heat rates of Tables 5.1-5.3 and Tables
5.5-5.7 were calculated using initial enrichments of
Tables 5.4 and 5.8. The enrichment factor f, is used to
adjust the value p,, for the actual initial enrichment
of the assembly E,. To calculate f,, the data in Tables
5.4 (BWR) or 5.8 (PWR) should be interpolated
linearly to obtain the enrichment value £, that
corresponds to the assembly burnup, B,,. If E,/E, <
0.6, it is recommended not 10 use the guide.
Otherwise, set the enrichment factor as follows:

=14+ 00Ila+ T, -d)]{I-EIE,]
when E,/E, , < 1.5
f.=1-0005[a + b(T, -d)]

when E, /E,, > 1.5 (15)

Procedure

where the parameters g, b, and d vary with reactor
type, E,, E,,, and T_. These variables are defined in
Tables 5.9 and 5.10.

5.2.5 Safety Factor §

Before obtaining the final heat rate p,,,, an appro-
priate estimate of a percentage safety factor S must be
determined. Evaluations of uncertainties performed
as part of this project indicate the safety factor should
vary with burnup and cooling time.

For BWR assemblies:
S=64+015(B,-20)+ 0044 (T.~1). (16)
For PWR assemblies:
S=62+006(B,-25+0050(T.-1). 17)

The purpose of deriving spent fuel heat generation
rates is usually to apply the heat rates in the computa-
tion of the temperatures for storage systems. A pre-
ferred engineering practice may be 1o calculate the
temperatures prior to application of a final safety
factor. This practice is acceptable if S is accounted
for in the more comprehensive safety factors applied
to the calculated temperatures.

5.2.6 Final Heat Generation Rate Evaluation

The equation for converting p,,, , determined in
Sect. 5.2.1, 1o the final heat generation rate of the
assembly, is

Pina = (1 + 001) f5 7, . f. Pu.» (18)

where f;, f';, f,, f., and S are determined by the
procedures given in Sects. 5.2.2 through 5.2.5.

5.3 Acceptability and Limits of the
Guide

Inherent difficulties arise in attempting to prepare a
heat rate guide that has appropriate safety factors, is
not excessively conservative, is easy to use, and applies
to all commercial reactor spent fuel assemblies. In
the endeavor 10 increase the value of the guide an
effort was made to ensure that safe but not overly
conservative heat rates were computed. The
procedures and data recommended in the guide shouid
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Table 5.9 Enrichment factor parameter values for BWR assemblies

Paramcter value
EE,<1 EJE, >1
Parameter in
Eq. (15) 1<T =< 40 7.> 40 1=7T. <15 T.> 15
a 5.7 5.7 0.6 0.6
b -0.525 0.184 -0.72 0.06
d 40 40 15 15

Table 5.10 Enrichment factor parameter values for PWR assemblies

Parameter value
E JE, <1 E JE, >1
Parameter in
Eq. (15) 1<T. <40 T.> 40 1=T. <20 T.>20
a 4.8 48 1.8 1.8
b -0.6 0.133 -0.51 0.033
d 40 40 20 20

be appropriate for the mainstream of power reactor
Operations with only minor limitations in the range of
applicability.

In general, the guide should not be applied outside
the ranges of the parameters of Tables 5.1 through
5.8. These restrictions, in addition to certain limits on
adjustment factors, are given in the text. The major
table limits are summarized in Table 5.11.

In using the guide, the range in cooling time, T,, and
the upper limit on burnup, B,, should never be
extended. An adjustment facior, f,, can be applied if
the specific power, P, , does not exceed the maximum
value of the tables by more than 35%. Thus, if P, is
greater than 54 kW/kgU for PWR fuel or 40.5
kW/kgU for a BWR fuel, then the guide should not be
applied. The minimum table value of specific power
or burnup can be used for values below the table
range; however, if the real value is considerably less
than the table minimum, the heat rate derived can b¢
excessively conservative.

In preparing generic depletion/decay analyses for use
in specific applications, the most difficult condition to
model is the power operating history of the assembly.

Although a power history variation (other than the
most extreme) does not significantly change the decay
heat rate after a cooling time of approximately 7
years, it can have significant influence on the results
in the first few years. Cooling time adjustment
factors, f; and f’;, are applied 10 correct for variations
in power history from that used in the generation of
the tables. For example, the heat rate at 1 year is
increased substantially if the power in the last cycle is
twice the average power of the assembly. The limits
in Egs. (12) and (13) on ratios of cycle to average
specific power are required, first, to derive cooling
time adjustment factors that are valid and, second, to
exclude cases that are extremely atypical. Alithough
these limits were determined so that the factors are
safe, a reasonable degree of discretion should be used
in the considerations of atypical assemblies—
particularly with regard to their power histories,

Another variable that requires attention is the *Co
content of the clad and structural materials.
Cobali-59 is partly transformed to ®Co in the reactor
and subsequently contributes to the decay heat rate.,
The *Co content used in deriving the tables here
should apply only to assemblies containing Zircaloy-
clad fuel pins. The ®Co contribution can become
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Table 5.11 Parameter ranges for applicability

of the proposed regulatory guide
Parameter BWR PWR
T.v) 1-110 1-110
B, (MWd/kgl) 20-45 25-50
P, &WkgU) 12-30 18-40

excessive for **Co contents found in stainless-steel
clad. Thus, the use of the guide for stainless-steel-ciad
assemblies should be limited only to cooling times
that exceed 20 years. Because “Co has a 5.27-y
half-life, the heat rate contribution from ®Co is
reduced by the factor of 13.9 in 20 years.

In addition to parameters used here, decay heat rates
are a function of other variables to a lesser degree.
Variations in moderator density (coolant pressure,
temperature) can change decay heat rates, although
calculations indicated that the expected differences
(approximately 0.2% heat rate change per 1% change
in water density, during first 30-year decay) are not
sufficient to require additional corrections. The PWR
decay heat rates in the tables were calculated for fuel
assemblies containing water holes. Computed decay
heat rates for assemblies containing burnable poison
rods (BPRs) did not change significantly (<1% during
first 30-year decay) from fuel assemblies containing
water holes.

Several conditions were considered in deriving the
safety factors [Egs. (16) and (17)] that were developed
for use in the guide. Partial uncertainties in the heat
generation rates were computed for selected cases (see
Sect. 6.6.1) applying the known standard deviations of
haif-lives, Q-values, and fission yields of all the fission
product nuclides that have a significant contribution
to.decay heat rates. This calculation did not account
for uncertainties in contributions produced by the
neutron absorption in nuclides in the reactor flux (see
Sect. 6.6.2), or from variations in other parameters
(see Sect. 6.6.3). In addition to the standard devia-
tions in neutron cross sections, much of the uncer-
tainty from neutron absorption was found to derive
upon approximations in the model used in the deple-
tion analysis. In developing the safety factors, these
more indirect uncertainties were determined from
comparisons of the calculated total or individual
nuclide decay heat rates with those determined by
independent computational methods, as well as heat
rate measurements obtained for a variety of reactor

27

spent fuel assemblies. Note from the equations that
the safety factors increase with both burnup and
cooling time. - This increase in the safety factor is a
result of the increased importance of the actinides to
the decay heat with increased burnup and cooling
time, together with the larger uncertainty in actinide
predicitons caused by model approximations and
limited experimental data.

Whenever there is a unique difference in either the
design or operating conditions of a spent-fuel
assembly that is more extreme than that accepted
here, another well-qualified method of analysis that
accounts for the difference should be used.

5.4 Glossary of Terms and Units Used
in Guide

B, - burnup in last cycle, MWd/kgU

B,, - burnup in next-to-last cycle, MWd/kgU

B; - fuel burnup increase for cycle i, MWd/kgU

B,, - total burnup of discharged fuel, MWd/kgU

E, - initial fuel enrichment, wt % 2*U

P - specific power of fuel as in Egs. (2) and (3),
kW/kgU

P,. - average cumulative specific power during 80%
uptime, kW/kgU

P, ., - average cumulative specific power (at 80%)
through cycle e-1, the next-to-last cycle

P, - fuel specific power during the last cycle e

P,, - fuel specific power during cycle e-1, the next-
to-last cycle

S - percentage safety factor applied to decay heat
rates, p,,

T. - cooling time of an assembly, years

T, - cycle time of last cycle before discharge, days

T., - cycle time of next-to-last cycle, days
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Procedure

T, - cycle time of ith reactor operating cycle
including downtime for all but last cycle of
assembly history, days

T, - reactor residence time of assembly, from first

loading to discharge, days

f - last-cycle short cooling time modification
factor

f's - next-to-last cycle short cooling time factor

f. - U initial enrichment modification factor

5 - excess power adjustment factor

P - heat generation rate of spent fuel assembly,
WikgU
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6 DISCUSSION OF THE PROPOSED PROCEDURE

The purpose of this section is to describe and discuss
the work performed to develop the procedures and
formulae presented in Sect. 5. Section 6.1 discusses
the investigation to determine the sensitivity of the
decay heat rate 10 variations in the reactor operating
history. Section 6.2 discusses and demonstrates the
accuracy of the techniques recommended for interpo-
lation of the data in Tables 5.1-5.3 and Tables 5.5-5.7.
The remaining sections provide the basis for the
adjustment factor and safety factor formulae.

6.1 Variations in Operating History

The decay heat rates presented in Tables 5.1-5.3 and
Tables 5.5-5.7 were calculated by applying different
total burnups and average specific powers 10 a
"standard" operating history profile. The distribution
of uptime and downtime in the operating history of an
actual assembly could be considerably different from
that used in the calcniations. The purpose of this
section is to present the work performed to determine
which types of variations have significant effects upon
the decay heat rates of reactor spent fuel

As noted in Sect. 4, the standard power history profile
used to generate the tabulated heat rate data had
either three, four, or five power cycles. Commonty,
cycle time refers only to the time between cycle
startup of a loaded or a partially reloaded core and
shutdown for another partial core reloading. In order
to simplify operating histories, the definition in the
procedure of Sect. 5 would extend the cycle time,
except for the last cycle of an assembly, to include the
downtime for reloading.

The first cycle of the standard profile had a downtime
(i.e., nonpower operation time) of 20% at the middie
of the cycle. The second cycle (and optionally third
and fourth cycles) had a 10% downtime both near the
midpoint and at the end of the cycle, thus producing
an 80% uptime (i.c., power operation time). The last
cycle had an uptime of 100%. The power was held
constant during all the time the reactor was in opera-
tion and the burnups in each cycle were equal.

Note again the objective of this analysis was to deter-
mine if normal differences in the actual operating
experiences of fuel assemblies from that assumed in
the standard case have significant effects upon their
decay heat rates. In essence, comparisons in the
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results of these differences are needed to support the
premise, mathematically stated in Eq. (3) of Sect.
5.1.4, that the specific power to be used in deter-
mining the heat rate from the tabulated data, can be
properly defined from only the total burnup and cycle
times. The three-cycle PWR operating histories
shown in Figure 6.1 were developed to investigate
operating history changes under the conditions that
the total burnup, the cycle times, and the average
power are unchanged.

All the cases illustrated in Figure 6.1 have the same
total burnup of 30 MWd/kgU and cycle times of 400,
400, and 320 days. Thus, the average specific power of
31.25 kW/kgU [computed from Eq. (3) of Sect. 5.1.4]
is the same for all of the cases. The "standard case” of
Figure 6.1(A) has the general operating history des-
cribed above and was used for all the three-cycle cases
used in producing Tables 5.1-5.3 and 5.5-5.7.

If the total burnup, cycle times, and average power are
unchanged, the only possible changes in the operating
history of Figure 6.1(A) pertain to the uptime and
downtime during a cycle, the distribution of power
within a cycle (accounting for within-cycle changes)
and the burnup distribution to the various cycles
(berween cycle changes).

The change in downtime during a cycle is illustrated
in Figure 6.1(B) and (C). In order to keep the cycle
burnups the same as the standard case [Figure 6.1(A)]
and in order to reduce the uptime by the factor 7/8, a
power equal to 8P/7 is required in the case shown in
Figure 6.1(B). Similarly, in Figure 6.1(C), the
illustrated uptime change by the factor 9/8 requires a
power of 8P /9. Table 6.1 gives a list of the decay
heat rates for several cooling times as calculated by
ORIGEN-S using the basic LWR ORIGEN-S library.
The table also lists the percentage differences in decay
heat rates as compared with results for the standard
case. As a general criterion, consider here that a 1%
difference can adequately be covered in a safety factor.
The conclusion from studying the results from oper-
ating histories A through C is that differences in the
cycle downtime (which is a very common difference)
produce only small conservative changes in decay heat
rate results.
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Table 6.1 Comparison of heat rates from operating history variations

Decay heat rates (W/kgU) % difference® of (A) and (X)
-Cooling time, years Cooling time, years

Case 1 2 4 10 30 110 1 2 4 10 30 110
(A) Sud case 8.888 4.644 2.095 1.069 06909 0.2675

(B) 30% downtime 8.824 4.601 2079 1.064 06882 0266 -07 -09 -08 -05 -04 -03
(C) 10% downtime 8.879 4.635 2.087 1.063 06872 02661 -01 -02 -04 -06 -05 -0S5
D)AP>P, 8.995 4.674 2.102 1.069 06911 02676 1.2 06 03 00 0t 0.1
(EyAP>P,, 8912 4.656 2098 1.069 06908 02675 03 03 02 00 <01 00
()P, =12P 9.567 4.917 2.159 1.07t 0.6915  0.2686 7.6 59 31 02 01 0.4
G)P.,=12P 9.040 4.716 2111 1.069 06909 0.2680 1.8 16 08 00 00 02

*The peroentage differenoes of case (A) heat rate, H,, from case (X) heat rate, H,: 100% (14, - H, )/,
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The changes in power distribution within a cycle were
investigated using the operating histories shown in
Figure 6.1(D) and (E) where the last and middle
cycles, respectively, differ from the standard case in
Figure 6.1(A). The power during the last 20% of the
cycle uptime is 1.25 times that of the first 80%. The
average Cycle power is unchanged from that of Figure
6.1(A). Table 6.1 shows the percentage differences in
heat rate (from the standard case) for these two cases
10 be less than 1% in magnitude for all comparisons
except the 1-year cooling time for case D. The heat
rate difference for case D at 1-year cooling is 1.2%
greater than the corresponding heat rates from case A.
Using a 1% difference as a safe criterion, it would
appear that the procedure of Sect. 5 should not be
used for cooling times less than 2 years if there is a
25% increase in the power in the last one-fifth of the
last cycle operation. Typically, however, the specific
power decreases (oI at most remains constant) during
the end interval of a cycle. An example showing the
operating history of the first seven cycles of the
Cooper Nuclear Station BWR? is presented in Figure
6.2. This case with the large power increase is used
for amplifying the effects of small increases only and
should actually be considered to be an atypical case,
outside the mainstream of commercial power
operations.

It is a fairly common occurrence for operating his-
tories that produce the same total burnup to have dif-
ferences in the average power or burnup of a cycle.
Examples of a last-cycle power increase and decrease
from the average power are given in Figures 6.3 and
6.4, respectively, for two Cooper Nuclear Station
spent fuel assemblies.”® Changes in the average power
or burnup of a cycle were studied using the operating
histories shown in Figure 6.1(F) and (G). In Figure
6.1(F) the firstcycle power and burnup are decreased
by 20% and the last-cycle power and burnup are
increased by 20% from the similar cycle data of the
standard case. In the final case, Figure 6.1(G), the
increased values are in the next-to-last cycle instead of
the last cycle. The first five cases (A-E) of Figure 6.1
have equal burnups within each cycle, whereas the
final two cases have cycle burnups that are not equal.
For cases A-E, burnup was redistributed from the
standard case within the same cycle only. As might be
expected, the more significant redistribution of burnup
from one cycle to another causes greater differences in
the decay heat rates than observed for cases A-D. The
magnitudes of the largest differences from the stan-
dard case for cases F and G, listed in Table 6.1, are

NUREG/CR-5625
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7.6% and 1.8%, respectively. These magnitudes are
significantly nonconservative. However, the dif-
ferences are considerably reduced after 10-year cooling
time. This smaller reduction at longer decay times is
caused by the predominance of isotopes with half-lives
that are long with respect to cycle times. Thus, from
the results of these comparisons, it was concluded that
a proper adjustment factor needs to be applied to the
tabulated data for short cooling times {e.g., the first 7
years) to adjust for increased specific power in the last
two cycles. This short cooling time adjustment factor
was presented in Sect. 5.2.2 and will be discussed
further in Sect. 6.3.

In summarizing the comparisons of Table 6.1, it is
clear that differences in the distribution among cycles
of the burnup between operating histories has a signif-
icantly greater effect on heat rate than the other two
types of changes which were studied. The basic differ-
ence in the operating history changes illustrated in
Figure 6.1 is that burnup is redistributed (from the
burnup of the standard case) within a cycle in Figures
6.1(B)-(E), whereas a larger magnitude of burnup is
moved 10 an entirely different cycle in Figures 6.1(F)-
(G). The quantity or the percentage difference in the
decay heat rate is increased as the amount of burnup
moved to a later time is increased and as the shift in
time becomes greater. Thus, it is concluded that the
effects from within-cycle changes [Figures 6.1(B)-(E}]
produce differences from the standard case that are
satisfactory (i.e., <1% different), while a proper short
cooling-time factor is required for conditions where
the cycle burnups [Figures 6.1(F)-(G)] vary from the
standard case. It is further concluded that Egs. (1)
through (4) are appropriate definitions to allow
accurate use of the decay heat rates in Tables 5.1-53
and 5.5-5.7.

6.2 Interpolation Accuracy

The effective tabulated heat generation rate, p,,, , is
derived by interpolation of tabulated heat rates for the
given parameters P,, B,,, and T,. A linear interpola-
tion is used between heat rates for either burnup or
power. The decay time interpolation is logarithmic in
heat rate and linear in cooling time. Estimated mag-
nitudes of the interpolation error are presented in this
section.

The initial effort of this study was to determine if the
tabulated decay heat rates were computed for intervals
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of burnup, power, and cooling time that are suffi-
ciently fine to produce an acceptable accuracy with
areasonable interpolation scheme. Two different
methods could be used to estimate the interpolation
errors. One method requires execution of a number
of SAS2H/ORIGEN-S cases at numerous intermediate
parameter values to produce results for comparisons.
However, the number of SAS2H/ORIGEN-S cases
needed would be t00 numerous to sufficiently cover

the parameter ranges. The other method uses a poly- -

nomial fit to the tabulated heat rates as a function of
one of the variables with the other two parameters

held constant. The polynomial fit is applied to derive

intermediate resuits for comparison. This latter
method was chosen because it was both easy to imple-
ment and appeared adequate to assess the accuracy of
the simpler interpolation schemes proposed in Sect. 5.
It was necessary to limit the equation 1o a quadratic
fit for the specific powers since only three different
powers were used. A quadratic fit was also considered
adequate for the burnups because the tabulated heat
rates as a function of the burnup exhibited
significantly less varjation than heat rates as a function
of power. The errors vary from a zero error when
exactly at a parameter value to the maximum error
near the midpoint between two values. Interpolated
values using Egs. (5) through (7) were compared with
those computed from the quadratic equation at ten
equal intervals between adjacent values in Tables
5.1-53 and Tables 5.5-5.7. The plot of the logarithm
of decay heat rates as a function of cooling time is a
curve that is concave upward. Thus, the interpolated
value between two cooling times wouid be greater
than the corresponding value on the log curve.

The nonconservative percentage differences between
the interpolated and the more correctly estimated
values of decay heat rates are shown in Table 6.2. It
can be seen that after approximately 10 years, the
error {<0.3%) is small. The maximum percentage
difference of 1.1% at 1 year is considered to be
acceptable.

6.3 Discussion of the Short Cooling-
Time Factors

The standard cases producing the tabulated heat rates
(i.e., Tables 5.1-5.3 and Tables 5.5-5.7) for the pro-
posed guide use operating histories with constant
specific power during the entire operational uptime as
shown in Figure 6.1 (A). Differences in heat rates
caused by operating history variations of the types
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discussed in Sect. 6.1 and listed in Table 6.1 appear to
be satisfactory at 10 years and longer cooling times.
However, unacceptably large (>1%) differences in the
results were produced over a shorter cooling-time
range for cases in which large quantities of burnup
and power were moved from one cycle to another, as
in Figure 6.1 (F) and (G). It was noted in Sect. 6.1
that short cooling-time adjustment factors would be
required to account for these larger redistributions in
burnup.

The equations and limits of the short cooling-time
factors, f; and f",, are specified in Eqgs. (8) through
(13) of Sect. 5.2.2. The factors are dependent on the
variables 7,, R, and R’. The parameters R and R’,
respectively, are the fractional changes in the last and
next-to-last cycle specific power from the average

specific power of the fuel.

The short cooling-time factors were derived and tested
in 22 cases using widely different conditions. The
cases were computed for no downtime because only
the effect of moving burnup between cycles was
analyzed. Also, it was expected that there would be
insignificant differences between PWRs and BWRs in
regard to operating history effects. The reason for
this expectation is that at shorter cooling times there
is significantly less decay heat rate from the neutron
absorption-dependent actinides (which vary consider-
ably with reactor type) than from the fission products
(whick are essentially dependent only upon fission
yields).*® Also, the results from similar sets of cases
using both a BWR and a PWR library indicated that
the type of reactor library was not significant to these
short cooling-time analyses. Thus, the PWR library
was used in all of the other cases of this sensitivity

study.

Table 6.3 contains an evaluation of the ability of the
short cooling-time factors to adjust the tabulated data
properly for cases having large fractions of redis-
tributed burnup. There are 22 cases, A through V,
listed in the table. There is one reference case for
each set of cases having similar residence time
(number of cycles times cycle length), total burnup,
and average specific power. Each reference case has a
constant specific power, similar (except for downtime)
to the cases that were used to produce the tabulated
data. The other cases listed are compared with its
defined reference case. The power history diagram
shows for each cycle the ratio of power to the average
assembly power. From the diagram information and
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Table 6.2 Evaluation of accuracy in table interpolations

Nonconservative % differences”
Independent variables of the decay heat rate
Specific power Burm Cooling time
Cooling P
time, d BWR PWR BWR PWR BWR or FWR
1 11 09 04 03 <0
2 11 09 0.4 02 <0
4 0.7 0.6 0.1 0.1 <0
7 04 03 <0.1 <0.1 <0
10 03 02 <0.1 <01 <0
20 02 0.1 <0.1 <0.1 <{
40 0.1 0.1 <0.1 <0.1 <0
70 <0.1 <0.1 0.1 01 <0
110 <0.1 <0.1 0.1 0.1 <D

*(Correct/intexpolated -~ 1)100%.

Egs. (9) and (11) of Sect. 5.2.2, the values listed
under R and R’ were calculated. Then, R and R’
were used in Eqgs. (8) and (10) to compute f; and f7,,
respectively. The heat rates of the reference case,
corrected by factors f; and f,, were compared with
heat rates from the case computed by ORIGEN-S for
the operating history shown. Comparisons of the
percentage difference between the adjusted (reference
case) heat rate and the computed heat rate value (of
case X) are shown at four cooling times in Table 6.3.
Additional comparisons of uncorrected heat rates are
listed as percentage differences at 8 and 10 years.

Cases for two, three, four, and five cycles are shown in
Table 6.3. Case A is a reference two-cycle case. Note
that for a two-cycle case, the factor f'; = 1 [see Eq.
(10) of Sect. 5.2.2], and so R’ does not need to be
used. The results computed for case B, in which the
last cycle power was 1.2 times the average, indicated
the corrected reference case heat rates to be conserva-
tive by 0.3 t0 2.0%. The value of R in case C is
increased to 0.3, the limit specified in Eq. (12) of
Sect. 5.2.2 for cooling times less than 10 years. The
percentage differences of 0.4 to 3.1% for this case are
an increase from those in case B by a scale factor very
similar to the increase in R, as would be expected.
Note that throughout the cases listed in Table 6.3,
numerous changes are made in the number of cycles,
cycle length, total burnup, and average specific power.
In some cases, either R, R’, or both are made positive
10 demonstrate increasing power. Also, cases having
negative values of R or R’ test decreasing powers that
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cause the corresponding f; or f*, to be less than unity.
Cases E and F were computed using a BWR library,
whereas similar cases G and H used a PWR library.
The percentage differences listed for cases F and H
are sufficiently close to indicate that the type of
reactor library does not appear to be significant. Note
that R, in most of the cases, is set to either positive or
negative 0.2. The differences for these cases can be
scaled up to the magnitude for R of 0.3, the limit.
Extremes in increases or decreases of specific power in
both the last and next-to-1ast cycles, in addition to
other operating history parameter variations, appear
to be adequately covered in the 22 cases. Even an
out-of-reactor cycle case is shown in case Q, although
it is more conservative than that obtained by dividing
the first cycle burnup between the first two cycles.

In summary, the results shown in Table 6.3 demon-
strate that the short cooling-time factors f; and f,
ensure conservative decay heat values are obtained by
the new procedure. The cases used to develop Table
6.3 span a burnup range of 25 to 49.5 MWd/kgU, cycle
times from 300 to 450 days, and average powers from
24 10 50 kW/kgU. Only three of the corrected values
were nonconservative (5% of the corrections) and the
largest in magnitude was ~0.2%. The largest
nonconservative discrepancy beyond the 7-year cooling
time when f; and f, are applicable was -0.7% (at 8-
year cooling). Although 2 small nonconservative error
(<0.5%) may be produced in computing f, and f,, it
can be easily incorporated into the safety factor.

Table 6.3 shows that typically the factors f; and [,
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Table 6.3 Evaluation of heat rates after adjustments for extreme power history changes

-

% difference® at T.(years)

Case Power history diagram, Teye, Btots P, R R Ref.
wd kW
Pvst days ngﬁ- kg0 case 1 3 5 7 8 10
(n P
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4+
10P
¥ -t 350 28 40 0.0 0.0 (A) Reference case
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Y. 12P
08 p &
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v 139
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® P
5“
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" P
~4
X [}
*... 12 P
os'p ; .
Y =t 300 25 2778 02 0.111 (E) 1.0 0.8 22 24 -0.3 -0.2
© *
FA
1.0*5
¥ >t 300 33 36.67 0.0 0.0 (G) Reference case
P
iy}
P" *_
08‘?‘ 12, P
Sy ¥ -1 300 33 3667 02 0.111 (G) 1.5 05 22 26 -0.6 -0.2
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Table 6.3 (continued)

Case Power history diagram, Teyes, Brot, }3, R R Ref % difference® at T.(years)
4 y
Pwvst days L;I‘:%d ﬁ/_vﬁ case 1 3 5 7 8 19
m P
_A
P
1.1*5 ostp
i 1 =1 300 33 3667 -02 00 (G) 13 17 06 -0.1 06 -0.2
o °F
_4l
P f
0845 12)F
¥ Y -t 300 33 36.67 00 02 (G) 03 03 13 07 02 0.0
P
® )
P e
1.2*5 “45
3 i J 1300 33 3667 00 -02 (G) 01 0.6 0.1 04 -02 -0.
P
L A
F
1.0453
¥ -1 300 45 50 00 00 (L) Reference case
M P
A
X b
-5\ 12P
08F i ot 300 45 0 00 02 (L) 02 01 08 06 -02 -0.3
™ P
A
P )
1.0P
¥ ot 450 495 3667 00 0.0 (N) Reference case
© P
'Y
5 T
’ 035‘ 12p
Y 1 o1 450 495 3667 02 00 (N) 00 01 15 21 -0.3 -0.1
p P
ﬁ 3
10P
1 >t 300 33 275 0.0 0.0 (P) Reference case
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Table 6.3 (continued)

Case Power history diagram, Teyc, Btots }.’, R R Ref %, difference® at T.(years)
MWd kW
Pwvst days g0 kgU case 1 3 5 7 8 10
@ P
4
51 b {
15P 1.5P '
1.0P
‘ l Y . 300 33 275 00 05 (P) 26 11 15 1.0 -0.2 -0.2
" P
|
i O
10P
{ ot 300 36 24 0.0 0.0 (R) Reference case
(s) P
|
P =
o.9‘s$ 12P
1 oy 300 36 24 02 00 (R) 09 08 1.5 2.0 -0.4 -0.2
m P
F 1
09255 13P
¥ -t 300 36 24 03 00 (R) 14 12 24 28 -0.7 03
w ¢
A
Py f ]
A 1.333P 127
0.823P ‘
i ot 300 36 24 02 04 (R) 13 07 24 31 -07 -03
v P
A
P T T
1.05P 08 P
1 Y 1 . (300 36 24 -02 00 (R) 1.2 1.7 06 -02 07 03

*Percentage difference in decay heat rate between value calculated byORlGEN—Sandadjtssted(mingj}andf,')lefm
case valoe: (adjusted reference casc/case X value - 1)100%. No adjustment to the refercoce case value was required for cooling

times of 8 and 10 years. :
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yield conservative errors of 3 to 4% maximum and 1
10 2% on the average.

6.4 Discussion of the Excess Power
Adjustment Factor

The maximum specific powers of the decay heat rates
provided in Tables 5.1-5.3 and Tables 5.5~5.7 are
probably greater than the average power derived by
Eq. (3) for all current U.S. commercial reactors.
Although it is not expected that the average specific
power will exceed the maximum tabulated values of 30
kW/kgU for the BWR and 40 kW/kgU for the PWR,
it was determined that a simple adjustment factor f,
could be applied to extend the specific power range.
This factor, computed by Eq. (14) of Sect. 5.23, is
simply the square root of the ratio of the average
power of the assembly to the maximum used in com-
puting the tabulated data. A user should be aware
that other characteristics of the assembly and oper-
ating conditions may force the assembly to be con-
sidered as atypical if the excess specific power signifi-
cantly exceeded the maximum values used to generate
the tables.

The formula for the excess power factor was validated
by performing select calculations using SAS2H/
ORIGEN-S. The maximum excess power allowed by
the procedure of Sect. 5 is 35% greater than the
maximum tabulated powers, or 40.5 kW/kgU for the
BWR and 54 kW/kgU for the PWR. SAS2H cases
were then calculated using these specific powers and
the lowest, the highest, and the second from the
highest burnups used in determining the tabulated
data. The decay beat rates derived using the adjust-
ment factor of Eq. (14), and those computed by
SAS2H are listed in Table 6.4. The comparisons show
that the adjusted heat rates are conservative in all of
the PWR cases and in all cases at cooling times
greater than 1 year for the BWR. The nonconserva-
tive differences (<1.4%) in the range less than 2-year
cooling time for the BWR are judged to be small
enough to be appropriately accounted for in the final
safety factor.

6.5 Discussion of the Initial
Enrichment Factor

The average initial U enrichments considered as
typical for present and extended burnup reactor fuel
are listed in Tables 5.4 and 5.8. These #U
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enrichments are selected 50 that the reactor has suffi-
cient reactivity 10 maintain criticality throughout the
operation that produces the corresponding burnup
specified in the tables. Lower enrichments may be
insufficient, whereas higher enrichments may be less
economical. However, because commercial reactor
data exhibit significant variations from the burnup and
enrichment sets tabulated and used in computing the
standard cases, an enrichment adjustment factor is
applied to correct the decay heat rates. This enrich-
ment factor f, is given by Eq. (15) in Sect. 5.2.4. This
section describes the method used in determining the
formula for f,.

In addition to the 18 standard cases computed for
each reactor type, ten cases were calculated using
different enrichments. At the minimum and maximum
burnups and specific powers (i.e., for the parameters
in Tables 5.1-5.8) of each type of reactor, SAS2ZH/
ORIGEN-S cases were computed with all the data
unchanged except for an increase and a decrease by
one-third in the initial *U enrichment from that of
the standard cases. Also, at a2 one-third decrease of
the initial enrichment, two cases were computed at a
middle-value burnup and the two highest specific
powers for each reactor. Then, for each of these
altered enrichment cases, the maximum percentage
heat rate change was used in deriving f,. The extreme
variation of the burnup and specific power in each set
of cases appeared to be sufficient 10 provide a conser-
vative envelope of the percentage heat rate changes
needed to produce a conservative formula for f,. The
maximum difference was not always in the same case,
but it was always in one of the cases having 2 maxi-
mum or minimum burnup and power. Thus, the two
middle burnup cases at the lower enrichments were
not computed ai the higher enrichments.

Data showing the percentage heat rate changes for
cases using a one-third decrease in initial enrichment
are presented in Table 6.5. For both the BWR and
PWR, the average and maximum percentage changes
are given at cooling times from 1 to 110 years. The
percentage changes for (f, - 1) as derived from Eq.
(15) and Tables 5.9-5.10 are shown under the column
labeled "Equation.” Table 6.5 shows that the decrease
in initial enrichment causes an increase in the decay
heat that is conservatively bounded by the initial
enrichment factor of Eq. (15) (one exception is the
0.1% difference at 4 years for the PWR). Similarly,
Table 6.6 shows that an increase in initial enrichment
decreases the decay heat and that Eq. (15) again
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Table 6.4 Excess power adjustment of decay heat, in W/kgU, using Eq. (14)
compared with actual SAS2H calculations as percentage differences*

Reactor ﬁunup Guide 1 year Guide 2 yearm Guide 20 years Guide 110 years
type MWdAgU  procedwres  SASZH X d&ifft.  procodures SAS?2H % diff.  procederes SAS2H % diff.  procedwres  SAS2H % dift
BWR p. 791IE+00  7716E+00 25 I913E+00  3706E+00 56 SI00E01  S5Z18E0t 169  2057TE01  LTSSEO1 172
BWR 35 1085E+01  1093E+01 03 5785E+00  S663E+00 22 LIIBE400  9.6STEOL 157 3486E0t  2985B01 168
BWR 45 L2ME+01  1260E401 13 68PE+00  6.786E+00 17 1483E+00  128E400 155 4438001  3.798E01 169
PWR 2 1039E401 10098401 3t SISIE400  4.838E+00 61 T81E01  6T4TEDY 168 2603801  2220E01 172
PWR 40 L3T3B401 1361401 09 7301E+60  7.030E+00 39 1320E400  LI33E400 165  4O7BEOl  3476E01 173
PWR 50 LS65B401  135TE+01 os B619E+00  8329E+00 35 L707E+00  14G3E400 167 SOTTEOL  A321E01 175
*(Guide procedure value/SAS2H calcatated valee - 1)100%.
Table 6.5 Evaluation of adjustments for decreased initial enrichments
% heat rate change” for a 173 decrease in enrichment
Cooling BWR PWR
time, days Average  Maximam  Equation  Average Maximum  Equation
1 6.6 76 - 87 6.8 1.7 94
2 7.1 84 86 1.1 8.7 9.2
4 6.1 80 82 7.1 89 88
7 39 6.5 1.7 52 7.4 82
15 22 46 63 29 5.1 6.6
25 16 32 45 1.9 34 46
40 13 1.9 19 12 1.6 1.6
60 14 28 31 09 22 25
80 19 43 44 11 31 34
110 29 6.2 6.2 1.7 4.7 4.7

*(Decreased case/standard ~ 1)100%.
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provides an adequately conservative estimate of the
decay heat change. In summary, Tables 6.5 and 6.6
provide sufficient evidence that the formula for f,
provides an adequately conservative method for
adjusting the tabulated decay heat rate for different
initial enrichment values.

6.6 Formulation of the Safety Factor
Equations

The safety factor, S, applied in the final equation for
heat generation rate is computed from either Eq. (16)
or Eq. (17). The development of the safety factor
formulae is presented in this section.

A large quantity of data is input to a rather complex
computational model to compute the tabulated heat
rates in the set of 36 standard cases. Also, procedures
involving both interpolations and adjustment factors
are applied to the tabulated data. An appropriate
safety factor to be applied to the final results should
account for both random and systematic errors, com-
putational mode] bias, procedural guide inaccuracies,
and any significant parameter variations that have not
already been taken into account. Examples of random
data errors in the heat rate calculation are the stan-
dard deviations in fission yields, half-lives, recoverable
energies (Q-values), and neutron cross sections. The
overriding systematic data error and computational
bias is in the calculation of neutron cross sections.
All the actinides and light-element activation pro-
ducts, plus a few fission products, are mainly depen-
dent on cross sections. The procedural inaccuracies
are caused by interpolations and adjustment factor
errors. Also, there are several minor parameter
variations that are not taken into account.

It appears that there is a natural division of the errors
into the following four types:

1. error from random data uncertainty,

2. error in cross sections resuliting from data
uncertainty and computational mode] bias;

3. procedural inaccuracy and exira parameter
variation error; and

4. other contingency errors.

A discussion of these four error categories is given in
Sects. 6.6.1-6.6.4.

NUREG/CR-5625

42

6.6.1 Error From Random Data Uncertainty

The random errors considered here are the standard
deviations in fission product yields, half-lives, and
Q-values. Both fission products and light element
activation products are included in this analysis. The
conventional type of quadratic propagation of stan-
dard deviations, described below, is applied to deter-
mine the final standard deviation. First, the equations
for final uncertainty will be derived. Then tables
listing the input standard deviations and the final heat
rate standard deviations at different cooling times for
several of the standard cases are presented.

Given a general equation for z as a function of
variables x;
z= F(xlrIZr--rx;‘ru) H (19)

the standard deviation in z from standard deviations in
x; may be derived by the partial differential equation:

2]}
o, = Z‘(g—fo,,] 2,

i i

(20)

where,
g, is the standard deviation in z,

o, is the standard deviation in x;.
(]

Equation (20) will be applied 1o several equations
later in this section. First, the effective yield, y, of a
fission product nuclide from the individual yields due
to #°U, Py, and 2*U fissions is determined by

3
y =Y £y (21
is1
where
y = the fraction of all fissions yielding the fission
product nuclide,
f; = the fraction of fissions produced from fissile
isotope i,
y; = the fraction of fissions from isotope i yielding

the fission product,
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Table 6.6 Evaluation of adjustments for increased initial enrichments

% heat rate change® for a 173 increase in enrichment

Cooling BWR PWR
time, days Average Maximum Equation  Average Maximum Equation
1 -53 -38 -3.6 -53 -4.0 -338
2 -5.5 4.5 33 -5.8 438 3.7
4 4.4 -3.1 28 -5.0 4.0 -33
7 -2.6 -12 ~2:1 -33 -21 -2.8
15 -15 02 02 -1.9 0.7 -1.5
25 -14 0.5 04 -1.5 0.7 0.7
40 -1.7 -13 0.7 -1.6 -13 0.8
60 2.4 -14 -1.1 20 -12 -1.0
80 -32 -1.7 -15 -27 -13 -13
110 43 -2.1 -2.0 -36 -1.6 -1.6

*(Increased casefstandard - 1)100%.

1, 2, and 3 for 2’0, #°Pu, and U,
respectively.

i =

Note that in the ORIGEN-S code,’! the calculation of
y from Eq. (21) is never executed explicitly. Instead, a
transition constant equal to y; times the fission cross
section of isotope i is used as an element of the tran-
sition data matrix. The fission yield rates of a fission
product nuclide are added for each isotope i, and the
nuclide is accumulated and depleted over the entire
irradiation period. However, with the correct effective
values of f; Eq. (21) will represent a good approxima-
tion for the propagation of uncertainties of y,. The
error in f; is not considered as a random uncertainty
because it results from the cross-section and computa-
tional bias. Thus, f; is given no standard deviation
here, and its error will be considered as part of the
cross-section bias in the next section.

Fission-product yields in this project were taken from
ENDF/B-V* files. The individual and accumulated (by
mass number) fission product yields and their standard
deviations have been conveniently listed in Ref. 8.
The accumulated yields and percentage standard
deviations for the dominant (in decay heat rate) 20
fission product nuclides are given in Table 6.7. There
are three exceptions in the dominant nuclides. The
yields are given for *®Ag, ™Cs, and *Eu because
these isotopes appear after neutron absorption in the
path to essentially all of the dominant nuclides "*Ag,
34Cs, and ®*Eu, respectively. Then, one can apply

43

Eqg. (20) 10 compute the standard deviation in y as
given by Eq. (21),

= y(‘);;(fy, 1, )l

% 22)
Yy

Values of f;, the fraction of fissions from isotope i,
were computed from the concentrations and fission
cross sections of fissile isotope i for a typical SAS2H
case. Then, the fraction for #*Pu was increased by
10% and that for ®U was reduced similarly. This was
done to account for the increase of *Pu fissions later
in the irradiation period. Applying f, = 048, f, =
0.44, and f, = 0.08, the total yields and the percentage
standard deviations in the yields were determined
from Eq. (22) and listed in Table 6.7. Data for the
Q-values and decay constants (X) were taken from
ENSDF.” Standard deviations of the half-lives and the
§ and «y energies and intensities for ENSDF data have
been tabulated in Ref. 28. The equation for O is

Q = Y EI100, (23)

where,
E; = v line or average § energy,
I; = intensity of E; as percentage of the total
disintegrations.

NUREG/CR-5625
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Table 6.7 Perceniage fission-product yields for fissile isotopes

sy U Total**
100 o, 100 9, 100 o, 100 o,

Nuclide Y % " Vo % ) Vs % Y3 ¥, % y

Kr-85 1310 035 | 0.570 050 | 0.730 140 | 0.938 0.284
Sr-89 4.900 1.40 | 1.700 2.80 | 2.800 200 | 3324 1.182
Sr-90 5.900 0.70 | 2100 200 | 3.200 200 | 4012 0.687
Y-90 5.900 0.70 | 2100 200 | 3.200 200 ( 4.012 0.687
Y-91 5.900 050 | 2500 140 | 4.100 2.80 | 4.260 0.536
Zr-95 6.500 0.70 | 4.900 200 | 5.100 1.00 | 5.684 0.853
Nb-95 6.500 0.70 | 4.900 200 | 5.100 100 | 5.684 0.853
Ru-106 0.400 1.00 | 4300 2.80 | 2500 4.00 | 2.284 2.347
Rh-106 0.400 1.00 | 4300 280 | 2500 400 | 2.284 2.347
Ag-109 0.034 11.00 | 1.880 8.00 | 0270 11.00 | 0.865 7.657
Sb-125 0.029 4.00 | 0.111 800 | 0.053 800 | 0.067 5912
Te-125m 0.029 4.00 | 0111 8.00 | 0.053 8.00 | 0.067 5.912
Cs-133 6.700 035 | 7.000 0.70 | 6.600 140 | 6.824 0373
Cs-137 6.200 035 | 6.700 0.50 | 6.000 1.00 | 6.404 0.292
Ba-137m 6.200 035 | 6.700 050 | 6.000 1.00 | 6.404 0.292
Ce-144 5.500 050 | 3.700 050 | 4.500 1.00 | 4628 0344
Pr-144 5.500 050 | 3.700 050 | 4.500 1.00 | 4.628 0344
Pm-147 2.250 1.00 | 2.040 140 | 2530 140 | 2.180 0771
Eu-153 0.161 2.80 | 0360 6.00 | 0411 280 | 0.269 3.646
Eu-155 0.032 4.00 | 0.166 11.00 ; 0.133 16.00 | 0.099 8316

y & computed from Eg. {21).
*Percentage standard deviations in y are computed from Eq. (22).
The standard deviation in Q can be obtained using Eq. x, = Cye R (26)

(20) to be

1 .
aq = 001 (Z Elo + I agi))z ez

Now, the percentage siandard deviation in the decay
heat rate of a nuclide is to be determined. First, the
equation for heat rate is required. Consider d to be
the number of atoms of a nuclide at discharge. The
depleted number of atoms at cooling time ¢ is

%, = de | (25)

Then, by substituting d = Cy, where C is the total
number of fissions times the fraction of the nuclide
atoms that are not depleted and y is the applicable
cumulative yield from Eq. (21), Eq. (25) becomes

NUREG/CR-5625

The constant C cancels out in the final error equation.
Note that y is not applicable to the daughter nuclide
of two nuclides in secular equilibrium. In this case, it
is required that the rate in which both parent and
daughter atoms disintegrate are identical:

x4, = x,4,, 27

where x; and x, are the parent and daughter nuclide
concentrations, respectively. Thus, the number of
atoms of the daughter nuclide is

A -
%= x = Sty = Cye™, (2
2



where

C' = Ciji,. (29)

Then, the most general equation for heat rate of the
nuclide is

h=xAQ = C'2,Qye ™" . (30)
If the nuclide is not the daughter in a secular
equilibrium pair, then A = A; = X,, and
k= CAQye™ . €2y
Applying Eq. (20) to Eq. (31) yields
_t?_{l_ = Ckyc - i;
9Q Q
oh _ R
e ¥
ok CQye ™™ -~ tCAQye ™™
dA (32)
2 k4 - )
A
ofh = [(0,/Q + (o, /) + (0,/4)
1
a- 9%,

Similarly, the uncertainty propagated through Eq. (30)
for the secular equilibrium daughter is

1 (33)
oulh = [(0gIQ)* + (a3 + (0, 147 + €a, J1*

At discharge (1 = 0), the fractional standard deviation
in the heat rate A, is computed from only the first
three terms of Eq. (33), and, then, Eqgs. (32) and (33)
are identical.

The percentage standard deviations in Q, X;, A;, ,
and h,, as computed from Eqs. (32) and (33) forr =
0, are listed in Table 6.8 for the dominant (i.e., in heat
rate) 20 fission products and dominant 5 light-element
nuclides. Note that the yield data for '®Ag, *Cs, and
B3Eu were substituted for that of "™Ag, *Cs, and
B4Eu, respectively.

Associated with data for half-lives were standard
deviations. Some of the half-lives were taken from a
more recent version of ENSDF (see Ref. 28) than that
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used in the ORIGEN-S libraries.’ If the decay con-
stant (derived from the half-life) were larger in
ORIGEN-S than in Ref. 28, it produced a more con-
servative decay heat rate for the nuclide. However, if
the decay constant were smaller in ORIGEN-S than in
Ref. 28, one-half the difference between the two
values was added to the standard deviation. Thus,
when 20 is used in applying the contribution of this
error to the safety factor, the full bias is taken into
account.

If h; and ¢, are the heat rate and the standard devia-
tion in the heat rate for nuclide i, then the total heat
rate, H, is

H=Y 4,

(34)

and its standard deviation is

2

o (35)

Thus, Eqs. (32) through (35) may be used with Table
6.8 data to compute the approximate standard devia-
tion due to random data uncertainty (excluding cross
sections) for the sum of heat rates from the dominant
fission products and light elements. The increase in
coraputed uncertainty from applying t > O instead of
t = 0 in Egs. (32) and (33) is sufficiently cancelled by
the increase in the long cooling time heat rates calcu-
lated from using a larger half-life for *Sr in
ORIGEN-S than that in the more recent ENSDF data
base® that was used in the uncertainty analysis. The
adequacy of the selection of dominant nuclides can be
seen in comparisons of their totals with totals listed by
ORIGEN-S. It would require a project that is both
too extensive and unnecessary to calculate ¢y, for all
20 cooling times of all of the 36 standard cases com-
puted here. The reason this computation is con-
sidered unnecessary is because ¢, was determined 10
be small in comparison with other errors that contri-
bute to the safety factors. Data from four of the stan-
dard cases (see Tables 5.1-5.8) were used in this study.
A case having a power and burnup that are typical
and a case having an extended burnup for both the
BWR and PWR were used. The calculation of g, was
performed for a total of 24 separate cases comprising
cooling times of 1, 1.4, 4, 10, 50, and 110 years.

Tabie 6.9 (for the typical BWR case) shows the

individual percentage standard deviations, 100 o, /h;
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Table 6.8 Percentage standard deviations in data for dominant
fission products and light elements

10000 100011 100012 1000y 1000h°

Type Nuclide Q 4, A, y R,
Fission
products
Kr-85 0320 0.090 0.090 0.284 0.437
Sr-89 0.260 0.180 0.180 1.182 1223
Sr-90 0.410 1.920 1.920 0.687 2.080
Y-90 0.130 1.920 0.160 0.687 0.718
Y-91 0.160 0.100 0.100 0536 0.569
Zxr-95 1.190 0.060 0.060 0.853 1.466
Nb-95 0.020 0.060 0.380 0.853 0.934
Ru-106 0.800 0.330 0.330 2347 2502
Rh-106 0.420 0330 0.800 2.347 2515
Ag-110m 0.410 0.040 0.040 7.657 7.668
Sb-125 0.550 1.440 1.440 5912 6.110
Te-125m 1.020 1.440 1.720 5912 6.241
Cs-134 0.220 0242 0.242 0373 0.496
Cs-137 0.290 0.099 0.099 0.292 0423
Ra-137m 0.320 0.099 0.080 0.292 0.440
Ce-144 1.120 0.106 0.106 0344 1.176
Pr-144 0.150 0.106 0.170 0.344 0412
Pm-147 1.400 0.006 0.006 0.771 1.598
Eu-154 1.340 1.160 1.160 3.646 4.054
Eu-155 2.030 0.202 0.202 8316 8562
Light
elements
Co-60 0.010 0.020 0.020 0.000 0.022
Zr-95 1.190 0.060 0.060 0.000 1.192
Nb-95 0.020 0.060 0.380 0.000 0381
Sb-125 0.550 1.440 1.440 0.000 1541
Eu-154 1.340 1.160 1.160 0.000 1.772

NUREG/CR-5625 46



Table 6.9 Computed standard deviation in nuclides and their

total heat rate at 1 year for typical BWR

Nuclide 1000,

or total h, h, W o, W
Co-60 0.022 3.668E-02 8.202E-06
Kr-85 0.437 1.099E-02 4.803E-05
Sr-39 1.223 1.007TEO2 1.231E-04
Sr-90 2.080 7235E-02 1.505E-03
Y-90 0.718 3.456E-01 2.480E-03
Y91 0.569 2.7T19E-02 1.580E-04
Z1-95(FP) 1.466 8.234E-02 1.207E-03
Nb-95(FP) 0.934 1.754E-01 1.639E-03
Ru-106 2.502 1.137E-02 2.844E-04
Rh-106 2.515 1.840E+00 4.627TE2
Ag-110m 7.668 1.516E-02 1.163E-03
Sb-125(FP) 6.110 1.504E-02 9.189E-04
Te-125m 6.241 9.848E-04 6.146E-05
Cs-134 0.496 8.349E-01 4 139E-03
Cs-137 0.423 1.016E-01 4.296E-04
Ba-137m 0.440 3.410E-01 1.501E-03
Ce-144 1.176 L797E-01 2.113E-03
Pr-144 0.412 1.991E+00 S202E-03
Pm-147 1.598 3.610E-02 5.770E-04
Eu-154(FP) 4.054 7.733E-02 3.135E03
Eu-155 8.562 3.809E-03 3.262E-04
Zr-95(LE) 1192 6.576E-03 7.835E-05
Nb-95(LE) 0381 1.401E-02 S330E-05
Sb-125(LE) 1.541 3922E-03 6.046E-05
Eu-154(LE) 1.772 1277E-03 2263E-05
Sum of above 6.234 47751E-02
All FP and LE* 6.251

Total, incl actinides® 6.841

Percentage std. dev. in total 0.70%

“This is sum of heat rates from all fission products (FP) and light

elements (LE) computed by ORIGEN-S.

*Total heat rate as tabulated in Table 5.2

from Eqgs. (32) or (33), A; from the SAS2H/
ORIGENS-S case, and the resulting standard deviations
in h. Also, the standard deviation in the total heat
rate of the 25 nuclides and its conversion to percen-
tage of the total heat rate, including that from actinide
nuclides, is summarized in the bottom line of

Table 6.9. It is seen that the percentage standard
deviation of the total heat rate from the above uncer-
tainties is 0.70% at 1-year decay for the typical BWR
case. Also, it is seen in Table 6.10 that the percentage
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standard deviation (from the random errors) in the
total heat rate is 0.10% at the cooling time of 110
years. The reason for the significant reduction to
0.10% is due to the essential vanishing of heat rate
from nuclides having the larger standard deviations.
Note that 0.0 W denotes the 10™ limit of the floating-
point numbers on the IBM 3090 mainframe.

Finally, in order to reduce the number of tables listing
detailed data, as in Tables 6.9 and 6.10, a summary of
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Table 6.10 Computed standard deviation in nuclides and their
total heat rate at 110 years for typical BWR

100 o,
(]

Nuclide h; h, W %, W
Co-60 0.022 2.182E-08 4.880E-12
Kr-85 0.437 9.547E-06 4.173E-08
Sr-89 1.223 0.000E+00 0.00GE+00
Sr-90 2.080 5.402E03 1.124E-04
Y-90 0.718 2.580E-02 1.852E-04
Y-91 0.569 0.000E+00 0.000E+00
Zr-95(FF) 1.466 0.000E+-00 0.000E+00
Nb-95(FP) 0934 0.000E+00  0.000E+00
Ru-106 2502 3.185E-35 7.968E-37
Rh-106 2515 5.154E-33 1.296E-34
Ag-110m 7.668 1.653E-50 1.267E-51
Sb-125(FP) 6.110 2.142E-14 1.309E-15
Te-125m 6.241 1.40SE-15 8.769E-17
Cs-134 0.496 1.018E-16 5.045E-19
Cs-137 0.423 8.298E-03 3.510E-05
Ba-137m 0.440 2.787TE-02 1.227TE-4
Ce-14 1.176 1.250E-43 1.470E-45
Pr-144 0.412 1385E-42 5.706E-45
Pm-147 1598 1.119E-14 1.789E-16
Eu-154(FP) 4.054 1.182E-05 4.792E-07
Eu-155 8.562 9.229E-10 7.902E-11
Zr-95(LE) 1192 0.000E+00  0.000E+00
Nb-95(LE) 0381 0.000E+00 0.000E+00
Sb-125(LE) 1.541 5.585E-15 8.609E-17
Eu-154(LE) 1.772 1.953E-07 3.461E-09
Sum of above 0.06739 2.514E-04
All FP and LE* 0.06750
Total, incl. actinides® 0.260
Percentage std. dev. in total 0.10%

*Sum of beat rates from all fission products (FP) acd light elements (LE)
computed by ORIGEN-S.
*Total heat rate as tabulated in Table 5.2.
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the percentage standard deviations in the total heat
rates is listed in Table 6.11. Note that the maximum
percentage of the total is 0.72% for the typical PWR

case at 1.4-year cooling time. These data will be used

in Sect. 6.6.4 in the determination of safety factors.

Exror From Cross Sections and
Computational Model Bias

6.6.2

This section includes a discussion of error in the cross
sections resulting from both data uncertainty and com-
putational model bias. The reason for combining

these two types of errors is that it would be extremely

complex to propagate standard deviations of each
energy group (or point) cross section through the
computations of the resonance cross sections and the
final neutron transport calculation. Furthermore, it
would be difficult to estimate the bias in the reson-

ance, transport, and point-depletion types of computa-

tioms.

Instead of analyzing the uncertainty of data, as used in

standard deviation calculations of Sect. 6.6.1, a more
global type of technique is applied to determine the
error from cross sections and computational bias.
Although certain approximations were necessary in
parts of the evaluation, a somewhat larger than
expected quantity of data were available. The major
global technigue used here is the comparisons of
SAS2H/ORIGEN-S results with other code computa-
tions and measurements. In referring to cross-section
error here, it is meant to include that error due to the
cross-section data uncertainty and code computational
bias of the actinides, the light-element activation
products, and three fission products (**Cs, **Eu, and
®Ag). Two additional error types—decay data uncer-
tainties in the actinide production and any other code
biases-—are also included as a very small part of the
total error discussed as cross-section errof.

The use of previously documented'*” comparisons of
decay heat rates calculated by different codes is inade-
quate to evaluate the uncertainty in the present work.
The comparison of results from ORIGEN2? and
ORIGEN-S in Ref. 14 involved the 1978 ORIGEN2
library” and the earlier SCALE-3 version of SAS2H.
The multicode comparisons of Ref. 17, although more
recent, are not sufficiently current because the
ORIGEN?2 library® has been substantially improved,”
the ORIGEN-S fission product yields have been
updated, the BWR cases have been changed with
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more realistic data, and the EPRI-CELL code® (used
with CINDER-2%) has been enhanced significantly.”

For this uncertainty study, a comparison of heat rates
computed by ORIGEN?Z using improved BWR and
PWR libraries® with heat rates computed by SAS2H/
ORIGEN-S was made. Note that the improved PWR
and BWR libraries available for ORIGEN2 were pre-
pared for only two specific burnups (typical and
extended burnups of 27.5 and 40 MWd/kgU for BWR
and 33 and 50 MWd/kgU for PWR) and corres-
ponding initial enrichment. The sum of the heat rates
at 10 years from the actinides, the light-element
activation products and fission products *‘Cs and
¥Eu computed by ORIGEN2, was determined from
Ref. 30. The two fission product heat rates were
converted from curies, as listed, to W and added to
total heat rates of the other two types of nuclides.
The quantity of "*Ag is insignificant at the decay
time of 10 years. Similar cases were computed by
SAS2H/ORIGEN-S, where only burnups, powers, and
enrichments were changed from the standard cases
used to create the decay heat data base provided in
Sect. 5. The heat rates from the same set of nuclides
as used for ORIGEN? were also determined for
SAS2H/ORIGEN-S. The comparisons for these
cross-section-dependent heat rates as computed by
SAS2H/ORIGEN-S and ORIGEN?2 and their percen-
tage differences are listed in Table 6.12 for the two
typical and extended burnup BWR and PWR cases.
The agrecment for the typical burnup cases was rela-
tively good, while differences of 7.2 and 15.9% for the
extended burnup PWR and BWR cases, respectively,
were considerably more. A Jarger fraction of the heat
rate for the extended burnup cases 5 produced from
nuclides farther down the various transition chains of
the actinides as the burnup is increased. The effect of
propagating uncertainty or bias from cross sections of
these additional nuclides correspondingly increases the
final uncertainty in the beat rate.

The code system that produced data for the
ORIGEN? libraries is denoted as GPRCYCLE.®
This code system uses a more complex method of
computing cross sections than that used by SAS2H in
part because it performs multidimensional depletion
calculations. Axial variations, changes in fuel pin
enrichments, and different fuel zones within the core
may be explicitly included in the reactor model.

Reactor calculations performed by the GPRCYCLE
system can compute the soluble boron in the modera-
tor of a PWR through a criticality search. Repeated
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Table 6.11 Percentage standard deviation in fission-product and light-
clement heat rate applying O, A, and fission yicld uncertaintics

Percentage standard deviation
in total heat rate

Reactor Power, Burnup, Gooling time, y

type, final kw MWd

uncertainty kgU kgU 1 14 4 10 50 110
BWR 20 30 070 07 040 030 021 010
BWR 30 40 069 069 040 030 021 0.10
PWR 28 30 071 072 042 030 021 0.10
PWR 40 50 068 067 038 029 020 010
Uncertainty:

2, 14 14 0.8 0.6 0.4 02
Table 6.12 Code comparisons of beat rate at 10-year cooling from actinides,
light-element activation products plus two fission products (*/Cs and **En)

Cross-section-dependent beat rate, W .
Burnup, % difference

Reactor ~ MWd SAS2H/ GPRCYCLE/ ORS _ ) 100%
type kgU ORIGEN-S ORIGEN2 OR2

BWR 215 2579 265.7 -29

BWR 40.0 5089 6052 -159

PWR 33.0 3684 3604 22

PWR 50.0 7293 7855 -12

soluble boron computations™ during a fuel exposure
cycle produced data fitting closely the "boron letdown
curve,” Changes in boron content is a form of deter-
mining variations in the k. of the core because
moderator boron content may be converted into reac-
tivity worth. In turn, although cross-section error can
be partially cancelled in deriving a k4 (due to similar
data in numerator and denominator), the cancellation
can never be complete at all points on the boron let-
down curve.

In the application of the cross-section data provided
by GPRCYCLE, the ORIGEN?2 library was designed
to include burnup-dependent cross sections for ’Pu
through *’Pu and **Am and initial or midpoint
burnup cross sections for the other nuclides. In
deriving the SAS2H/ORIGEN-S BWR extended
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burnup heat rate listed in Table 6.12 (the case having
the greatest difference) only midpoint burnup cross
sections were applied for all nuclides besides pluton-
ium and *’Am. Executing SAS2H/ORIGEN-S in this
fashion for the extended BWR case increased the heat
rate provided by normal execution of SAS2H/
ORIGEN-S. The 15.9% difference provided in Table
6.12 is most likely caused by multidimensional effects
such as axial variation in the moderator density,
partial insertion of boron cruciform control rods, and
different fuel enrichments within an assembly.
Another reascon for the difference may be the use of
different ENDF versions of cross sections, in addition
to the application of data having different energy
group structures. The significant differences in the
methodology and approach used to generaie the
ORIGEN2 and ORIGEN-S cross sections provide a



basis for using the heat rate results of Tabie 6.12 to
estimate a cross-section bias for use in formulating the
safety factor. The differences provided in Table 6.12
are used in Table 6.13, which summarizes the
contribution to the total safety factor.

Now consider comparisons of SAS2H/ORIGEN-S
calculations of heat rates with measurements. Note
that a comparison of computed total heat rates with
measurements for ten BWR and ten PWR assemblies
was presented in Sect. 3. The results were summarized
in Table 3.16. Also, it is seen that the random type of
error or standard deviation computed, as listed in
Table 6.11, is approximately 0.5% in the 3- to 4-year
range in which the measurements were performed.
The error due to cross-section-dependent nuclides
should be at least several times the random type error.
For the purpose of estimating a measurement of the
cross-section-dependent error, the assumption is made
that the entire difference between computed and
measured decay heat rates is completely due to cross-
section bias. Assuming other biases are small, the dif-
ference is actually a good estimate of the cross-section
error. If there were no systematic bias, the standard
deviations of the percentage differences in computed
and measured values are large enough to indicate that
these data are simply not a very precise estimate of
the cross-section bias. Nevertheless, it may be con-
sidered to be one of the best available global measure-

ments of cross-section-dependent heat rate error. The

fraction of the total heat rate that is produced from
the cross-section-dependent nuclides was computed as
0.311 and 0.315 of the averages of two typical BWR
and PWR cases, respectively. Dividing the differences
of -0.7 + 2.6% and 1.5 + 1.3% (from Table 3.16) by
the above fractions produces cross-section bias esti-
mates of ~2.3 + 8.4% and 4.8 + 4.1% for the BWR
and PWR, respectively. Thus, the second type of con-
sideration used in estimating the cross-section error
and the safety factor is that derived from comparisons
of SAS?H/ORIGEN-S and measured heat rates, as
listed on the third line in Table 6.13.

In addition to the two major methods discussed above
for determining cross-section biases, it appeared
reasonable to consider other information pertaining to
the reliability of the calculated decay heat values.
During the development of SAS2H for the SCALE-4
system, cases were executed producing. isotopic con-
tents that could be compared with experimental deter-
minations of the isotopic inventories of various PWR
assemblies. The comparison of measured and com-
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puted contents of uranium and plutonium isotopes for
a Turkey Point Unit 3 assembly is given in Ref. 35.
The largest difference was the nonconservative 8.9%
for *Pu; however, it is not a significant contributor to
heat rate. The next largest difference was the conser-
vative 6.1% for **Pu. No large nonconservative bias
in heat rate is indicated. However, the measurement
of a significant decay heat rate contributor, *#Cm, was
not given. Comparisons were also made for PWR
assemblies from the H. B. Robinson Unit 2 Reactor*
in South Carolina and the Obrigheim (KWO)
Reactor® in the Federal Republic of Germany. These
comparisons included measurements of *Cm. The
H. B. Robinson measurements included *Cs.
Although the o spectrometer standard deviations of
%4Cm results are quoted as + 20 to 30%, there were
also measurements of the Obrigheim samples in which
the much more precise method of isotope dilution
analysis was used for **Cm. Although it does not
appear 10 be within the scope of this project or report
10 give detailed comparisons, note that agreement in
the total cross-section-dependent heat rate would be
well below 10% and would possibly be conservative.
Note that this applies only to PWR assemblies in the
typical burnup region.

Isotopic analyses of BWR spent fuel were performed
using SAS2H/ORIGEN-S as part of a study on using
actual spent fuel isotopics in the criticality safety
analyses of transport casks.” Average assembly iso-
topic concentrations for some of the most significant
nuclides (e.g., **Cm and **Cs) were calculated using
multi-axial-node models and SAS2H. The isotopic
differences between the multi-node and single-node
models using SAS2 were less than half the differences
observed in the GPRCYCLE/ORIGEN?2 and SAS2H

comparison.

Some select cases were also run to investigate the
effect of the energy grouping in the SCALE 27-group
cross sections used by SAS2H to calculate the tabu-
lated decay heat values. The PWR case for 28 kW/kgU
and 45 MWd/kgU was executed using the 218-energy-
group ENDF/B-IV library in the SCALE system. The
total heat rates computed by the 218-group case were
greater by 0.3% at 1 year, about equal at 5 years, and
1.5% smaller than those of the 27-group case at 110
years. In another study, the typical and extended
burnup BWR cases (27.5 and 40 MWd/kgU, respec-
tively) were executed on the CRAY X-MP using
ENDE/B-V cross sections, which resulted in an
increase in the computed actinide and total heat rates.
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Table 6.13 Summary of cross-section bias estimates and safety factors

BWR PWR
Bumnup, MWd/kgU 275 40.0 33.0 500
Difference in codes, %" ~-2.9 -~-159 2.2 ~72
Difference in measurements, %° -23 + 84 — 48 + 41  —
Average difference, % -2.6 -15.9 35 ~12
Safety factor for g-error, %° 11.0 16.0 10.0 110

*Comparisons shown in Table 6.12.

*Assuming differences between computed and measured heat rates (Table 3.16) caused by
CTOss-section error.

Safety factors, applied as adequate, for cross-section unceriainty and computation model
bias in beat rate of nuclides produced primarily by neutron absorption.

The actinide heat rates increased by 3 and 6% and the
total heat rates increased by 0.2 and 1.6% in the typi-
cal and extended burnup cases, respectively. All of
these values are within the uncertainty envelope pro-
vided by the code comparison of Table 6.12.

Another comparison study®® was performed on an
international scale to determine differences between
the mathematical models of codes computing decay
heat rates. Contributions to the study were received
from China, France, Germany (FRG), Japan, Sweden,
UK, USA, and USSR, applying the following codes:
AFFPA, CINDER-10, CINDER, DCHAIN, FISP6,
INVENT, PEPIN, FISPIN, KORIGEN, MECCYCO,
and ORIGEN-S. By starting with identical mode] and
library data, each code computed decay heat rates for
each decade from 1 to 10”5, applying a #*U fission
pulse and a long irradiation (3 x 107 s) in the two
benchmark cases. The total heat rates for the 13
decay times computed by all codes are within 0.7%
from the average for the pulse case and within 1.6%
for the long irradiation case. The total heat rates
from ORIGEN-S are within 0.5% from the average
for the pulse case and within 0.4% for the long irrad-
iation case. A significant part of the ORIGEN-S dif-
ference can arise from the roundoff in the three-place
printout. The agreement shows good validation of the
mathematical model of ORIGEN-S.

The major discussion in this section has been con-
cerned with the error in cross sections resulting from
both data uncertainty and computational model bias.
The effect of these has been demonstrated via code
comparison and the differences between computed and
measured cross-section-dependent heat rates. Using
the percentage differences derived for Table 6.12 and
the comparisons with measurements, a summary of
estimates of the cross-section bias are presented in
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Table 6.13. For the same cases, the differences
between the code computations (GPRCYCLE/
ORIGEN2 and SAS2H/ORIGEN-S) and the differ-
ences between the calculations and measurements
(after assuming they may be converted to cross-section
bias) are in moderate agreement. The average dif-
ferences for the typical BWR and PWR are -2.6 and
3.5%, respectively. After consideration of these data
and other information discussed above, it was decided
to apply an 11% safety factor to the lower burnup
BWR cross-section-dependent heat rates. A 10%
safety factor was given to the lower burnup PWR
values. Although the PWR results appear to have sig-
nificantly less nonconservative bias, the 10% minimum
is reasonably liberal and not greatly overconservative.
Indications were seen that the extended burnup PWR
results are approximately the same as the lower
burnup BWR and should have a similar safety factor.
Also, from all comparisons of calculations for the
extended burnup BWR, it appeared that a 16% safety
factor for cross-section bias was both sufficient and
reasonable. These factors will be used in determining
the contribution from cross-section bias to the safety
factors of the total heat rate. Examples of these
contributions are given in Tables 6.14 and 6.15, which
show the itemized calculation of the safety factor in
the total heat rate due to cross-section bias for four
cases at 1 and 110 years, respectively. The lowest and
highest burnup cases for the middle specific power of
the tabulated data of each reactor type are used in the
example shown. The portion of the total heat rate
safety factors due to cross-section bias listed on the
last line of these tables is applied in the final safety
rate determination in Sect. 6.6.4.

Consideration was given 10 comparing cross-section-
dependent decay heat rates computed by SAS2H/
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Table 6.14 Contribution of cross-section (o) bias to safety
factor of total heat rate at 1 year

- Type of data Cases
Reactor type BWR BWR PWR PWR

- Specific power, MW/kgU 20 20 28 28
Burnup, MWd/kgU 20 45 25 50
Actinide heat rate, W/kgU 296 1129 387 1282
Light-element heat rate, W/gU 62 77 136 177
Cs heat rate, W/gU 487 1356 707 1773
Eu heat rate, W/gU 43 133 59 158
MeAe heat rate, W/gU 10 23 16 43
Sum o-dependent heat rate, W/jgU 898 2718 1305 3433

- Total heat rate for case, W/gU 5548 8571 7559 11120
Percentage of total from os" 16.2 317 173 309

i Safety factor for s-error, % 11.0 16.0 10.0 11.0
Safety factor in total from os, %" 1.8 5.1 1.7 34

*The term “from ¢3," as used here, means the beat mte of nudides produced primarily by
neutron absorption. '

*This part of the total heat rate safety factor due 1o cross-section bias is the product of
fraction of beat rate from o-dependent nuclides and their safety factor (sec also Table 6.13) or
162 x 11.0/100 = 1.8%.

Table 6.15 Contribution of cross-section (o) bias to safety
factor of total heat rate at 110 years

Type of data Cases
Reactor type | BWR BWR PWR PWR
- Specific power, MW/kgU 20 20 28 28
Burnup, MWd/kgU 20 45 25 50
- Actinide heat rate, W/kgU 132 287 167 328
+ Other ¢-dependent heat rates 0 0 0 0
Sum ¢-dependent heat rate, W/gU 132 287 167 328
Total heat rate for case, W/gU 178 385 225 440
* Percentage of total from os* 742 745 742 745
Safety factor for g-error, % 110 160 100 110
Safety factor in total from os, %" 82 119 7.4 82

'Ihctam‘ﬁomés,'asmedhue,mcanslhehmxnmofnudjdcspmdwedpﬁmﬂyby

neutron absorption.
*This part of the total heat rate safety factor duc 1o cross-section bias is computed as the
product of values oa last two prior lines as 742 x 11.0/100 = 82%.

53 NUREG/CR-5625



Discussion

ORIGEN-S with other accepted procedures for com-
puting decay heat rates. The American National
Standard for Decay Heat Power in Light Water
Reactors® (ANSI 5.1) computes heat rates from U
and ®Np (significant in loss-of-coolant accidents), but
it does not compute other actinide heat rates that
have significant contributions at 1 year and later
cooling times. Thus, no comparison was made in this
study. A draft document (from the International
Organization for Standardization) of a standard on
decay heat power® (which is not referred to officially
as the international standard until publication) applies
a contribution of the actinide heat rate in addition to
that from ®*U and ®*Np. The proposed method mul-
tiplies an actinide factor, A(?), times the summed heat
rate of fission product decays, Ps, to determine the
actinide contribution, P,. Values of A(t) are tabulated
as a function of time only. Thus, A(¢) does not vary
with burnup. A value with the same definitions as
A(t) may be computed from the SAS2H data in

Table 6.14. The summed heat rates of fission
products, Py, for the SAS2H data are simply the dif-
ference given by the "total heat rate for the case"
minus the "sum o-dependent heat rate.” Then, for the
BWR cases at 1-year decay, the SAS2 values of A(1)
are 296/(5548-898) = 0.064 in the 20-MWd/kgU case
and 0.193 in the 45-MWd/kgU case. Similarly, for the
low- and high-burnup cases of the PWR, the 4(1)
values are 0.062 and 0.167, respectively. The value at
1 year, A(1), in the proposed standard is 0.214. The
simple formalism used by the proposed standard
necessitates the conservatism shown by the compari-
son with the SAS2H values.

6.6.3 Error in Procedure of Guide and Extra
Parameter Variation

This section deals with inaccuracies in the proposed
procedure of Sect. 5 in addition to bias that can arise
from variations in parameters not previously taken
into account. An example of a procedural guide error
is that resulting from the interpolation of heat rate
data in Tables 5.1-5.3 and Tables 5.5-5.7. An
example of a parameter variation not taken into
account is the application of the revised procedure to
a PWR fuel assembly containing BPRs instead of
guide tubes for control rods.

Inaccuracies in the proposed procedure of Sect. 5 are

discussed in Sects. 6.1-6.5. Summaries listing the
results of several types of comparisons indicating these
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inaccuracies are shown in Tables 6.1-6.6. In general,
the nonconservative differences do not exceed 1%.
The only exceptions to this limit were the errors in
the interpolations of heat rate with respect to specific
power for short cooling times that are in error by
1.1%. The error diminishes for longer cooling times.
Other parameter variations not taken into account in
the previous discussions are (1) different reactor
designs, (2) fuel assemblies (PWR) containing BPRs,
and (3) PWR moderator density variations.

An earlier version of SAS2H was used 10 compare
heat rates* for PWR fuel assemblies of four different
array designs from three different vendors. The
cooling time range was 0-10 years. The Jargest
difference was 0.6% for the cooling time of 10 years.
The average differences were 0.3 and 0.4% at 1 and 10
years, respectively. These differences, although small,
were considered in developing the safety factor.

Cases with fuel assemblies containing BPRs for one of
the cycles were computed by SASZH/ORIGEN-S for
both a typical (33 MWd/kgU) and an extended

(50 MWd/kgU) burnup of a PWR. Although there
were no significant differences for short cooling times,
the maximum was a nonconservative 2.2% for 110
years in the typical casc. Likewise, reasonable
moderator density changes in a PWR provided a slight
heat rate change for short cooling and increased to
about 2% for long decay times. Changes in the
actinide production caused by BPRs and/or water
density variations causes the differences in decay heat
to appear only at Jong cooling times where actinides
become important to the total decay heat.

It was concluded that an adequate magnitude of safety
factor for the procedural inaccuracy and extra
parameter variation is 1.5% at 1 year and linearly
increased to 2.0% at 110 years. This factor would
tend to cover the interpolation error plus other small
bias at 1 year, in addition to somewhat larger dif-
ferences from the above considerations at long cooling
times.

6.6.4 Total Safety Factors

This section uses data from Sects. 6.6.1-6.6.3 to
determine the total safety factors in the decay heat
rates. The total safety factors for 16 cases are com-
pared with those computed by formulae given in

Sect. 5. Then additional comments are given on other
comparisons pot explicitly shown.



The determination and summary of the safety factors
for the BWR and PWR are presented in Tables 6.16
and 6.17, respectively. The data on the first line
under the case parameter heading are the 20 random
data uncertainties discussed in Sect. 6.6.1 and given in

Table 6.11. The values on the next line are the contri-

butions of the cross-section bias to the total safety
factor as derived in Sect. 6.6.2 and given in the last
lines of Tables 6.14 and 6.15 for cooling times of 1
and 110 years. Similar data were calculated for the
cooling times of 4 and 10 years. The safety factor
contributions on the next line are for errors in the
procedure and extra parameter variation. A discus-
sion of these data is given in Sect. 6.6.3. On the next
line a contingency safety factor of 1% was arbitrarily
chosen for all the cases. It is simply a small, although
significant, increase in the safety factor to cover any
other or unexpected error not adequately taken into
account. The 1% magnitude, although a matter of
judgment, appears to be commensurate with the rela-
tive completeness of the safety factor formulation.
The totals of the first four lines of Tables 6.15 and
6.16, shown on the fifth line, are of total required
safety factors. The final line of each table contains
the safety factors for BWR and PWR as produced by
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Eqgs. (16) and (17), respectively. In all of the 16 cases,
except the 2 cases at 110 years for the BWR, the
equations sufficiently cover the safety factor. In these
two cases, the differences are 0.1 and 0.2%. In
addition to the cases in Tables 6.16 and 6.17, the
safety factors and equation values were calculated for
a variety of other cases. The required safety factor
and equation value for the lower specific power cases
tended to compare more closely than other cases. For
only a few PWR cases, the equation value was lower
by a magnitude as large as 0.1%. Only two BWR
cases had equation values below the required safety
factor. These two BWR 110-year cooling time cases
had differences of 0.3 and 0.4% below the equation
values. Note that the total safety factors for these two
cases exceeded 11%. Thus, because there are only
rare exceptions in which the equations are even
slightly nonconservative, Egs. (16) and (17) are
considered to appropriately envelop all required safety
factors.

The final equation to be analyzed here is Eq. (18).
This equation simply applies all adjustment factors
and the safety factor to the heat rate determined
through interpolation of tabulated data.
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Table 6.16 Summary of percentage safety factors for BWR

zokW’ MWwWd ZOkW,45MWd
kgU kgU kgU kgU
Cooling time, years Cooling time, years
Type of error Section £ £ 4
or safety factor; discussed 1 4 10 110 1 4 10 110
20(G.\)), FP + LE 6.6.1 14 038 0.6 0.2 14 08 0.6 02
Cross-section bias 6.6.2 1.8 3.0 29 82 5.1 64 57 19
Procedure and extra bias 6.63 15 15 1.6 20 15 15 1.6 20
Contingency 66.4 10 1.0 1.0 1.0 1.0 1.0 10 1.0
Total 5.7 6.3 61 114 20 9.7 89 151
S, Eg. (16) 525 6.4 6.5 68 112 102 103 106 15.0
*FP: fission products; LE: light clements.
Table 6.17 Summary of percentage safety factors for PWR
28 kW ) MWd 28 kW . MWd
kgU kgU kgU kgU
Cooling time, years Cooling time, years
Type of error Section 2 Y £ 4
or safety factor; discussed 1 4 10 110 1 4 10 110
20(Q.\y), FP + LE" 6.6.1 14 08 06 02 14 0.8 0.6 0.2
Cross-section bias 6.62 17 3.0 29 7.4 34 46 42 82
Procedure and extra bias  6.63 15 15 1.6 20 15 1.5 16 20
Contingency 664 10 10 1.0 10 1.0 1.0 1.0 10
Total 56 63 61 106 73 79 74 114
S, Eq. (17) 525 62 64 67 111 7.7 7.9 82 127

‘FP: fission products; 1LE: light clements.
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7 THE LWRARC CODE

The LWRARC (Light Water Reactor Afterheat Rate
Calculation) code is a Microsoft BASIC program that
follows the complete procedure as described in Sect. 5.
It runs on an IBM-compatible personal computer.
LWRARUC features a pulldown menu system with
sophisticated data entry screens containing context-
sensitive help messages. The menu system organizes
the major command categories as menu titles and
pulldown commands. The program performs checking
for each input screen and presents warning and error
message boxes and yes/no dialog boxes to verify that
the user wants to perform certain functions (e.g., write
over files that have been saved previously). The
menus may be used with either a keyboard or a
mouse.

7.1 Using the Menu System

The pulldown menu system contains 2 menu bar
across the top of the screen. Under each menu bar
option there is a unique pulidown menu. The menu
bar options are summarized below.

Files Options to retrieve files, save files, and
exit the program

Data  Options to input data and review a list of
case titles

Run Options to execute cases and browse and
print output

When LWRARC begins, it presents the Files
pulldown menu. The user may scan across the menu
bar by using the left and right arrow keys. The user
may select an option from a pulldown menu by using
the up and down arrow keys. A description of the
highlighted option appears on the bottom line of the
screen. To execute the option, simply press the
<Enter> key or the highlighted letter’ (known as the
"hot key") of the desired option.

The mouse may also be used to select an option by
moving it left or right along the menu bar or up and
down on a pulldown menu. To choose a pulldown
menu command, simply move the mouse cursor over
the desired option and click the left mouse button.
Some users may prefer to "drag” the mouse (holding
the left mouse button) over the menus and then
release the left button when the cursor is over the
desired command. One difference between the two
methods of using the mouse is that dragging the
mouse causes the description of the highlighted option

57

to be displayed on the bottom of the screen as when
using the keyboard.

Some pulldown menu commands are black with a hot
key, while others are gray. The black commands are
active; the gray commands are inactive and produce
no effect if selected. Commands are activated as
necessary data are entered. For example, once cases
have been entered or files have been retrieved, the
Review Cases and the Execate Cases options are
active.

7.2 Menu System Options

This section presents an overview of the menu system
commands. Menu bar options are presented next to
round bullets; corresponding pulidown commands are
listed next to diamond bullets. The underlined letter
in commands discussed below represents the hot key
for the command; these hot keys appear on screen as
bright letters, and they allow immediate access to an

item by pressing the highlighted key.

» Files - The Files menu allows the user to retrieve
and save files and to exit the program.

< Retrieve Files - This option allows the user to
retrieve files which the user has previously
saved with LWRARC. The user selects the
desired input file from a list of all LWRARC
input files in the current directory. LWRARC
then loads the input file and the output file (if
it exists) with that file name. The input and
output files for a set of cases have the same
file name specified by the user, but a different
file extension designated by LWRARC (“.INP*
for input and ".OUT" for output). The
program copies the files to a set of temporary
files, ARCXXYYZ.* (ie., file extensions
remain the same). A set of sample files has
been provided on the distribution diskette.
The input and output files are SAMPLE.INP
and SAMPLE.OUT, respectively.

¢ Save Input File - LWRARC automatically saves
the input file when cases are executed, so this
option is only needed when a user wants to
save the input file without executing cases.
This option is designed to allow the user to
occasionally save input data while entering a
large number of cases, so that it will not be
fost if the program terminates abnormally.
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Note that if LWRARC does fail, the data
entered still exist in the ARCXXYYZ.+ files.

Press <Enter> or <Esc> to remove the message
from the screen.

When LWRARC is subsequently run, it will
notify the user that it has detected these files
and will give him an opportunity to rename
and save them.

< Quit ~ This option terminates the program. If

the input file has not been saved and cases
have not been executed since the user last
selected the Enter Data option, the program
verifies that this is what the user wants to do.
Since this option does not save files, the user
may also use this option to cancel any changes
he has made since the last time the input file
was saved or cases were executed.

Some fields have a multiple choice menu
associated with them. Pressing <Enter> or
the Space Bar at one of these fields activates
the multiple choice menu. When this menuw is
displayed, all other processing and functions
keys are disabled until a choice is selected and
the menu disappears from the screen.
Pressing a letter on the keyboard moves the
cursor to the next choice which begins with
that letter. If there is not a choice that begins
with that letter, the cursor moves to the
beginning of the list. The up and down arrow
keys, <PgUp>, <PgDn>, or the mouse may
be used to make a selection. <Home> moves

¢ Data ~ The Data menu provides the user with the cursor to the first choice, and <End>
selections to enter and review the fuel assembly moves the cursor to the last choice. Once the
data. desired choice is highlighted, press <Enter>
or double click the left mouse button to select

¢ Enter Data - This is the only active option other it and remove the menu.

than Retrieve Files when the user enters the
program. When this option is selected, the
fuel assembly data input screen is displayed.
The cursor appears at the first data field. To
move from one field to the next, press
<Enter> or <Tab>. To move backward to
the previous field, press <Shift+Tab> or
<Backspace>. If a field is protected, the
cursor skips that field and moves to the next
unprotected field. The cursor must be at the
beginning of the field for <Backspace> 10
move to the previous field, because within a
data field it moves back one space and deletes
the previous character. The user may also
change fields with the up and down arrow
keys, but the movement is somewhat erratic as
the cursor skips fields if there is more than
one field per screen line. <Home> moves
the cursor to the beginning of the field, and
<End> moves to the end of the field. The
<Ins> and <Del> keys perform their normal
functions for editing a field. <Cirl+Home>
moves the cursor to the firsi field on the
screen, and <CTRL +End> moves the cursor
to the last field. <PgUp> and <PgDn>
performs the same respective functions. Most
fields have a help message associated with
them. Pressing <F1> displays the message.
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The date fields accept dates in the form MM-
DD-YYYY from 01-01-1900 to 01-01-2065.
The default for the first two digits of the year
are "19." The cursor automatically skips the
first two characters of the year. To modify
them, use the backspace key to delete them
and then type the new values.

Pressing <Citrl+B> while the cursor is in a
date field will blank that field. The data for a
case are saved by pressing <F10> 10 advance
to the next case, or <F9> to go back to the
previous case. The <Ciri+D> key
combination allows the user to duplicate a
case by changing the case number to the next
available case number. Any unsaved changes
on the screen when <Ctrl+D> is pressed are
not saved for the original case number, but are
carried to the new case number. Thus, the
user may press <Cirl+D> either before or
after making changes 10 the old case he wants
to copy. Once he is finished with the changes
to the new copy, he should press <F9> or
<F10> to save them. To avoid saving
changes on the screen at any time, press
<F4> to return to the main menu system.
LWRARC asks the user if he wants to save
the changes on the screen before returning.



The <Cirl+E> key combination ¢rases an
unwanted case. LWRARC verifies that the
user wants to delete the case. To review
existing cases, press <Ctrl+R> to view a list
of case numbers and titles.

The input parameters are described below.
The variable names in parentheses refer to
those used in Sect. 5.

1. Title - 56-character maximum.
2. Reactor type -BWR or PWR.

3. Fuel type - Select from the multiple-
choice menu. Based on the fuel assembly
type selected, the code automatically
supplies the generic kilograms of uranium
per assembly for that type (Tables 7.1 and
7.2} in the next field and protects the
field. These generic values are only
typical loadings taken from Ref. 41. If
the user wishes to input a more exact
value for the next parameter, he should
select "Other.” LWRARC then
unprotects the next field and allows the
user to-input his own value.

4. Fuel loading - the kgU/assembly is used
to convert the decay heat from watts per
kgU (as given in the tables in Sect. 5.2)
to watts per assembly. Enter O if this
calculation is not desired.

5. Imterpolation - Log-linear (duplicates
hand calculation) or Lagrangian®
{typically a more precise interpolation
scheme).

6. Enrichment (E)) - initial fuel enrichment,
wt % UL

7. Total burnup (B,,) - for the assembly,
MWd/kgU or GWd/MTU.

8. Cycle N burnup (B,) - last cycle burnup,
MWd/kgU or GWd/MTU.

9. Cycle N-1 burnup (B,;) - next-to-last
cycle burnup, MWd/kgU or GWd/MTU.
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11.
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13.
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15.

16.

17.

18.

LWRARC Code

Initial startup date - cycle startup date
for the initial cycle for this assembly, used
to calculate the total residence time
parameter.

Cycle N-1 startup date - next-to-last cycle
startup date used to calculate the next-to-
last cycle time parameter.

Cycle N startup date ~ Last cycle startup
date, used to calculate the next-to-last
and last cycle time parameters.

Final shutdown date ~ last cycle shutdown
date, used o calculate the last cycle time,
the total residence time, and the cooling
time parameters.

End of cooling date — used to calculate
the cooling time parameter.

Cooling time (T,) - time since final
discharge of assembly in years.

Total residence time (7,,) - assembly
residence time from first loaded to final
discharge in days.

Cycle N time (T,) - last cycle time,
startup to discharge, days.

Cycle N-1 time (7;) -~ next-to-last cycle
time, startup to startup, days.

The date parameters are optional. If they
are input, the code calculates the time
parameters automatically and protects the
time fields. Otherwise, the user inputs
the time parameters. The time and
burnup for the last and next-to-last cycles
may be set to zero if the cooling time is
greater than 15 years.

¢ Review Cases (Cirl+R) - This option displays a

list of case numbers and titles for all
cases that have been created. This
function may also be performed by
pressing <Ctrl+R> at the main menu or
while entering data. To remove the list
from the screen, press <Enter> or
<Esc>,
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Table 7.1 BWR fuel assembly loadings

Assembly Array Kilograms U
manufactorer size Class Version per assembly
ANF Tx7 GE BWR/23 184
ANF 8 x8 GE BWR/23 174
ANF 9x9 GE BWR/23 168
ANF 8x38 GE BWR/4-6 177
ANF 9x9 GE BWR/4-6 173
General Electric Tx7 BWR/23 Z2a 196
General Electric 7 x7 BWR/2,3 2b 193
General Electric 8x8 BWR/23 4 i83
General Electric 8x8 BWR/23 5 177
General Electric 8 x8 BWR/23 176
General Electric 7T x7 BWR/4-6 2 193
General Electric 7Tx7 BWR/4-6 3a 188
General Electric Tx7 BWR/4-6 3b 190
General Electric 8x8 BWR/4-6 4a 134
General Electric 8 x8 BWR/4-6 4b 185
General Electric 8 x 8 BWR/A4-6 5 183
General Electric 8x8 BWR/M-6 183
Plant-specific designs
General Electric 9x%x9 Big Rock Pt 138
ANF 11x11 Big Rock P1. 132
ANF 6x6 Dresden 1 a5
General Electric 6 X6 Humboldt Bay 76
ANF 10 x 10 LaCrosse 108
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Table 7.2 PWR fuel assembly loadings

General designs
Assembly Array Kilograms U
manufacturer size Version per assembly
ANF 14 x 14 WE 371
ANF 14 x 14 CE 381
ANF 14 x 14 Top Rod 365
ANF 15 x 15 WE 432
ANF 17 x 17 WE 401
Babcock & Wilcox 15 x 15 464
Babcock & Wilcox 17 x 17 Mark C 456
Combustion Engineering 14 x 14 Std 386
Combustion Engineering - 16 x 16 426
Westinghouse 14 x 14 Std/LOPAR 389
Westinghouse 14 x 14 OFA 336
Westinghouse 14 x 14 Model C (CE) 397
Westinghouse 15 x 15 Std/LOPAR 456
‘Westinghouse 15 x 15 OFA 463
Westinghouse 17 x 17 SwW/LOPAR 464
Westinghouse 17 x 17 OFA 426
Westinghouse 17 x 17 Vantage 5 423
Plant-specific designs
Combustion Enginecring 14 x 14 Fort Calhoun 376
‘Westinghouse : 15 x 15 Haddam Neck 413
Babeock & Wilcox 15 x 15 Haddam Neck 409
ANF 15 x 15 Palisades 401
Combustion Engineering 15 x 15 Palisades 413
Combustion Engineering 16 x 16 St. Lucie 2 390
Westinghouse 14 x 14 San Onofre 1 373
ANF 15 x 16 Yankee Rowe 236
Combustion Enginecring 15 x 16 Yankee Rowe 231
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¢ Run - The Run menu provides the user with
selections to execute cases and view the output.

¢ Execute Cases - This option performs the decay
heat calculations based on the entire
procedure given in Sect. 5 for the cases
entered. A message box is displayed
when execution is completed. When
cases are executed, the input file and the
output file are saved to the file name
specified by the user.

¢ Browse Output File - This option allows the
user to browse the output file generated
when the cases are executed. The top
line of the screen shows the file name and
line number. The bottom line of the
screen shows the keys that may be used to
move within the file while browsing.

< Print Output File ~ This option allows the user
to print the output file. There is one
page of output per case.

7.3 The LWRARC Code Distribution
Diskette

Files included on the LWRARC distribution diskette
are listed in Table 7.3. LWRARC.EXE is the
executable program. LWRARC.QSL is the screen
library. This library contains all the input screens
displayed by LWRARC. The files with the " FRM"
extension contain the form definition for each of the
screens in the library. The files with the "BSV"
extension were written with Microsoft BASIC’s
BSAVE command and contain the regulatory guide
decay heat data from the tables in Sect. 5.2 and the
fuel assembly kgU loadings. In addition to these files,
LWRARC input and output files for the sample cases
in Appendix C are included on the diskette. These
files are SAMPLE.INP and SAMPLE.QUT. The user
may retrieve them in LWRARC.

No matter how carefully 2 computer code is written, it
is inevitable that some option combination or set of
data requires modifications or corrections to the code.
In order to be certain that a calculated case was
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Table 7.3 Files required by LWRARC

File name Extension
ARCDATA1 BSV
ARCDATAZ2 BSV
ARCDATE1 FRM
FUELASSY BSV
LWRARC EXE
LWRARC QSL
RENAMFIL. FRM
SAMPLE INP
SAMPLE ouT
SAVEFIL. FRM
SAVEINP FRM

performed with an approved version of the code, the
creation date of the version used is printed in the case
output heading. The current approved creation date,
at the publication time of this report, is 5/30/94.

The latest LWRARC code version may be requested
from either the Radiation Shielding Information
Center (RSIC) or the Energy Science and Technology
Software Center (ESTSC):

Radiation Shielding Information Center
Qak Ridge National Laboratory

P.O. Box 2008

Oak Ridge, TN 37831-6362
Telephone: (615) 574-6176

FAX: (615) 574-6182

Energy Science and Technology
Software Center

P.O. Box 1020

Oak Ridge, TN 37831-1020

Telephone: (615) 576-2606

FAX: (615) 576-2865

For inquiries about the latest version date, the user
may contact RSIC or one of the following:

C. V. Parks (615) 574-5280
O. W. Hermann (6135) 574-5256
S. M. Bowman (615) 574-5263



8 SUMMARY

Proper methods of storing spent fuel from nuclear
power plants require knowledge of their decay heat
generation rates. Presently, the NRC has issued the
decay heat guide entitled "Regulatory Guide 3.54,
Spent Fuel Heat Géneration in an Independent Spent
Fuel Storage Installation.” A significant revision to
the heat generation rate guide will be developed by
expanding the data base, simplifying the procedure,
and using improved computational methods. This
report was written to provide the necessary technical
support for a proposed decay heat guide.

The primary purposes in revising the guide are to use
accurate heat rates that are adjusted with adequate
safety factors and, at the same time, avoid excess
conservatism. There are three reasons that the
current guide is overly conservative. First, the SAS2
calculations used in producing the guide were conser-
vative because not all of the moderator (i.e., the water
in and surrounding the guide tubes) was taken into
account. Second, the current guide is conservative
because the decay heat data base was calculated at
several burnups but only for one specific power.
Although the power was large enough 1o envelop
most operating LWR reactors, the use of an excessive
power will decrease the fuel exposure time which, in
turn, increases predicted decay heat rates computed
for the range of the cooling times considered. The
final reason for excess conservatism in the present
guide is that no data base was provided for BWR fuel
and a simple conservative safety factor was applied
instead.

These reasons for excess conservatism will be elimi-
nated in the proposed guide revision discussed in this
report. The SCALE-4 version of SAS2 (also known
as SAS2H) applies a second pass in the depletion
analysis that simulates water holes or BPRs more
correctly and provides substantially better calculations
of isotopic contents. Also, the channel water in a
BWR can be better simulated in the current SAS2H
version. A data base of decay heat is provided for
PWR and BWR fuel by computing cases for six
different burnups at each of three separate specific
powers. Decay heat values at twenty different cooling
times from 1 to 110 years were tabulated for each
case. A prescribed interpolation procedure gives
accurate heat rates over all ranges of burnup, specific
power, and cooling time within the limits of the
tabulated data. Also, adjustments in the interpolated
heat rate take into account variations in the initial
Z51J enrichment and the short cooling time effects
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from having an average power within a cycle that is
different than the average constant power over all
cycles. ‘

The validation of using SAS2H/ORIGEN-S for
computing heat rates was provided by comparing
predicted results with measurements performed on
discharged fuel assemblies. The fuel was taken from
Cooper Nuclear Station BWR, Point Beach Unit 2
PWR, and Turkey Point Unit 3 PWR. All design and
operating history data for the 20 measured assemblies
are tabulated in the report. The measured and
computed results are also listed, along with the
average of all case differences and the average of
differences by assemblies. The average differences of
the calculated minus the measured heat rates of fuel
assemblies were ~0.7 + 2.6% for the BWR and 1.5 +
1.3% for the PWR. These comparisons are
considered to be acceptable.

The complete procedure to be included in a proposed
regulatory guide is included in Sect. 5. Attention is
given to special definitions of cycle time and specific
power. A total of 720 decay heat rates computed by
SAS?H/ORIGEN-S as a function of the fuel
assembly’s total burnup, specific power, cooling time,
and reactor type (BWR or PWR) are tabulated in a
data base in Sect. 5. The interpolation of the heat
rate using the specified values of the above four
parameters for the assembly is then used with any of
the required adjustment factors and the safety factor
to determine the final decay beat rate.

A detailed analysis of the proposed procedure for
determining decay heat rates is presented in Sect. 6.
The derivation and/or discussion of each equation of
Sect. S is given in sequential order. The definitions of
parameters applied and the reasons behind the use of
certain variables are extensively discussed in order to
more clearly explain why the procedure of the pro-
posed guide revision is appropriate. Also, the
accuracies of both the interpolations and the adjust-
ment factor equations are properly analyzed. The
formulation of the safety factors is presented in detail.
The discussion and analysis of the safety factor is
separated into several natural divisions: random data
uncertainty, cross-section-dependent error from both
data uncertainty and computational model bias,
procedural guide inaccuracy, extra parameter (ic.,
those not previously applied) variation error, and
contingency error. The report discusses and
demonstrates why the safety factor ranges of 6.4 to
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14.9% for the BWR and 6.2-13.2% for the PWR are
considered adequate. The decay time-dependent
standard deviations for fission products and light-
element activation products (excluding

cross-section-dependent error) are listed in Table 6.11.

These uncertainties are derived from the standard
deviations in data for the fission-product yields, the

half-lives, and the recoverable energies of the nuclides.

Also, an extensive discussion of cross-section bias is
summarized in Table 6.13. Finally, the four types of
errors considered in the analysis are summarized,
totaled, and compared with the safety factor equation
values in Tables 6.16 and 6.17.

The report also includes a description of LWRARC, a
BASIC PC code for easily applying the revised
procedure presented in Sect. 5. The executable and
data files of the LWRARC code are on the diskette,
available at either RSIC or ESTSC (Sect. 7.3).

Heat generation rate tables listed separately for acti-
nides, fission products, and light element activation
products are included in Appendix D. These tables
are for information purposes only and would not be
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used directly in the guide’s method for determining
heat rates.

Plots of the heat rates from dominant nuclides and
the total for all of the tabulated cases in Sect. 5 are
shown in Appendix E. These plots show more com-
pletely the major components to the computed decay
heat rates.

Although it was not intended in this study to evaluate
other methods of determining decay heat rates, the
question may be asked concerning other suitable
methods. The authors recognize that there are
various other methods for deriving decay heat rates, at
least in part or under certain conditions. Some of the
appropriate codes or standards for calculating decay
heat rates are the following: ORIGEN2,” CELL-2®
or EPRI-CELL*/CINDER2,” KORIGEN,* the
American National Standard for Decay Heat Power in
LWRs” (ANSI/ANS 5.1-1979), the international decay
heat power standard® (draft ISO/DIS 10645), and
SAS2H/ORIGEN-S. Of course, the use of any proper
method requires adequate safety factors that envelop
uncertainties such as those discussed in Sect. 6.6.
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APPENDIX A

DATA AND SAMPLE INPUT TO TABULATED CASES

Table A.1 BWR asscmbly design description for tabulated cases

Parameter Data
Assembly general data
Designer Gencral Electric
Lattice 8x8
Type Burnable poison
Water temperature, K 558
Water vol-avg density, gcm® 0.4323
Number of fuel rods 63
Number of holes 1
Burnable poison element Gd as Gd,0,
Number containing poison 4
Poison content as wt % Gd, 0O, 0.8-4.8*
Assembly pitch, cm (in.) 15.24 (6.0)
Shroud (tube) thickness, cm (in.) 0.3048 (0.12)
Shroud outside flat-to-flat, cm (in.) 13.40 (5.275)
Shroud material Zircaloy
Shroud temperature, K 558
Channel water density, g-cm™ 0.669"
Channel water temperature, K 552
Channel avg B content,® atoms/b-cm 7.15 x 10°*
Fuel rod data

Type fuel pellet uo,?
Pellet stack density, g-cm™ 9.871
Rod pitch, cm (in.) 1.6256 (0.640)
Rod OD, cm (in.) 1.25222 (0.493)
Rod ID, cm (in.) 1.0795 (0425)
Active fuel length, cm (in.) 375.9 (148)
Effective fuel temperature, K 840
Clad temperature, K 620
Clad material® Zircaloy

*Changed Gd,0, content lincarly with burnup over this range.
*Reduced the 0.743 g-cm™® bottom node density'” by 10% to account for control rod displacement.
“Applied in chanpel region for boron cruciform; used content producing average K, of approximately unity.

*The uranium isotopes were determined from Tables 5.4 and 3.12.

*Clad and other light-eicment data except for Gd were determined from Table 3.11.
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Table A2 PWR asscmbly design description for tabulated cases

Parameter Data

Assembly general data

Designer Westinghouse
Lattice 17 x 17
Water temperature, K 570
Water density, g-cm™ 0.7295
Soluble boron, cycle avg, ppm (wt) 550
Number of fuel rods 264
Number of guide tubes 24
Number of instrument tubes 1

Fuel rod data
Type fuel pellet uo;?
Pellet stack density, % TD 94.5
Rod pitch, cm (in.) 1.25984 (0.496)
Rod OD, am (in.) 094966 (0.374)
Rod ID, am (in.) 0.83566 (0.329)
Pelict diameter, cm (in.) 0.81915 (0.3225)
Active fuel length, cm (in.) 365.8 (144)
Effective fuel temperature, K 811
Clad temperature, K 620
Clad material® Zircaloy

Guide tube data®

Inner radius, cm (ID, as in.) 05715 {(0.45)
Outer radius, cm (OD, as in.) 0.61214 (0.482)
Tube material Zircaloy

*The uranium isotopes were delermined from Tables 5.8 and 3.12
*Clad and other light-clement data were determined from Table 3.11.
“Control rods were considered 10 be withdrawn during reactor uptime.

NUREG/CR-5625 70



Table A3 Operating history data and fuel isotopic content of BWR cases

Appendix A

Specific

Burnup, power, Cycles e time, d U-isotopic content, wt %
MWd/kgU kW/kgU percase  Uptime Downtime By By By i
20 12 3 55555 138.89 0.017 1.900 0.009 98.074
25 12 3 694.44 173.61 0.020 2.300 0.011 97.669
30 12 4 625.00 156.25 0.024 2.700 0.012 97.264
35 12 4 72917 182.29 0.028 3.100 0014 96.858
40 12 5 666.67 166.67 0.030 3.400 0.016 96.554
45 12 5 750.00 187.50 0.034 3.800 0.017 96.149
20 20 3 33333 833 0.017 1.900 0.009 98.074
pal 20 3 41667 104.17 0.020 2300 0.011 97.669
30 20 4 375.00 93.75 0.024 2700 0.012 97.264
35 20 4 437.50 109.37 0028 3.100 0014 96.858
40 20 5 400.00 100.00 0.030 3.400 0.016 96.554
45 20 5 450.00 11250 0.034 3.800 0.017 96.149
20 30 3 20222 5556 0.017 1.900 0.009 98.074
25 30 3 271.78 69.44 0.020 2300 0.011 97.669
30 30 4 250.00 62.50 0.024 2700 0012 97.264
35 30 4 291.67 7292 0.028 3.100 0.014 96.858
40 30 5 266.67 66.67 0030 3.400 0.016 96.554
45 30 5 300.00 75.00 0.034 3.800 0.017 96.149

Table A4 Operating history data and fuel isotopic content of PWR cases

Specific

Burnup, power, Cycles Cydle time, d U-isotopic content, wt %
MWd/kgU kW/ikgU percase  Uptime Downtime e 8 V) zy =y
25 18 3 462.96 115.74 0.021 2400 0.011 97.568
30 18 3 555.56 138.89 0.024 2.800 0.012 97.164
35 18 4 486.11 12153 0.028 3.200 0.014 96.758
40 18 4 55556 13889 0.032 3.600 0.016 96.352
45 18 5 500.00 125.00 0.034 3.900 0.017 96.049
50 18 5 55556 138.89 0.037 4.200 0.019 95.744
.25 28 3 297.62 74.40 0.021 2400 0.011 97.568
30 28 3 357.14 89.29 0.024 2.800 0.012 97.164
35 28 4 31250 78.12 0.028 3.200 0.014 96.758
40 28 4 357.14 89.29 0.032 3.600 0.016 96.352
45 28 5 321.43 8036 0.034 3.900 0.017 96.049
50 28 5 357.14 89.29 0.037 4200 0.019 95.744
25 40 3 20833 52.08 0.021 2.400 0.011 97.568
30 40 3 250.00 62.50 0.024 2.800 0.012 97.164
35 40 4 21875 54.69 0.028 3.200 0.014 96.758
40 40 4 250.00 6250 0.032 3.600 0.016 96.352
45 40 5 225.00 56.25 0.034 3.900 0.017 96.049
50 40 5 250.00 62.50 0.037 4.200 0019 95744

71

NUREG/CR-5625



Appendix A

The following is the entire input for the 12-kW/kgU, 20-MWd/kglJ BWR case using SASZH 10 generate
the burnup-dependent cross-section libraries, ORIGEN-S to provide detailed decay heat rate tables, and
PLORIGEN to plot selected results.

=5AS2 PARM='HALTO03,SKIPSHIPDATA’
BWR 12 KW/KGU 20 MWD/KGU, NRC SPENT-FUEL KEAT RATE REG-GUIDE 3.54, 1990

! MIXTURES OF FUEL-PIN-UNIT-CELL:

1

27BURNUPLIB LATTICECELL

uo2 1 DEN=9.871 1 840

92234 0.017 92235 1.900 92236 0.009 92238 98.074 END
'HOT-DEN=10.96(THE THEOR.-DEN)*0.94(%-TD)*(.416/.425)**2 COLD/HOT DIAM

C0-59 3 0 1-20 558 END
2R-94 1 0 1-20 B40 END
TC-99 1 0 1-20 840 END
RU-106 1 0 1-20 840 END
RH-103 1 0 1-20 840 END
RH-105 1 0 1-20 840 END
XE-131 1 0 1-20 840 END
Cs-134 1 0 1-20 840 END
CE-144 1 0 1-20 840 END
PR-143 1 0 1-20 840 END
ND-143 1 0 1-20 840 END
ND-145 1 0 1-20 840 END
ND-147 1 0 1-20 840 END
PM-147 1 0 1-20 840 END
SM-149 1 0 1-20 840 END
SM-151 1 0 1-20 840 END
SM-152 1 0 1-20 840 END
EU-153 1 0 1-20 840 END
EU-154 1 0 1-20 840 END
EU-155 1 0 1-20 840 END

ZIRCALLOY 2 1 620 END
H20 3 DEN=0.4323 1 558 END
’

’
] o o o = ® = ® = =@ > = ®w ®w m mm m m w w e = w @ a ® = = = =
I
*  MIXTURES OF LARGER-UNIT-CELL:
’
uo2 9 DEN=%.871 1 840
92234 0.017 92235 1.900 92236 0.009 92238 98.074& END
ARBM-GDBURN 9.871 7 0 1 1
64154 2.18 64155 14.80 64156 20.47
64157 15.65 64158 24.84 64160 21.86
8016 150.0 9 0.008 840 END
' ....ABOVE IS 0.8 WT % GADOLINIUM (AS GD2-0X3) IN THE
' BURNABLE POISON PINS OF BWR ASSEMBLY....
2IRCALLOY 10 1 588 END
' ....ABOVE 1S ZIRCALLOY CASING AROUND ASSEMBLY
B-10 11 0 7.15-6 552 END
H20 11 0.66%9 552 END
’ ....ABOVE IS CHANNEL MODERATOR AT HIGHER DENSITY
END COMP

! FUEL-PIN-CELL GEOMETRY:

¢

SQUAREPITCH  1.6256 1.0795 13 1.25222 2 END

4 ASSEMBLY AND CYCLE PARAMETERS:

:

NPIN/ASSM=63 FUELNGHT=1993.26 NCYCLES=3 NLIB/CYC=1

PRINTLEVEL=4 LIGHTEL=10 [INPLEVEL=2 NUMZONES=6 END

9 0.53975 2 0.62611 3 0.91715 500 3.6398 10 3.8103 11 4.3261
..THESE MIXTURES & RADII PLACE GADOLINIUM PIN AT CENTER

! OF 1/4 OF ASSEMBLY FUEL, CASING & CHANNEL MOD.
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! {COMMENT) POWER=12 BURN=555.55 DOWN=DDDDDD  END
*(COMMENT) POWER=12 BURN=555.55 DOWN=DDDDDD  END
POWER=12 BURN=555.55 DOWN=138.89 END
POWER=12 BURN=555.55 DOWN=138.89 END
POWER=12 BURN=555.55 DOWN=3652.5 END

H 16.4 B 0.068

0265 CR 2.4 MN O0.15

FE 6.6 €O 0.024 NI 2.4

ZR 516 SN 8.7

END
=0RIGENS
0%% 58 A3 57 A11 19 E 17

NRC REGULATORY GUIDE 3.54 HEAT RATE PROJECT, 0. W. HERMANN 1989-90

54%% 2 E 3% 33 01 A16 2 E 27
47

56%% 10 AS 10 3 A9 1 A13 15 4 3 0 4 1 E 57*% A3 10 0.33333 E 57
NRC REGULATORY GUIDE 3.54 HEAT RATE PROJECT, 0. W. HERMANN 1989-90

1000 KG U LOADED
58%* 4R12 1-22 O 4R12
60** B169.444 B94.44
6683 A1 2 AS 2 E 7638 50100 77** 0.5963E-07 78%% 1
733% 922340 922350 922360 922380 640000
10000 50000 80000 240000 250000
260000 270000 280000 400000 500000
T4** (.017+4 1.900+4 0.009+6 98.074+4 0.50000+3
16.4+3 0.068+3 26543 2.4+3 0.15+3
6.6+3 0.024+3 2.4+3 51643 B8.7+3
75%8% 4R2 11R4 6T

NRC REGULATORY GUIDE 3.54 HEAT RATE PROJECT, O. W. HERMANN 1989-90

COMMENT SPACES OVER -2ND SUBCASE OF CYC-5 CASES

L I T

’

3333401 E 2T
47

56%% 10 A5 10 3 A9 1 10 A17 & 1 E S7** A3 10 0.33333 E 57

L4 A5 1,248 E

58** 4R12 0 4R12 1-22

60** BI69.444 694.44

6688 A1 2 AS 2 E 76%% 50100 77** 0.60956-07 78%% 1 67

NRC REGULATORY GUIDE 3.54 HEAT RATE PROJECT, O. W. HERMANN 198%-%0

COMMENT SPACES OVER 4RTH SUBCASE OF CYC-5 CASES

- m m oW ow owow

’

3% 35 01 E 2T

4T

56%% 10 AS 10 A9 1 10 A17 4 1 E 57** A3 10 0.33333 E 57
L4** A5 1.248 E

58** F12

60** B161.728 555.55

663% A1 2 AS 2 £ 76%% 50100 77** 0.6583E-07 78%% 1 67
S63% AS S5 A10 -10 A14 5 3 57 4 € 5438 A6 12 0 1 E 5T
HEAT RATE OF 12KW-20MWD/KGU BWR SPENT FUEL

1 KILOGRAM U (AS ‘LOADED)

61%* F0.01 6588 A12 1 A33 1 AS4 1 £ 79** F1-3

60%* 1 1.4 22.84 571015 20 67

568% 0 -10 A10 1 E 5T

56$% AS 3 A10 10 A14 5 2 57 & £ 57*% 20 € ST

1 KILOGRAM U (AS LOADED)

61%* FO.001 65%% A12 1 A33 1 A4 1 E

60 25 71 30 110 67

56%% 0 -10 A10 1 E 57
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56%% FO ST

END

=PLORIGEN

PLOTDEF=NO NUMUNIT=19  NPRINT=58  NCOMP=15 MINPOS=1 MAXP=20
TYXAXIS=TLOG XHEAD=TIME SINCE DISCHARGED, YEARS
YHEADING=CURIES / KG URANIUM LOADED

TITLE=SPENT-FUEL RADIOACTIVITY / KGU  TMIN=1 TMAX=110 END
PLOTDEF=NO  NUMUNIT=19  NCOMP=15 TYPLOT=TOTWATTS
TYXAXIS=TLOG XHEAD=TIME SINCE DISCHARGED, YEARS
YHEADING=WATTS / KG URANIUM LOADED

MINPOS=1 MAXP=20 TITLE=12KW-20MWD/KGU BWR FUEL AFTERHEAT
TMIN=1 TMAX=30 NPRINT=58 END

END
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The following is the entire input for the 18-kW/kgU, 25-MWd/kglJ PWR case using SAS2H 1o generate
the burnup-dependent cross-section libraries, ORIGEN-S to provide detailed decay heat rate tables, and

PLORIGEN to plot selected results.

=5AS2 PARM="HALTO03, SKIPSHIPDATA’

PWR 18 KW/KGU 25 MWD/KGU, NRC SPENT-FUEL HEAT RATE REG-GUIDE 3.54, 1990
’

! MIXTURES OF FUEL-PIN-UNIT-CELL:

’

278URNUPLIE LATTICECELL

Uo2 1 0.945 B11.92234 0.021 92235 2.4 92236 0.011 92238 97.568 END

C0-59 3 0 1-20 570 END
ZR-94 1 0 1-20 811 END
TC-99 10 1-20 811 END
RU-106 1 0 1-20 811 END
RH-103 1 0 1-20 811 END
RH-105 1 0 1-20 811 END
XE-131 1 0 1-20 811 EWND
£s-134 1 0 1-20 811 END
CE-144 1 0 1-20 811 END
PR-143 1 0 1-20 811 END
KD-143 1 0 1-20 811 END
ND-145 1 0 1-20 811 END
ND-147 1 0 1-20 811 END
PM-147 1 0 1-20 811 END
SM-149 1 0 1-20 811 END
SM-151 1 0 1-20 811 END
SM-152 1 0 1-20 811 END
EU-153 1 0 1-20 811 END
EU-154 1 0 1-20 811 END
EU-155 1 0 1-20 811 END

ZIRCALLOY 2 1 620 END

H20 3 DEN=0.7295 1 570 END

ARBM-BORMOD 0.7295 1 1 0 0 5000 100 3 550.0E-6 570 END
'

* 550 PPM BORON (WT) IN MODERATOR

! FUEL -PIN-CELL GEOMETRY:

’

SQUAREPITCH  1.25984 0.81915 1 3 0.94966 2 0.83566 0 END

' ASSEMBLY AND CYCLE PARAMETERS:
!
NPIN/ASSM=264 FUELNGHT=787.28 NCYCLES=3 NLIB/CYC=1
PRINTLEVEL=4 LIGHTEL=9 INPLEVEL=1 ORTUBE=0.61214 SRTUBE=0.5715
NUMINSTR=1 END
POWER=18 BURN=462.96 DOWN=115.74  END
POWER=18 BURN=462.96 DOWN=115.74  END
POMER=18 BURN=462.96 DOWN=3652.5 END

0135 CR 5.9 MN 0.33

FE 13. CO 0.075 NI 9.9

ZR 221 NB 0.71 SN 3.6

END

=ORIGENS

0$$ 58 A3 57 A11 19 E 1T

NRC REGULATORY GUIDE 3.54 HEAT RATE PROJECT, 0. W. HERMANN 1989-90
388 33 01 A5 58 A16 2 E 2T

47

56%% 10 A5 10 3 A13 13 4 3 04 1 E 57** A3 10 0.333333 € 57

NRC REGULATORY GUIDE 3.54 HEAT RATE PROJECT, O. W. HERMANN 1989-90
1000 KG U LOADED

58** 4R18 1-22 0 4R18

75
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60** 8157.870 578.70
66%% A1 2 AS 2 E
738% 922340 922350 922360 922380
80000 240000 250000 260000 270000 280000
400000 410000 500000
74%% 0,021+4 2.400+4 0.011+4 97.568+4
135+3 5,943 0.33+3 13+3 75 9.9+3 221+3 0.71+3 3.6+3
75%% 4R2 9R4 6T
NRC REGULATORY GUIDE 3.54 HEAT RATE PROJECT, O. W. HERMANN 1989-90
3%% 346 01 AS 58 E 27
47
56%% 10 A5 10 3 A10 10 A17 4 1 E S57** A3 10 0.333333 E 57
58** 4R18 0 4R18 1-22
60** BI57.870 578.70
6683 A1 2 AS 2 E 6T
NRC REGULATORY GUIDE 3.54 HEAT RATE PROJECT, O. W. HERMANN 198%-90
338 35 0 1 A5 5B E 27
4T
56%% 10 AS 10 A10 10 A17 4 1 E 57%* A3 10 0.333333 E 57
58** F18
60** 8151.440 462.96
663% A1 2 A5 2 E 6T
5633 AS 5 A10 -10 A14 5 3 57 4 E 548% A6 12 0 1 E 57
HEAT RATE OF 18KW-25MWD/KGU PWR SPENT FUEL
1 KILOGRAM U (AS LOADED)
61** FO.01 65%% A12 1 A33 1 A54 1 E 79** F1-3
60** 1 1.4 22.84 5710 15 20 67
56%% 0 -10 A10 1 E 5T
56%% A5 3 A10 10 A14 5 2 57 4 E 57** 20 E 57
1 KILOGRAM U (AS LOADED)
61** FO.0071 653% A12 1 A33 1 A4 1 E
60** 25 71 30 110 67
56%% 0 -10 A10 1 E 57
56%$ FO 5T
END
=PLORIGEN
PLOTDEF=NO  NUMUNIT=19  NPRINT=58  NCOMP=15 MINPOS=1 MAXP=20
TYXAXIS=TLOG XHEAD=TIME SINCE DISCHARGED, YEARS
YHEADING=CURIES / KG URANIUM |LOADED
TITLE=SPENT-FUEL RADIOACTIVITY / KGU  TMIN=1 TMAX=110 END
PLOTDEF=NO  NUMUNIT=19  NCOMP=15 TYPLOT=TOTWATTS
TYXAXIS=TLOG XHEAD=TIME SINCE DISCHARGED, YEARS
YHEADING=WATTS / KG URANIUM LOADED
MINPOS=1 MAXP=20 TITLE=18KW-25MWD/KGU PWR FUEL AFTERHEAT
TMIN=1 TMAX=30 NPRINT=58 END
END
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APPENDIX B
SAMPLE CASE USING HEAT GENERATION RATE TABLES

A BWR fuel assembly with an average fuel enrich-
ment of 2.6 wt % U was in the reactor for four
cycles. Determine its final heat generation rate with
safety factors, using the method in the guide, at 4.2
years after discharge. Adequate details of the oper-
ating history associated with the fuel assembly are
shown in Tabie B.1.

Table B.1 Sample case opcrating history

Relative Time from startup of fucl, days  Accumulated burnup
fuel maximum eslimatc),

ode  Cyde startup  Cycle shutdown MWd/kgU
1 0 300 81

2 340 590 147

3 630 910 209

4 940 1240 23

Note that the output of the LWRARC code for this
case is shown in the first case of Appendix C.

Using Sect. 5.1:

The following were given in the sample case (see Sect.
5.1 for definitions):

T, = 1240 d,

B,, = 26.30 MWd/kgU,
T. =42y,
E, = 2.6 wt % ®U,

Compute 7,, B,, P,, T,,, P_,, and P, from Sect. 5.1

and Eqgs. (2) through (4):
T, = 1240 - 940 = 300 4,
B, = 26,300 - 20,900 = 5,400 kWd/kgU,
P, = (26,300 - 20,900)/300 = 18.00 kW/kgU,
T,, = 940 - 630 = 310 d,
B, = 20,900 - 14,700 = 6,200 kWd/kgU,

P., = 6,200/[0.8(310)] = 25.0 kW/kgU,

77

P

ave,e-1

= 20,900/[0.8(940)] = 27.793 kW/kgU,
P, = 26300/[300 + 0.8 (940)] = 25.00 kW/kgU.

Using Sect. 5.2

Now, p,,, should be determined from P, _, B,,, and T.,

as described in Sect. 5.2.1. First, select the nearest
heat rate values in Tables 5.1 and 5.2 for the following
limits:

P =20< P, < P,=30

B, =25 <« B, < B, =30,

T, =4<7T =Ty=5

Next, use the prescribed interpolation procedure for
computing p,., from the tabular data. Although the
order is optional, the example here interpolates
between specific powers, burnups, and, then, cooling
times. Denote the heat rate, p, as a function of
specific power, burnup, and cooling time by p(P,B,T).
Then, the table values at P, and Py, for B, and T, are

p(P., B, T, ) = p(20,254) = 1.549,

p(PH’ BL’ TL) =p(30,25,4) = 1.705.
First, interpolate the above heat rates to P, using
D(Pac254) = p(20,254) + F,[p(30,25,4) - p(20,25,4)},
where

F,= (P, - P )/(Py-P. ) =05

The result at p(P,,.,25,4) is

Ve ¥

P(P,..254) = 1.549 + 0.5 (1.705 - 1.549) = 1.627.

The other three values at P, are computed with a
similar method:

p(P,.,30,4) = 1.827 + 0.5 (2.016 - 1.827) = 1.9215,
p(P,...,255) = 1.293,

p(an: ’3015) = 1-553.
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These are heat rates at the burnup and time limits.

Second, interpolate each of the above pairs of heat
rates to B, from the values at B, and B;:

FB = (Blo.‘ - BL)/(BH - BL) = 0.26,

P(Po,B,4) = 1627 + 026 (19215 - 1.627)
= 1.7036,
p(Paqu:ans) = 1.3606.

Third, compute the heat rate at 7, from the above
values at T; and T, by an interpolation that is loga-
rithmic in heat rate and linear in time:

FT = (Tc _TL )/(TH ‘TL) =02
log[p(P,..,B..,T.)] = log 1.7036 + 0.2 (log 1.3606 -
log 1.7036)
= 0.2118.

Pw = p(P,.,B.,T,) = 10" = 1,629 WikgU.

With the value for p,, , the formulae of Sects. 5.2.2~
5.2.6 can be used to determine pg,,. Since 7, < 7y,
use Eqgs. (8) through (11) to calculate the short
cooling time factors:

R=P/P, -1=(1825)-1=- 028,

fr =1+ [0.25(-0.28)}/4.2 = 0.983,

NUREG/CR-5625
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R' =P /P

aveel T

1 = -0.1005,
£ =1+ [0.08(-0.1005)}/4.2 = 0.998.

Since 7, < Py = P, , the excess power factor, f,, is

unity. Interpolating Table 5.4 enrichments to obtain
the enrichment associated with the burnup yields
E., =23+ (27 - 23)(26.3 - 25)/(30 - 25) = 2.404.

The enrichment factor f, is then calculated using Eq.
(15):

f. =1+ 0.01 (8376)(1 - 2.6/2.404) = 0,993,
because £, > E,, .
The safety factor, S, for a BWR is given in Eq. (16):
S =64 + 0.15 (263 - 20) + 0.044 (4.2 - 1) = 7.49%.
Then, using Eq. (18),
Prow = (1 + 001 S) 513 £ fcPras»
with the above adjustment factors and p,, vields
Ppinat = 1.0749 x 0.983 x 0.998 x 1 x 0.993 x 1.629
= 1.0749 x 1.587 = 1.706 W/kgU.
Thus, the final heat generation rate, including the

safety factor, of the given fuel assembly is 1.706
WikgU.



APPENDIX C

LWRARC CODE SAMPLE RESULTS

A e v vie ol vie v 3 ol e Ve ik o e e e v e o Ve ke e sl vie sk v sk ok e e e 3t 2 e vl ol o sl ol e sie e T e vie e e e e e g

* % % % %

HEAT GENERATION RATE OF BWR SPENT-FUEL ASSEMBLY
(PERTAINING TO USNRC GUIDE 3.54)
LWRARC CODE CRERTION DATE : 05/30/94

* % * % %

et Y e e 2 v e e 3k v e 23 Yo e de e sk Wk Tt ol s e el ok v e e vl e sl s e e sk e g e vk e s ke v ke sk ke

TITLE: REG GUIDE SAMPLE CASE FOR BWR - AS HAND CALC.

.ASSEMBLY INPUT DESCRIPTION.

PARAMETER DATA, UNITS

E(S) 2.600 WT-% U-235
KGU(S) 0.000° KGU/ASSY

T(C) 4.200 YEARS
B(TOT)  26.300 MWD/KGU
T(RES) 1240.000 DAYS
T(E) 300.000 DAYS
B(E) 5,400 MWD /KGU
T(E-1) 310.000:DAYS
B(E-1) 6.200° MWD /KGU

DEFINITION, IN GUIDE

INITIAL FUEL ENRICHMENT

ASSEMBLY FUEL LOADING

ASSEMBLY COOLING TIME

BURNUP, BEST MAXIMUM ESTIMATE
ASSEMBLY RESIDENCE TIME IN REACTOR
LAST :CYCLE TIME, STARTUP-DISCHARGE
LAST 'CYCLE BURNUP

NEXT-TO-LAST-CYC TIME, STARTUP-STARTUP

NEXT-TO-LAST-CYCLE BURNUP

-CORRECTION FACTORS COMPUTED.

F(P)

F(E)

F(7)
F-PRIME(7)
F-SAFE

1.000
0.993
0.983
0.998
1.075

EXCESS POWER ADJUSTMENT

INITIAL U-235 ENRICHMENT CORRECTION
LAST CYCLE HISTORY CORRECTION
NEXT-TD-LAST-CYC HISTORY CORRECTION
SAFETY FACTOR APPLIED TO RESULY

*CASE DUPLICATES HAND COMPUTATION OF GUIDE.

-HEAT GENERATION RESULTS, W/KGU.

AFTER TABLE INTERPOLATION 1.629

AFTER ALL CORRECTIONS EXCEPT SAFETY FACTOR  1.588
AFTER SAFETY FACTOR INCLUDED 1.706

=== FINAL HEAT GENERATION RATE IS

1.706 WATTS PER KILOGRAM U LOADED
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*

* HEAT GENERATION RATE OF PWR SPENT-FUEL ASSEMBLY
(PERTAINING TO USNRC GUIDE 3.54)
LWRARC CODE CREATION DATE : 05/30/94

*®
*
L]

% % 9 9 ¥

KEEKERER A TR AL AR RREARAKRARENA LT AR A A EREN AL AR TAANAAAK

TITLE: TRES=1944, T(E)=556, BU=30.001, T(C)=10.01, 2.8 WT%

.ASSEMBLY INPUT DESCRIPTION.

PARAMETER DATA,
E(S) 2.800
KGU(S) 0.000
T(C) 10.010

B(TOT) 30.001
T(RES) 1944.000
T(E) 556.000
B(E) 10.000
T(E-1)  694.000
B(E-1) 10.000

UNITS

WT-% U-235
KGU/ASSY
YEARS

MWD /KGU
DAYS

DAYS

MWD /KGU
DAYS

MWD /KGU

DEFINITION, IN GUIDE

INITIAL FUEL ENRICHMENT

ASSEMBLY FUEL LOADING

ASSEMBLY COOLING TIME

BURNUP, BEST MAXIMUM ESTIMATE

ASSEMBLY RESIDENCE TIME IN REACTOR
LAST CYCLE TIME, STARTUP-DISCHARGE
LAST CYCLE BURNUP

NEXT-TO-LAST-CYC TIME, STARTUP-STARTUP
NEXT-TO-LAST-CYCLE BURNUP

.CORRECTION FACTORS COMPUTED.

F(P)

FCE)

F(7)
F-PRIME(7)
F-SAFE

1.000
1.000
1.000
1.000
1.070

EXCESS POWER ADJUSTMENT

INITIAL U-235 ENRICHMENT CORRECTION
LAST CYCLE HISTORY CORRECTION
NEXT-TQ-LAST-CYC HISTORY CORRECTION
SAFETY FACTOR APPLIED TO RESULT

*CASE DUPLICATES HAND COMPUTATION OF GUIDE.

.HEAT GENERATION RESULTS, W/KGU.

AFTER TABLE INTERPOLATION 1.044
AFTER ALL CORRECTIONS EXCEPT SAFETY FACTOR  1.044
AFTER SAFETY FACTOR INCLUDED 1.116

--- FINAL HEAT GENERATION RATE IS 1.116 WATTS PER KILOGRAM U LOADED



P e e 7 e vhe 3k e v e S 2 e o sk e ol ok sl e e sk S e vk e e 3 v e g i el ok sk i ol e sl ok e S sl i ke de ol

%* % % % ®

HEAT GENERATION RATE OF PWR SPENT-FUEL ASSEMBLY
(PERTAINING TO USNRC GUIDE 3.54)
LWRARC CODE CREATION DATE : 05/30/94
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TITLE: POINT BEACH 2, ASSY C-52, DECAY HEAT=723.5 W/ASSY MEAS

LASSEMBLY INPUT DESCRIPTION.

PARAMETER DATA, UNITS DEFINITION, IN GUIDE
E(S) 3.397 WT-% U-235  INITIAL FUEL ENRICHMENT
KGU(S) 386.000 KGU/ASSY ASSEMBLY FUEL LOADING
T(C) 4,476 YEARS ASSEMBLY COOLING TIME
B(TOT) 31.914 MWD /KGU BURNUP, BEST MAXIMUM ESTIMATE
T(RES) 1675.000 DAYS ASSEMBLY RESIDENCE TIME IN REACTOR
T(E) 339.000 DAYS LAST .CYCLE TIME, STARTUP-DISCHARGE
B(E) 8.797 MWD/KGU LAST CYCLE BURNUP
T(E-1)  465.000: DAYS NEXT-TO-LAST-CYC TIME, STARTUP-STARTUP
B(E-1) 12.316 MWD /KGU NEXT-TO-LAST-CYCLE BURNUP

.CORRECTION FACTORS COMPUTED.

F(P) 1.000 EXCESS POWER ADJUSTMENT
F(E) 0.985 INITIAL U-235 ENRICHMENT CORRECTION
F(7) 1.024 LAST CYCLE HISTORY CORRECTION
F-PRIME(T) 1.025 NEXT-TO-LAST-CYC HISTORY CORRECTION
F-SAFE - 1.068 SAFETY FACTOR APPLIED TO RESULY

*CASE USES MORE PRECISE INTERPOLATIONS THAN THAT OF METHOD IN GUIDE.

-HEAT GENERATION RESULTS, W/KGU.

AFTER TABLE INTERPOLATION 1.837
AFTER ALL CORRECTIONS EXCEPT SAFETY FACTOR  1.900
AFTER SAFETY FACTOR INCLUDED 2.029

-=- FINAL HEAT GENERATION RATE IS 2.029 WATTS PER KILOGRAM U LOADED

OR 783.1 WATTS PER ASSEMBLY
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HEAT GENERATION RATE OF BWR SPENT-FUEL ASSEMBLY
(PERTAINING TO USNRC GUIDE 3.54)
LWRARC CODE CREATION DATE : 05/30/94
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TITLE: COOPER BWR 4-CYC, ASSY C2528, 297.6 W/ASSEMBLY MEAS

.ASSEMBLY INPUT DESCRIPTION.

PARAMETER DATA, UNITS DEFINITION, IN GUIDE
E(S) 2.500 WT-% U-235  INITIAL FUEL ENRICHMENT
KGU(S)  190.500 KGU/ASSY ASSEMBLY FUEL LOADING
T(C) 3.521 YEARS ASSEMBLY COOLING TIME
B(TOT) 25.715 MWD/KGU BURNUP, BEST MAXIMUM ESTIMATE
T(RES) 2483.000 DAYS ASSEMBLY RESIDENCE TIME IN REACTQR
T(E) 317.000 DAYS LAST CYCLE TIME, STARTUP-DISCHARGE
B(E) 4.110 MWD/KGU LAST CYCLE BURNUP
T(E-1) 3%4.000 DAYS NEXT-TO-LAST-CYC TIME, STARTUP-STARTUP
B(E-1) 2.692 MWD/KGU NEXT-TO-LAST-CYCLE BURNUP

.CORRECTION FACTORS COMPUTED.

F(P) 1.000 EXCESS POWER ADJUSTMENT

F(E) 0.995 INITIAL U-235 ENRICHMENT CORRECTION
F(7) 1.006 LAST CYCLE HISTORY CORRECTION
F-PRIME(T) 0.993 NEXT-TO-LAST-CYC HISTORY CORRECTION
F-SAFE 1.074 SAFETY FACTOR APPLIED TO RESULT

NUREG/CR-5625

*CASE USES MORE PRECISE INTERPOLATIONS THAN THAT OF METHOD IN GUIDE.

LHEAT GENERATION RESULTS, W/KGU.

AFTER TABLE INTERPOLATION 1.578
AFTER ALL CORRECTIONS EXCEPT SAFETY FACTOR 1.568
AFTER SAFETY FACTOR INCLUDED 1.684

-==- FINAL HEAT GENERATION RATE IS 1.684 WATTS PER KILOGRAM U LOADED
OrR 320.8 WATTS PER ASSEMBLY
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HEAT GENERATION RATE OF BWR SPENT-FUEL ASSEMBLY
(PERTAINING TO USNRC GUIDE 3.54)
LWRARC CODE CREATION DATE : 05/30/94
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TITLE: COOPER BWR 3-CYC, ASSY C2331, 162.8 W/ASSEMBLY MEASURED

.ASSEMBLY INPUT DESCRIPTION.

PARAMETER DATA, UNITS DEFINITION, IN GUIDE

E(S) 2.500 WT-% U-235  INITIAL FUEL ENRICHMENT
KGU(S)  190.500 KGU/ASSY ASSEMBLY FUEL LOADING
e 6.486 YEARS ASSEMBLY CODLING TIME
B(TOT) 21.332 MUD/KGU BURNUP, BEST MAXIMUM ESTIMATE
T(RES) 1367.000 DAYS ASSEMBLY RESIDENCE TIME IN REACTOR
T(E) 164.000 DAYS LAST CYCLE TIME, STARTUP-DISCHARGE
B(E) 2.962 MWD /KGU LAST CYCLE BURNUP
T(E-1)  337.000 DAYS NEXT-TO-LAST-CYC TIME, STARTUP-STARTUP
B(E-T1) 5.495 MWD/KGU NEXT+-TO-LAST-CYCLE BURNUP

-CORRECTION FALTORS COMPUTED.
F(P) 1.000 EXCESS POWER ADJUSTMENT
F(E) 0.983 INITIAL U-235 ENRICHMENT CORRECTION
F( 0.998 LAST CYCLE HISTORY CORRECTION
F-PRIME(7) 1.003 NEXT-TO-LAST-CYC HISTORY CORRECTION
F-SAFE 1.068 SAFETY FACTOR APPLIED TO RESULY

*CASE USES MORE PRECISE INTERPOLATIONS THAN THAT OF METHOD IN GUIDE.

-HEAT GENERATION RESULTS, W/KGU.

AFTER TABLE INTERPOLATION - D.B65
AFTER ALL CORRECTIONS EXCEPT SAFETY FACTOR = 0.852
AFTER SAFETY FACTOR INCLUDED 0.910

--- FINAL HEAT GENERATION RATE IS 0.910 WATTS PER KILOGRAM U LOADED

OR 173.3 WATTS PER ASSEMBLY
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HEAT GENERATION RATE OF PWR SPENT-FUEL ASSEMBLY ®
(PERTAINING TO USNRC GUIDE 3.54) ®
LWRARC CODE CREATION DATE : 05/30/94 *
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TITLE: TURKEY P7. 3, ASSY D-15, TC=2077 D, 625 W/ASSEMBLY MEAS

LASSEMBLY INPUT DESCRIPTION.

PARAMETER DATA, UNITS DEFINITION, IN GUIDE
E(S) 2.557 WT-% U-235  INITIAL FUEL ENRICHMENT
KGU(S)  456.100 KGU/ASSY ASSEMBLY FUEL LOADING
T(C) 5.687 YEARS ASSEMBLY COOLING TIME
B(TOT) 28.152 MWD/KGU BURNUP, BEST MAXIMUM ESTIMATE
T(RES) 1073.000 DAYS ASSEMBLY RESIDENCE TIME IN REACTOR
TCE) 312.000 DAYS LAST CYCLE TIME, STARTUP-DISCHARGE
B(E) 8.920 MUD/KGU LAST CYCLE BURNUP
T(E-1) 389.000 DAYS NEXT-TO-LAST-CYC TIME, STARTUP-STARTUP
B(E-1) 9.752 MUD/KGU NEXT-TO-LAST-CYCLE BURNUP

.CORRECTION FACTORS COMPUTED.

F(P) 1.000 EXCESS POWER ADJUSTMENT

F(E) 1.009 INITIAL U-235 ENRICHMENT CORRECTION
F(7) 0.997 LAST CYCLE HISTORY CORRECTION
F-PRIME(7) 1.000 NEXT-TO-LAST-CYC HISTORY CORRECTION
F-SAFE 1.066 SAFETY FACTOR APPLIED TO RESULT

*CASE USES MORE PRECISE INTERPOLATIONS THAN THAT OF METHOD IN GUIDE.

.HEAT GENERATION RESULTS, W/KGU.

AFTER TABLE INTERPOLATION 1.386
AFTER ALL CORRECTIONS EXCEPT SAFETY FACTOR  1.3%94
AFTER SAFETY FACTOR INCLUDED 1.487

--- FINAL HEAT GENERATION RATE IS 1.487 WATTS PER KILOGRAM U LOADED

OR 678.2 WATTS PER ASSEMBLY
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* CONGRATULATIONS ... YOU HAVE COMPLETED LWRARC
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APPENDIX D
ACTINIDE, FISSION PRODUCT, AND LIGHT-ELEMENT TABLES

Table D.1 BWR decay heat rates (W/kgU)} of light elements, actinides
and fission preducts, for specific power = 12 kH/kgU, Set 1}

Burnup £ 20 MAWA/KgU ngllng Burnup = 25 HNA/KgU
. iame
TIghT El Actinides Fis Prod years Light ET Actinides Fis Prod

4.747E-0Z 3.374E-01 3.762E+00 1.0 %.993E-02 4.850E-01 4,141E+00
3.410E-02 2.293E-01 2.869E+00D 1.4 2.862E-02 3.323E-D] 3.205E+00
Z.841E-02 1.5%42E-01 2.066E+00 2.0 3.054E-02 2.257E-01 2.354E+00
2.480E-02 1.210E-01 1.946E+DO 2.8 2.670E~0Z 1.779E~01 1.68SE+00
2.077E-02 1.123E-01 9.784E-0] 4.0 2.239E-02 1.641E-01 1.177E+00
1.806E~-02 1.132E-01 7.879E-01 5.0 1.996E-02 1.642E-01 9.626E-01
1.370E-D2 1.178BE-01 6.135£-01 7.0 1.480E~02 1.6B3E-01 7.595E-01
9.134E-03 1.243E-0]1 5.118E-01 10.0 9.896E-03 1.744E~-01 6.349E-01
%.701E-03 1.328E~01 4.312E-0} 15.0 5.121E-03 1.820E-01 5.340E-01
2.443E-03 1.390E-01 3.768E-01 20.0 2.680E-03 1.873E-01 4.660E-01
1.280E-03 1.433E-01 3.3Z1£-01 5.9 1.417E-03 1.906E-01 4.105E-01
6.770E-084 1.463E-0) 2.938E-D) 20.0 7.571E-04 1,92BE-01 3.629E-0)
1.971E~0% 1.491E-01 2.308E-01 40.0 £.266E-04 1.933E-01 2.849E-01
6.381E-05 1.492E-0] 1.819E~D1 50.0 7.571E-05 1.914E-01 2.295E-01]
2.566E-05 1.4B0E-01 1.437E-01 60.0 3.099E-05 1.882E-01 1.772E-01
1.409E-05 1.459E~01 1.136E-0]) 70.0 1.681E-05 1.843E-01 1.401E-0Q1
1,014E-05 1.4%2E-01 8.983E-02 80.0 1.176E-05 1.800E-01 1.108E~D1
B8.48BE-D6 1.404E-01 7.108E-02 90.0 9.608E-06 )1.756E-01 8.767E-02
7.573E-06 1.375E-0]1 5.626E-02 100.0 B.94TE-D6 1.712E-01 6.939E-02
6.926E-D6 1.345E-01 4.453E-02 110.0 7.666E-06 1.671E-0]1 5.493E-02

Table D.2 BWR decay heat rates (W/kgl) of light elements, actinides
and fission products, for specific power = 12 kH/kgU, Set 2

Burnup = 30 MWd/KgU C;gling Burnup = 35 HWd/kgU
. ime ‘
Ligh%t BEI Actinides Fis Prod year; Light E1 Actinides Fis Prod

.315E-02

5.162E-02 6.440E~D1 4.425E+00 1.0 5 B.103E-01 4.746E+00
3.790E-D02 4.462E-01 3.471E+Q0 1.4 2.918E-02 5.694E-01 3,761E+400
3.187E-02 3.076E-01 2.594E+00 2.0 3.299E~-02 4.0D3E-01 2.B84BE+00
2.790E-02 2.4%8E~-0) 1.%031E+00 2.8 2.889E-02 3.229E-01 2.120E+00
2.343E-02 2.253E-01 1.359E+400 4.0 2.428E-02 2.976E-0]1 1.543E+Q0
2.037E-02 2.241E-01 1.127E+00 5.0 2.112E-02 2.950E-01 1.290E+00
1.551E~02 2.270E~01 8.994E~01 7.0 1.610E-02 2.962E~01 1.037E+00
1.02%E-02 2.316E-01 7.538E-01 10.0 1.0B0E~02 2.985E-01 8.704E-01
5.400E-03 2.369E-01 6.334E-0] 15.0 5.62BE-03 3.005E-01 7.306E-~01
2.841E-03 2.399%E-01 5.523E~-01 20.0 2.969E-03 3.004E~01 6.367E-01
1,.511E-03 2.612E-01 4.863E~01 25.0 1.5B6E~D3 2.989E~01 5.603E-01
8.140E-04¢ 2.412E-01 4.297E-01 20.0 8.587E~-04 2,964E-01 4.949E~-01
2.984E~-DG 2.385E~01 3.37ZE-01 40.0 2.654E-04 2.893E-0] 3.882E-01
B8.490E-05 2.33BE-01 2.656E-D] 50.0 $.202E-05 2.808E~01 3.057E-01
3.528E~-05 2.2B0E-01 2.096E-01 60.0 3.869E-05 2.719E-0]1 2.412E-01
1.908E-05 2.218E-01 1.657E~01 70.0 2.091E-05 2.630E-01 1.906E-D1
1.316E~05 2.156E-01 1.310E-Q] 80.0 1.432E-05 2.593E-01 1.508E-01
1.061E~05 2.094E-01 1.037E-01 90.0 1.145E-05 2.460E~01 1.193E-01
9.240E-06 2.035E-0) 8.206E~02 100.0 9.930E-06 2.382E-01 9.44%1E-02
8.344E-06 1.978E-01 6.495E-~02 1]0.0 8.941E-06 2.309E-01 7.473E-02
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Table D.3 BWR decay heat rates (W/kgU) of light elements, actinides
and fission products, for specific power = 12 KW/kgl, Set 3

Burnup = 40 HHd/kgU C%?I;ng Burnup = 45 HWA/KgU
ime
Light EI Actinides Fis Prod year; Light E1 Actinides fis Prod

5.467E-02 1.008E+00 5.001E+00 1.0 5.559E~02 1.186E+00 5.289E+00
4.027E-02 7.180E-01 4.002E+0C 1.4 %.089E-02 8.574E-01 4.265E+00
3.390E-02 5.141E-01 3.068E+00 2.0 2.439E-02 6.255E-0) 3.300E+00
2.970E-02 4.198E-01 Z.315E+00 2.8 3.013E-02 5.175E-01 2.517E+00
2.497E~02 3.875E-01 1.709E+00 4.0 2.533E-02 4.791E-01 1.8B0E+00
2.173E-02 3.827E-D1 1.440E+00 5.0 2.205E-02 %.723E~-01 1.593E+00
1.657E~-02 3.810E-01 1.164E+00 7.0 1.681E-02 4.678E-01 1.293E+00
1.112E-02 3.797E-01 9. 777E -01 10.0 1.129E-02 %.626E-01 1.087E+00
5.800E-03 3.760E-01 8.199E-01 15.0 S5.892E-03 %.533E~01 9.110E-01
3.066E-03 3.711E-0] 7.139E-0] 20.0 3.118E-03 4.436E-01 7.930E-01
1.641E-03 3.653E-0] §.280E-C1 25.0 1.671E-03 4.332E-D1 6.973E-01
8.905E-04 3.590E-01 5.545E-01 30.0 9.086E-04 %.229E-01 6.155E-01
2.771E-04 3.656E-01 4%.347E-01 40.0 2.841E-0G ¢.029E-01 4.824E-01
9.697E-05 3.320E-01 3.422E-01 50.0 1.001E-04 3.840E-01 3.797E-01
4,118E-05 3.188E-01 2.701E-D} 60.0 %4.286E-05 3.666E-01 2.9%6E~0]
2.250E-05 3.064E-01 2.134E-01 70.0 2.357E-05 3.505E~01 2.367E-01
1.550E-05 2.948E-01 1.688E-01 80.0 1.629E-05 3.358E-01 1.872E-01
1.242E-05 2.840E~01 1.335E-01 90.0 1.307E-05 3.223E-01 1.481E-01
1.078E-05 2.739E-01 1.057E-01 100.0 1.135E-05 3.099E-01 1.172E-01
9.70GE-D6 2.646E-0] 8.365E-02 110.0 1.022E-05 2.985E-01 9.279E-02

Table D.% BWR decay heat rates (W/kgU)} of lzght elements, actinides
and fission products, for specific power = 20 KW/kgl, Set 1

Burnup = 20 NWd/kgU Cgol;ng Burnup & 25 MAA/KgU
il ime
Light E1 Actinides Fis Prod year; Light E1l Actinides Fis Prod

6.181E-02 2.957E-01 5.190E+00 1.0 6.573E-02 4.366E-01 E.764E+00
4.089E-02 2.036E-0) 3.853E+00 1.9 %.447E-02 3.012E-01 4.391E+00
3.278E-02 1.398E-01 2.680E+0D 2.0 3.605E-02 2.068BE-01 3.073E+00
2.832E-02 1.119E-01 1.78%9E+00 2.8 3, 123E-02 1.648E-01 2.100E+00
2.362E-02 1.051E-C1 1.133E+00 4.0 2.608BE-02 1.531E-0] 1.370E+00
2.047E~-D2 1.064E-01 8.744E-01 5.0 2.262E-02 1.536E~-01 1.075E+C0
1.551E-02 1.113E-01 6.493E-C} 7.0 1.716E-02 1.582E-01 8.101E-01
1.032E-02 1.181E-01 5.298E-01 10.0 1.145E-02 1.6%46E-01 6.620E-01
5.299E~-03 1.271E-01 %.431E-01 15.0 5.905E-03 1.730E~-01 5.521E-01
2.748E-03 1.337E-01 3.866E-01 20.0 3.081E-03 1.788E-01 4.810E-01
1.436E-03 1.384E-01 3.G06E-O1 25.0 1.623E-03 1.826E-01 %.235E-01
7.570E-04 1.436E~01 3.012E-01 20.0 8.640E-04 1.849E-01 3.743E-01
2.182E-04 1.450E-01 2.366E-01 40.0 2.554E-04¢ 1.865E-01 2.939E-01
6.936E-05 1.456E-0) 1.865E-01 50.0 8.361E-05 1.853E-01 2.315E-01
2.712E-05 1.447E-0) 1.473E-01 60.0 3.32ZE-05 1.826E-01 1.828E-01
1.449E-05 1.428E-01 1.164E-01 70.0 1.748E-05 1.791E-01 1.445E-01
1.027E-05 1.404E-01 $.208E-02 80.0 1.200E-05 1.753E~-01 1.143E-01
8§.551E-06 1,.378E-0] 7.286E-02 90.0 9.719E-06 1.713E-01 9.040E-02
7.618E-06 1.351E-01 5.767E-02 100.0 8.519E-06 1.673E-0]1 7.155E-02
6.966E-06 1.32GE~01 4.565E-02 110.0 7.722E-06 1.635E-01 5.664E-02




Table D.5. BWR decay heat rates (W/kgU) of light elements, actinides
and Fission products, for specific power = 20 kiW/kgl, Set 2

Burnup = 30 MHd/Kgl C%911ng Burnup = 35 HAd/kgU
ame,
Light E1  Actinides Fis Prod years Light El Actinides Fis Prod

.BB0E-02 5.899E-01 6.18ZE+00 1.0 7.175E-02 7.543E-01 6.629E+00
2.?245-02 4.101E-01 &4.716E+00 1.4 4.971E-02 5.303E~01 5.110E400
3.856E-02 2.844E-01 3.395E+00 2.0 4.074E-02 3.731E-01 3.7ZBE+00
3.36BE-02 2.276E-01 2.370E+0D 2.8 3.541E-02 3.014E-01 2.645E+00
2.799E-02 2.103E~01 1.58%9E+00 4.0 2.964E-02 2.783E-0] 1.809E+00
2.630E~-02 2.097E-01 1.267E+00 5.0 2.574E~02 2.762E-01 1.45BE+00
1.846E-02 2.130E-01 9.673E-01 7.0 1.956E-02 2.779E-01 1.123E+00
1.233E~02 2.18B1E-01 7.921E-01 310.0 1.309E~-02 Z.809E-0] 9.207E-01
6.3B6E-03 2.243E-01 6.595E-01 i15.0 6.794E~03 2.838E-01 7.654E-01
3,348E-03 2.280E-0) 5.740E-01 20.0 3.576E~03 2.846E-0]1 6.656E-01
1.775E~03 2.799E-Q1 5.05]E-01 25.0 1.902E-03 2.839E-01 5.855E-01
9.518E-04 2.305E~0]1 4.462E-01 30.0 1.025E~-03 2.821E-0] 5.170E-01
2.868E-04 2.289E-01 3.501E-01 40.0 2.127E~06 2.763E-01 4.055E-01
9. -05 2.250E-01 2.757E-01 50.0 1.060E~04 2.689E-01 3.193E-01
3.858E-05 2.200E-01 2.176E-01 60.0 4.300E-05 2.609E~01 2.520E-01
2.016E~05 2.149E-01 1.720E-01 70.0 2.24DE-~05 2.529E-0]1 1.991E~01
1.357E-05 Z.087E-01 1.3560E-01 80.0 1.490E~05 2.450E-01 1.575E-01
1.079E-05 2.031E-01 1.076E-01 90.0 1.172E-05 2.375E~01 1.266E-01
9.353E~-06 1.977E-01 8.51BE-02 100.0 1.009E-D5 2.303E-01 9.859E-02
8.426E-06 1.925E-01 110.0 9.049E-06 2.236E-0] 7.804E-02

6.742E~02

Table D.6 BHR decay heat rates (N/kgU) of light elements, actinides
and fission products, for specific power = 2D kW/kgVU, Set 3

Burnup = %40 MWd/kgU C;g%ing Burnup = 45 HAQ/ kgl
es .
Light EI Actinides Ffis Prod years Tight E1 Actinides Fis Prod
7.481E~02 9.488E-0] 6.976E+00 1.0 7.701E~02 1.129E+00 7.365E+400
5.211E-02 6.752E-0]1 5.G32E+00 1.4 5.376E-02 8.133E~0] 5.780E+00
%.281E~-02 4.826E~-01 4.015E+DO 2.0 4.,420E-02 5.908E-0] 4.315E+00
3.726E-02 3.937E~01 2.893E+00 z.8 3.848E~02 4.873E~0]1 3.147E+00
3.120E~02 3.635E-01 2.015E+00 4.0 2.224E-02 4.507E-01 2.222E+00
2.713E-02 3.593E-01 1.638E+00 5.0 2.801E-02 4.444E-01 1.820E+00
2.062E~02 3.582E~01 1.271E+00 7.0 2.131E-02 4.%05E~0) 1.420E+00
1.380E-02 X.575E-01 1.042E+400 10.0 1.427E-02 4.361E~0] 1.166E+00
7.174E~Q3 3.550E~0)1 B.652E-01 15.0 7.422E-03 4.280E-01 9.673E-01
X.780E-03 2.511E~0) 7.517E-0} 20.0 2.916E~03 G.]191E~0]1 8.400E-D]
2.016E-03 3.462E-01 6.608E~-01 25.0 2.090E-D3 4.099E-01 7,.382E-C1
1.089E~03 3.407E~D) 5.834E-D1 30.0 1,131E~03 4.DOSE-0]1 6.515E~01
3.342E-04 3.288E~01 4.573E-~0} 40.0 3.486E~0G 3.823E-0Q) 5.105E-01
1.142E-04 3.165E-D1 3.600E~-01 50.0 1.197E~D4 3.650E-01 4.018E-01
%.668E-05 3.046E-D] 2. E-01 60.0 %.921E~-05 3.490E~01 3.170E-D1
2.942E~-05 2.932E~01 2.244E-01 70.0 2.583E-05 3,.342E-0) 2.505E-01
1.626E-05 2.826E~01 1.775E-01 BO.0 1.720E~05 3.207E~-01 1.981E~01}
1.27BE-05 2.727E-0) 1.404E~01) 90.0 1.350E-05 3.089E-01 1,.867E-01
1.098E-05 2.635E-01 1.111E-01 100.0 1.159E~05 2.970E-01 1.2490E-01
9.843E~06 2.550E~01 8. 110.0 1,038F~05 2.866E~0] 9.817E~-02

796E-02
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Table D.7 BHWR decay heat rates (H/kgl) of lxght elements, agtinides
and fission products, for specific power = 30 kHW/kgU, Set 1

Burnup = 20 MWd/kgl ngl;ng Burnup = 25 MWd/kgl
ine,
Light E1 Actinides Fis Prod years {ight EI Actinides Fis Prod

7.591£-02 2.580E-0] 6.475E+00 1.0 B8.104E-02 3.892E-01 7.316E+00
4.621E-02 1.816E-0]1 %.711E+00 1.6 5.080E-02 2.731E-01 5.397E+00
3.561E-02 1.289E-01 3.203E+00 2.0 3.970E-02 1.926E~-0]1 3.726E+00
3.046E-02 1.062E-01 2.074E+00 z.8 3.405E-02 1.567E-0] 7.460E+00
2.529E-02 1.012E-01 1.255E+00 4.0 2.830E-02 1.472E-01 1.529E+00
2.188E-02 1.028E-01 9.384E-01 5.0 2.450E-02 1.482E-0]1 1.162E+00
1.655E-02 1.079E-01 6.725E-01 7.0 1.855E-02 1.530E-01 8.438E-01
1.100E-02 1.148E-01 5.398E-0} 10.0 1.238E-02 1.597E-01 6.776E-01
5.638E~03 1.241E-01 4.492E~01 15.0 6.356E-03 1.684E-01 5.619E-01
2.918E-03 1.308E-01 3.916E-01 20.0 3.309E-03 1.745E-0] 4.890E-01
1.522E-03 1.357E-0]1 3.450E-01 25.0 1.738E-03 1.786E-01 %.304E-01
8.003E-04 1.391E-01 3.050E~01 30.0 9.222E-04 1.812E-0]1 3.B04E-01
2.290E-04 1.427E-0]1 2.396E-01 40.0 2.701E-04 1.831E-01 2.986E-01
7.196E-05 1.436E-0) 1.888BE-01 50.0 8.718E-05 1.823E-01 2.352ZE-01
2.769E-05 1.428E-01 1.491E-01 60.0 2.402E-05 1.799E-01 1.857E-01
1.459E-05 1.411E-01 1.179E-01 70.0 1.764E-05 1.767E~D01 1.468E-01
1.029E-05 1.389E-01 9.322E-02 80.0 1.203E-05 1.730E-01 1.16lE-01
8.564E-06 1.364E-01 7.376E-02 90.0 9.736E-06 1.693E-01 9.185E-0C2
7.635E-06 1.338E-01 5.838E-C2 100.0 8.539E-06 1.655E-01 7.269E-02
6.986E-06 1.312E-01 %.621E-02 110.0 7.745E-06 1.61BE-01 5.7B4E-02

Table D.& BWR decay heat rates (H/kgV) of lxght elements, actinides
and fission products, for specific power 30 kH/kgV, Set 2

Burnup = 30 NWA/KgU ngling Burnup = 35 1Hd/kgU
ime
Light E1 Actinides Fis Prod year; Light E1l Actinides Fas Prod

8.512E-02 5.349E-01 7.931E+00 1.0 8.93¢E-02 6.945E-01 B.S5ZE+00
5.454E-02 3.770E-01 5.9Z5E+00 1.4 5.801E-0Z 4.935E-0]1 6.654E+00Q
%.307E-02 2.666E-0] 4.153E+00 2.0 4%.609E-02 3.525E-01 4.58CE+00
3.704E-02 2.170E-01 2.796E+00 2.8 3.971E-02 2.883E-0]1 3.132E+00
3.084E-02 2.023E~-01 1.783E+00 4.0 3,.309E-02 2.680E-01 2.038E+00
2.672E-02 2.021E-01 1.376E+00 5.0 2.868E-02 2.664E-0]1 1.590E+00
2.025E-02 2.058E-01 1.013E+00 7.0 2.176E-02 2.685E-01 1.181E+00
1.251E-02 2.112E-01 8.144E~01 10.0 1.453E-02 2.718E-01 9.504E-01
6.976E-03 2.178E-01 6.736E-01 15.0 7.523E-03 2.753E-01 7.844%E~G1
3.648E-03 2.219E-01 5.855E-01 20.0 3,948E-0% 2.766E-01 6.811E-0}
1.928E-03 2.242E-0) 5.3151E-01 25.0 2.096E-03 2.763E-01 5.988E-0]
1.031E-03 2.251E-01 4.550E~01 20.0 1.126E-03 2.743E-01 5.288E-0]
3.076E-04 2.240E-01 3.569E-01 40.0 3.406E-0%4 2.697E-01 4.146E-01
1.014E-04 2.206E-01 2.Bl11E-01 50.0 1.138E-04 2.629E-01 3.264E-C]
4%.003E~-05 2.159E-0]1 2.219E-0]} £0.0 %,528E-05 2.5855E-01 2.876E-01
2.056E-05 2.108E-01 1.753E-01 70.0 2.311E-05 2.479E-01 2.036E-01
1.369E-05 2.054E-01 1.387E-01 80.0 1.516E-05 2.404E-01 1.610E-01
1.085E-05 2.001E-01 1.097E-C1 90.0 1.184E-05 2.332E-01 1.274E-01
9.393E-06 1.949E-01 2.682E-02 100.0 1.015E~-D5 2.26%9E-0]1 1.008E~-01
B.461E-06 1.900E-01 6.873E-0Z 110.0 2.099E-06 2.200E-01 7.979E-02




Table D.9 BUWR decay heat rates (W/kgU) of light elements, actinides
and fission products, for specific power = 30 kW/kgU, Set 3

Burnup = 40 NWA/KgU Cg@l;ng Burnup = 45 HWA/KkgU
) ime
Light E1 Actinides Fis Prod year; Light E1 Actinides Fis Prod

9.371E-02 8.840E-01 9.029E+00 1.0 9.718E-02 1.063E+D0 9.546E+00
6.150E~-02 6.345E-0]1 6.883E+00 1.4 6.410E-02 7.709E-01 7.334E+00
4.912E-02 4.590E-0] 4.945E+00 2.0 5.132E-02 5.651E-01 5.322E+00
4.261E-02 3.780E-0]1 3.435E+00 2.8 4.635E-02 ¢.699E-01 3.742E400
3.538E-02 3.507E~-01 2.277E+00 4.0 3.701E-02 4.357E~01 2.518E+00
3.068E~-02 3.470E-01 1.794E+00 5.0 3.211E-02 4.299E-01 2.000E+00
2.329E-02 3.463E-01 1.343E+00 7.0 2.438E-02 4.264E-0] 1.507E+00
1.556E-02 3.460E-0] 1.081E+00 10.0 1.629E~02 4.2294E-01 1.Z14E+00
8.070E-03 3.4%1E-01 B.899E-0] 15.0 B8.457E-03 4.149E-01 9.982ZE-01
4,.263E~03 3.407E-01 7.719E~01 20.0 4.451E-03 4.067E-01 8.653E-01
2.258E-03 3.363E-0] 6.783E-01 25.0 2.372E~03 3.980E-0] 7.600E-01
1.216E~03 3.3)3E~01 5.987E-0]1 30.0 1.2B1E~03 3.892E-01 6.707E-01
2.703E-04 3.202E-0) 4.69Z2E~-01 40.0 3.919E-04 3.718E-0] 5.255E-01
1.248E-04 3.086E-01 3.693E~01 50.0 1.328E-04 3.553E-0] 4.136E-01
5.001E-05 2.973E-01 2.914E-01 60.0 B.3243E-D5 3.400E-01 3.263E-01
2.555E-05 2.866E-01 2.303E-01 70.0 2.730E-05 3.260E-0]1 2.57SE-01
1.669E~05 2.76EE-0]1 1.8Z2E-01 80.0 1.777E-05 3.131E-01 2.03%E-01
1.297E-05 2.671E-D]1 1.441E-01 90.0 31.376E-05 3.014E-0] 1.613E-01
1.108E-05 2.583E-0] 1.160E-01 100.0 1.173E-05 2.906E~01 1.276E-~01
9.913E-06 2.501E-01 9.024E-0Z 110.0 1.067E-05 2.806E-01 1.010E-01

Appendix D

Table D.10. PHR decay heat rates (H/kgU) of light elements, actinides

and fission products, for specific power = 18 kW/kgU, Set 1

Burnup £ &b NRA/KgD ngling ' Burnup = 30 HMAd/kgU
ime,

[Ight Y Rctinides Fis Prod years  Light E1 Actinides Fis Frod

1.198E~01 4.377E~-01 5.389E+00D 1.0 1.269E~01 5.91BE-0] 5.8S5E+00
1.062E~01 3.002E-01 4.079E+00 1.4 © 1.130E-01 4.091E-0]1 %.487E+00
$.579E~02 2.045E-01 2.%08E+00 2.0 1.021E-01 2.814E-01 3.249E+00
§.550E~02 1.620E~-D1 2.006E+00 2.8 9.113E~D2 2.241E-01 2.2B6E+00
7.262E-02 1.505E-01 1.32BE+00 %.0 7.742E-02 2.072E-01 1.550E+00
6.351E~02 1.515E-01 1.053E+00 5.0 6.771E-02 2.071E-0] 1.245E+00
4.869E~02 1.567E-01 8.031E-01 7.0 5.191E~-02 2.116E-0]1 9.597E-0}
3.278E-02 1.6%ZE-01 6.60%E-0] 10.0 3.492E-02 2.182E-01 7.905E-01
1.696E~02 1.739E-01 5.530E-01 15.0 1.808E-02 2.264E-01 6.600E~01
8.806E-03 1.807E-D0] 4.822E-01 20.0 9.389E-03 2.318E-0] 5.749E-01
6 .589E~03 ].855E-01 4.297E-01 25.0 %.894E-03 2.351E-01 5.060E-01
2.406E-D3 1.885E-01 3.755E-01 30.0 2.566E~03 2.367E~01 %.471E-01
6.872E~04 1.910E-01 2.948E-01 40.0 7.342E-04 2.366E-01 3.509E-01
2.235E~04 1.905E-01 2.323E-01 E0.0 2.399E-0% 2.336E-0]1 2.764E-01
9.681E-05 1.882E-01 1.834E-01 66.0 1.047E-04 2.290E-01 2.182E~01
6.071E~05 1.849E-01 1.450E-0} 70.0 6.620E~05 2.238E-D1 1.724E-01
4.912E-05 1.812E-0]1 1.147E-01 80.0 5.379E-05 2.183E-01 1.364E-01
%.425E-05 1.772E-01 9.Q72E-02 90.0 %.856E-05 2.127E-01 1.079E-01
4,133E-05 1.733E~01 7.180E-02 100.0 4.541E-05 2.072E-01 8.539E-02
3.904E-05 1.693E-01 5.684E-02 110.0 4.293E-05 2.019E-01 6.75%E-02
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Table D.11 PHR decay heat ratas (W/kgU) of light elements, actinides
and fission products, for specific power = 18 kH/kgU, Set 2

Burnup = 35 HWA7KgV ngling “Burnup = 40 HWRA/KgU
ime -
Iight EI Actinides Fis Prod year; Tight E1  Actinides Fis Prod

1.319E-01 7.602E~0]1 6.19GE+00 1.0 1.365E~-01 9.35ZE-01 6.590E+00
1.177E-61 5.305E-0) 4.800E+00 1.4 1.221E-01 6.608E-01 5.155E+00
1.066E-01 3.696E-01 3.52BE+00Q 2.0 1.105E-01 4.680E-01 Z.833E+00
9.506E-02 2.965E~01 Z.529E+00 2.8 9.870E-02 3.797E-01 2.785E+00
8.077E-02 2.736E-01 1.754E+00 4.0 8.,386E-02 3.507E-01 1.963E+00
7.069E-02 Z2.72)E-01 1.4Z26E+400 5.0 7.335E-02 3.476E-0] 1.609E+00
5.416E-0Z2 2.751E~01 1.11C0E+00 7.0 E.623E-02 3.486E-01 1.261E+00
3.643E-02 2.798E-0] 9.162E-01 10.0 3.783E-02 3.508E-01 1.041E+00
1.887E-02 2.852E-01 7.640E-01 15.0 1.959E-02 3.52ZE-0]1 8.670E-01
9.797E-03 2.879E-0]1 6.649E-0) 20.0 1.017E-02 3.515E-01 7.540E-01
5.108E-03 2.888E~01 5.850E-01 25.0 5.305E-03 3.492E-01 6.630E-01
2.680E-03 Z2.882E-0] 5.167E-01 30.0 2.784E-03 3.457E-01 5.854E-01
7.683E-09 2.861E-0} 4.052E-Q01 40.0 7.997E-04 3.367E-0]1 4.590E-01
2.525E-04 2.778E-CG1 3.191E-Q01 50.0 2.641E-06 3.264E-0) 3.614E-0]
1.114E-04¢ 2.705E-01 Z.518E-01 60.0 1.175E-04 3.156E-01 2.852E-01
7.106E-05 2.628E-01 1.990E-01} 70.0 7.559E-05 3.049E-01 2.253E-01
5.804E-05 2.551E-0} 1.574E-01 80.0 6.201E-05 2.947E~01 1.782E-01
5.251E-05 2.476E-01 1.295E-0D1) $0.0 5.621E-05 2.869E-01 1.410E-01
4.916E-05 2.404E~0)1 9.855E~02 100.0 5.267E-05 2.758E-0} 1.116E-Q1
4.652E-05 Z2.335e-01 7.801E-02 110.0 %.989E-05 Z2.672E-01 B.831E-02

Table 0.12 PHR decay heat rates {W/kgU) of 1xght elements, actinides
and fission products, for specific power = 18 ki/kgl, Set 3

— Burnup = 45 MWA/KgU Coolxng Burnup = 50 MWA/kgU
Time
Light E1 Actinides Fis Prod year; Light E1I Actinides Fis Prod

1.4J0E-01 1.144E+0Q €.891E+00 1.0 1.458E-01 1.354E+0D0 7.273E+Q0
1.264E-01 8.180E-01 5.438E+00 1.4 1.308E-01 9.824E-01 5.7B1E+00
1.144E-0]1 5.883E-01 4.090E+0C 2.0 1.185E-01 7.198E-01 4.385E+C0D
1.022E-01 4.820E-01 3.011E+00 2.8 1.059E~-01 5.973E-01 3.255E+00
8.685E-02 4.454E-0] 2.153E+00 %.0 8.996E~02 5.533E-01 2.354E+00
7.597E-02 4.399E-01 1.778E+00 5.0 7.869E-02 5.452E-01 1.952E+00
5.826E-02 4.378E-01 1.401E+00 7.0 6.033E-02 5.393E-0] 1.543E+00
2.918E-02 4.358E~01 1.158E+00 10.0 %.059E-02 5.322E-01 1.274E+00
2.029E-02 4.312E-01 9.628E-01 15.0 2.102E-D2 5.200E-01 1.058E+00
1.054E-02 %.251E-01 8.367E~01 20.0 1.092E-02 5.074E-01 9.187E-01
5.498E-03 4.181E-01 7.354E-01 25.0 5.698BE-03 .947E-01 8.072E-01
2.887E-03 4.106E~01 6.4%91E-01 30.0 2.993E-03 4.821E-01 7.122E~01
8.315E-04 3.947E-01 5.087E-01 40.0 8.641E~04 4.580E~-01 5.579E-~01
2.766E-04 3.789E-01 4.004E-01 50.0 2.891E-04 4,.356E-0]1 4.391E-01
1.246E-06 3.636E-01 3.159E-01 60.0 1.315E-04 4.152E-01 3.464E-01
8.]04E-05 3.493E-01 2.496E-01 70.0 8.632E-05 3.966E-0]1 2.737E~01
6.684E-05 3.360E~01 1.974E-01 80.0 7.150E-05 3.797E-01 2.164E~01
6.072E~05 3.236E-01 1.562E-01 90.0 6.507E-05 3.643E-01 1.712E~01
B.6956E-05 3.121E-0]1 1.234E~01 100.0 6.108E~05 3.502E-01 1.355E~01}
E5.398E-05 3.014E-01 9.783E-02 110.0 5.792E-05 3.373E-01 1.073E-01
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Table D.13. PHR decay heat rates (W/kgU) of light elements, actinides
and fission products, for specific power = 28 kW/kgU, Set 1

Burnup = 25 Mid/kgU C%?lxng Burnup = 30 HNWd/kgU
ime
Tight E1  Actinides Fis Prod yea:; Light £1 Actinides Fis Prod

1.261E-01 3.874E-0)] 7.036E+00 1.0 1.661E~01 5.340E-01 7.710E+00
1. 1815-01 2.700E-01 5.205E+C0 1.6 1.278E-01 3.734E-0) 5.77Z2E+00
}.D58E~01 1.885E~01 3.606E+00 2.0 1.144E-0]1 2.615E-0]1 4.056E+00
9.420E-02 1.527E-01 2.394E+00 2.8 1.020E~-01 2.115E-01 2.741E+00
7.992E~02 1.436E-01 1.500E+00 4.0 8.653E~02 1.973E-01 1.75%E+00
6.986E-02 1.450E-01 1.148E+00 5.0 7.564E~02 1.977E-01 1.34GE+00
5_353E~02 1.506E~D1 8.410E-0] 7.0 5.796E-02 Z.026E-01 1.030E+00
3.600E-02 1,583E-01 6.791E-01 10.0 Z.898E-02 2.096E-01 8.159E-01
1.864E-02 1.685E-0] 5.645E-01 15.0 2.018E~02 2.184E-01 6.764%E-01
$.672E-03 1.757E-D1 4.916E-01 20.0 - 1.047E-02 2.243E-0] 5.883E~01
5.038E-03 1.808E-01 4.329E-01 25.0 5.454E-03 2.280E-01 5.176E-01
2.638E-03 1.841E-D1 3.826E-01 30.0 2.857E~03 Z2.300E-01 4.573E-0)
7.497E-0%4 1.871E-01 3.004E-Q01 40.0 8.124E-04 2.306E-01 3.58BE~-0]
2.40SE~-0% 1.870E-01 2.367E-C1 50.0 2.611E-0% 2.281E-01 2.826E-01
1.015E-04 1.BSOE~0]1 1.869E-01 60.0 1.106E~04 2.2%1E~D1 2.231E-01
6.210E~05 1.820E-01 1.477E-01 70.0 6.793E-05 2.193E~-01 1.763E-01
4%.961E-05 1.7B6E~-01 1.168E-01 80.0 5.440E-05 2.141E-0]1 1.394E~-01
4.450E-05 1,749E~-01 9.243E-02 90.0 4%.886E-05 2.089E-01 1.103E-D1
4.150E-05 1.711E-0]1 7.315E-C2 100.0 - 4.561E~05 Z2.038E-01 8.730E-02
3.919E-05 1.679E~01 5. 7915—02 110.0 %.311E~05 1.98BE-01 6.911E~02

Table D.14. PHR decay heat rates (W/kgU) of light elements, actznxdes
and fission producits, for specific power = 28 kW kgU, Set 2

Burnup = 35 HMWd/kgU Coolang EBurnup = 40 HRd/kgU
Time :
Light E1I Actinides Fis Prod year; Light Ei  Actinides Fis Prod

1.539E-01 6.960E-D1 8.205E+00 1.0 1.613E-01 B.674E-0]1 8.747E+00
1.351E-01 4.903E-0] 6.211E+00 1.9 - 1.420E-0] 6.170E-Q1 6.68ZE+00
1.216E~0]1 3.464E~0]1 4.426E+00 2.0 1.278E-01 4.%91Z2E-01 4.816E+00D
1 2E-01 2.812E-01 3.046E+00 2.8 1.139E-01 3.609E-01 3.360E+00
9.182E-02 2.612E-01 1.999E+00 4.0 © $9.670E-0Z 3.34BE-01 2Z.244E+00
8.028E-02 2.603E-01 1.57CE+00 5.0 8.455E~-02 3.322E-01 1.778E+00
6.151E-02 2.637E~01 1.175E+00 7.0 6.479E~02 3.338E-01 1.341E+00
%.137E-02 2.689E-01 9.505E-01 10.0 4,357E-02 3.365E-01 1.085E+00
2.J91E-02 2.749E-01 7.863E-01 15.0 2.255E-02 3.387E-01 8.958E-01
1.111E-02 2.78B3E~01 6.832E-01 20.0 1.171E~02 3.337E-01 7.776E-01
E.789E-03 2.797E-01 6.008E-¢1 25.0 6.098E-03 3.371E-0]1 6.835E-01
3.033E-03 2.796E-01 5.306E-01 30.0 3.195E-03 3.34ZE-0]1 6.034E-01
8.632E~04 2.763E~01 4.161E-01 40.0 9.102E-0% 3.263E-01 4.730E-01
2.782E-04 2.707E-01 2.276E~01 50.0 2.940E-04 3.16BE-01 3.723E-01
1.185E-04 2.690E-0]1 Z2.586E-01 60.0 1.258E-04 3.068E-01 2.93BE~0]
7.316E-05 2.568E-01 2.043E-01 70.0 - 7.803E-05 2.969E-01 2.322E-01
5.877E-05 2.496E-01 1.616E~01 80.0 6.286E~05 2.873E~01 1.836E-~01
5.287E~D5 2.426E-01 1.278E-(C1 90.0 BE.663E-05 2.782E-0) 1.452E-01
4.940E~-05 2.358E-01 1.012E-01 100.D 5.295E-05 2.695E-01 1.149E-01
4.673E-05 2.299E-01 8.008E-02 110.0 5.012E~05 Z2.614E~01 9.0%8E-02
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Table D.15 PWR decay heat rates (H/kgU) of light elements, actinides
and fission producis, for specific power = 28 kW/kgU, Set 3

Burnup = a5 HHA/RgU c%qling Burnup = 50 MWd/KgU
ime
Light EI Actinides Fis Prod year; Light E1 Actinides Fis Prod

1.690E-01 1.073E+00 9.156E+00 1.0 1.767E-01 1.282E+00 9.661E+0C
1.493E-01 7.710E~-01 7.05BE+00 1.4 1.865E-01 9.33¢E-01 7.503E+00
1.344E-01 5.585E-01 5.145E+00 2.0 1.410E~-01 6.870E-01 E5.518E+00
1.199E-01 4.603E-01 3.640E+00 2.8 1.258E-01 5.721E-01 3.944E+00
1.018E~-01 4.267E-01 2.471E+00 4.0 1.068E-01 5.310E-01 2.708E+0Q0
8.901E-02 4.218E-01 1.975E+00 5.0 9.341E~02 5.234E-01 2.176E+00
6.821E-02 4.202E-01 1.499E+0C 7.0 7.158E-02 5.180E-01 1.658E+00
4.587E~02 4.189E-01 1.212E+00 10.0 %.BJ4E-02 5.115E-01 1.340E+00
2.374E-02 4.151E-01 9.993E-01 15.0 2.992E-02 5.003E-01 1.102E+00
1.233E-02 4.098E-01 8.666E-01 20.90 1.296E-02 %.886E-0]1 9.552E-01
6.422E-03 4.036E-01 7.613E-01 25.0 6.741E-D03 4.766E-01 &.387E-01
3,366E-03 3.967E-01 6.719E-01 30.90 3.536E-03 4.648E-01 7.400E-01
9.603E-04 3.820E-01 5.26%E-01 40.0 1.009E-03 4%.420E-01 5.796E-01
3.114E-04 3.672E-01 4.143E-01 §0.0 3,285E-04 %.209E-01 4.560E-0)
1.342E~0% 3.529E-01 3.269E-01 60.0 1.426E-0¢ 4.016E-01 3.598E-01
8.388E-05 3.394E-0] Z.583E-01 70.0 8.956E~B5 3.841E-01 2.842E-01
6.784E-05 3.269E-01 2.042E-01 80.0 7.264E-05 3.681E-01 2.247E-01
6.121E-05 3.152E-01 1.616E-01 9¢.0 6.562E-05 3.536E-01 1.778E-01
5.729E-05 3.044E-01 1.279E-01 100.0 6.196E-05 3.404E-01 1.407E-01
5.425E-05 2.943E-01 1.012E-01 110.0 5.823E~-05 3.282E-01 1.114E-01

Table D.16  PHR decay heat rates (H/kgV) of light elements, actinides
and fission products, for specific power = 40 kW/kgl, Set 1

Burnup = 25 MARA/KgU ngling Burnup © 30 HRA/7KgU
ame
[ight EI Actinides Fis Prod years Light EI Actinides Fis prod

1.485E~01 3.419E-01 8.456E+00 1.0 1.607E-01 4.800E-C) 9.41ZE+00
1.259E-01 2.435E~01 6.145E+00D 1.% 1.374E-01 3.420E-01 6.%21E+00
1.119E-01 1.754E-01 4.175E+00 2.0 1.226E~01 2.459E-01 4.761E+00
9.94%E-02 1.458E-01 2.702E+00 2.8 1.088E-01 2.033E-01 3.129E+C0
8.428E-0Z 1.389E~01 1.630E+00 %.0 9.225E-02 1.917E-01 1.928E+<00
7.365E-02 1.406E~01 1.215E+00 5.0 8.061E-02Z 1.926E-01 1.455E+00
5.641E-02 1.463E-0] 8.646E-01 7.0 6.175E-02 1.977E-01 1.045E+Q0D
2,793E-02 1.543E-01 6.886E~01 10.0 %,152E-02 2.049E~01 8.315E~01
1.963E-02 1.646E~-01 5.700E-01} 15.0 2.148E-02 2.140E-01 6.859E-01
1.019E-02 1.721E-01 4.960E-01 20.0 1.115E-02 2.203E-01 5.960E-01
§.304E-03 1.773E~01 4.367E-01 25.0 5.805E-03 2.242E-01 E.243E-01
2.776E-03 1.808E~01 3.859E-01 30.0 3,03BE-03 2.265E-01 4.631E-01
7.867E-04 1.841E-D] 3.030E-01 40.0 8.612E-04 2.274E-01 3.633E-01
2.505E-04 1.842E~01 2.387E-01 50.0 2.743E-0% 2.253E-0] 2.862E-01
1.042E-04 1.825E~01 1.884E-01} 60.0 1.143E~-04¢ 2.216E-D1 2.259E-01
6.287E-05 1.797E~-0]1 1.489E-01 70.0 6.902E-05 2.170E-01 1.785E~01
4.985E-05 1.764E~01 1.178E-01 80.0 5.479E-05 2.120E-01 1.412E-~01
4.459E-05 1.728E~01 9.320E-02 %0.0 4%.905E-05 2.070E-01 1.117E-01
4.155E-05 1.692E~01 7.376E-02 100.0 4.574E-05 2.020E-01 B8.83%9E-02
3.923E-05 1.656E~01 5.839E-0Z 110.C 4%.322E-05 1.972E-01 6.997E-02
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Table D.17  FHR decay heat rates (W/kgU) of light elements, actinides
and fission products, for specific power = 40 kW/kgl, Set 2

Burnup = 35 HMRd/kgU ngling Burnup = 40 HWAd/KgU
ime
Light EI Actinides Fis Prod year; Light E1 Actinides Fis Prod

1.706E-01 6.241E-01 1.010E+01 1.0 1.800E-D1 7.998E~01 1.084E+01
1.46%E-0] 4.538E-0]1 7.510E+00 1.4 1.557E-01 5.766E-01 8.131E+00
1.311E-01 3.277E-01 5.233E+00 2.0 1.392E-01 4.201E-01 5.725E+00
1.167E-01 2.709E-01 3.496E+00 2.8 1.23%E-0] 3.487E-01 3.873E+00
9.891E-02 2.538E-01 £.201E+00 4.0 1.051E-01 3.258E~-01 2.479E+00
8.644E~D2 2.536E-0]1 1.6B81E+00 5.0 9.183E-02 3.238E-01 1.911E+00
6.621E-02 2.571E-0)] 1.220E+Q0 7.0 7.034E-02 3.257E-01 1.397E+00
4.452E-02 2.626E~01 9.713E-01 10.0 G.729E~02 3.287E~-01 1.11ZE+DC
2.304E~02 2.689E-01 7.990E-C1 15.0 2.447E-02 3.314E-0] 9,125E-0}
1.198E-02 2.726E-01 6.934E-01 20.0 1.270E-0Z 3.318E-01 7.911E~01
6.224E-03 2.743E-0] 6.096E~D1 25.0 6.612E~-03 3.306E-01 &6.951E~01
3.258E-03 2.745E-01 5.382E-01 30.0 3.961E~-03 3.281E-01 6.136E-01
9.238E~04 2.717E-0]1 4.220E-0]1 40.0 9.818E-04 3.207E-0] 4.809E-01
2.946E-04 2.665E-0) 3.323E-01 50.0 3.13¢E-04 3.117E-0) 3.786E~01
1.230E-0% 2.601E~01 2.622E-01 60.0 1.311E-04% 3.0Z2E~01 2.987E-01
7.449E~05 2.533E~01 2.072E-01 70.0 7.960E~05 2.927E-01 2.360E-01
B.924E-05 2.464E-01 1.63%E-01 80.0 6.340E-05 2.834E-01 1.866E-01
5.3]10E-05 Z.39€E~0]1 1.296E-01 90.0 5.688E-05 2.766E-01 1.477E~-01
4.956E~05 2.321E-01 1.026E-01 100.0 5.313E-05 2.663E-01 1.169E-01
4.686E~05 2.268E-0) 8.121E-0Z2 110.0 5.027E-05 2.585E-01 9.249E-02

Table D.18 PKR decay heat rates (W/kgU) of light elements, actinides
and fission products, for specific power = 40 kW/kglU, Set 3

Burnup = 45 HWd/KgU C;@ling Barnup = 50 MWd/KgU
ame
Light E1 Actinides Fis Prod yearé Light EI Actinides Fis Prod

1.901E-01 9.994E~01 1.139E+01 1.0 2.001E~0]1 1.206E+400 1.Z06E+01
1.652E~01 7.266E-01 B.622E+00 1.4 1.746E~01 8.867E-01 9.193E+00
1.480E-01 5.346E-01 6.138E+00 2.0 1.565E-01 6.612E-01 6.600E+00
1.31BE-0]1 4.460E-D] 4.Z209E+00 2.8 1.394E~-01 5.560E-0] 4.572E+00
1.118E~01 4.157E~01 2.73BE+00 4.0 1.18ZE-01 5.184E-0]1 3.010E+00
9.767E-02 4.114E-0]1 2.130E+0D 5.0 1.033E-0) 5.114E-0] 2.355E+00
7.482E-02 4.102E-01 1.567E+00 7.0 7.917E~02 5.064E-01 1.739E+00
5.030E-02 4.092E~01 1.Z46E+00 io.0 5.323E-02 5.003E-01 1.38ZE+00
2.602E-02 4.059E~01 1.020E+Q0 15.0 2.754E-02 4.896E-01 1.128E+00
1.351E~02 4.010E-01 8.835E-01 20.0 1.429E-02 4.783E-0]1 9.761E-01
7.0346E-03 3.951E-01 7.759E-01 25.0 7.643E-03 6.668E~01 8.568E-01]
3.682E-03 3.886E-~01 6.846E-01 30.0 2.B97E-03 4.554E-01 7.557E-01
1.045E-03 3.746E-01 5.363E-01 40.0 1.107E-03 4.334E-0]1 5.918E-01
3.345E-04 I.604E-0]1 4.221E~-0} 50.0 3.5G9E~-06 6.130E~0]1 4.657E-0]
1.406E~0% 3.466E~01 3.330E-01 60.0 1.497E-04 3.943E-01 3.673E-01
8.574E-05 3.336E-01 2.631E-0) 70.0 9.166E-05 3.773E-01 2.902E-D1
6.848E-05 3.215E-0) 2.080E-01 80.0 7.336E-05 3.620E~01 2.295E-01
6.151E~05 3.103E~D1 1.646E~01 $0.0 6.596E-05 3.480E-0]1 1.815E-01
5.749E-05 2.998E-01 1.302E-01 100.0 6.16EE-05 3.351E-0] 1.437E-01
5.44ZE~05 2.902E-01 1.031E-01 110.0 5.841E-05 3.234E-01 1.137E-01
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