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Learning goals

« Summarize decay heat validation for SCALE
— Results shown here correspond to SCALE 6.3.2 with ENDF/B-VII.1 data

— Quality assurance on code changes provides confidence that SCALE
6.3.x will yield similar performance with the same data library

 Gain hands-on experience on decay heat calculations for an
available benchmark
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Sources of decay heat validation data

Hanford Engineering Development Laboratory assembly calorimeter measurements
(1980)

— Boil-off (steam) calorimeter design

— 15x15 assemblies measured (4 assemblies)

GE Morris Facillity calorimeter measurements (1985)

— Static mode calorimeter design (temperature increase)
— 14x14 and 7x7 assemblies (75 assemblies)

SKB Swedish Central Interim Spent Fuel Storage Facility (Clab) assembly calorimeter
measurements (2005-2010)

— GE calorimeter design
— PWR - 15x15, 17x17 designs (34 assemblies)
— BWR - 8x8, SVEA-64, SVEA-100 (31 assemblies)

Fissile material irradiations (small samples, short decay tfimes)
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experiments




Summary of fuel assembly decay heat measurements

Reactor Reactor Assembly Burnup Cooling time Enrichment Measurement No. of No. of Exp. relative
type name lattice (GWd/MTU) (years) (wt % 235U) laboratory measured measurements uncertainty*
assemblies (%)
PWR Point Beach 2 14x14 31.9-39.4 4.5 3.4 GE-Morris 6 6 4.7
San Onofre 1 15%15 26.5-32.4 3.0-8.2 3.9-4.0 GE-Morris 8 8 4.7
Turkey Point 3 14x14 18.4-28.4 2.4-5.7 2.6 GE-Morris 4 6 5.0-10.0
Ringhals 2 15x15 34.0-51.0 15.9-26.7 3.1-3.3 Clab 18 33 2.3-3.0
Ringhals 3 17x17 19.7-47.3 12.9-25.9 2.1-3.4 Clab 16 38 2.2-4.1
BWR Cooper 7x7 11.7-28.0 2.3-7.2 1.1-2.5 GE-Morris 54 81 4.7
Dresden 2 7x7 5.3 8.1 2.1 GE-Morris 1 1 4.7
Monticello 7x7 9.2-21.0 9.7-11.2 2.3 GE-Morris 6 13 4.7
Oskarshamn 2 8x8 14.5-24.5 20.3-26.7 2.2 Clab 5 5 4.2-7.5
Ringhals 1 8x8 21.3-44.7 12.6-23.6 23-29 Clab 17 45 2.5-5.1

* Exp. Stands for Experimental.
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Experimental data: Decay heat for PWR fuel assemblies
burnup and cooling time space covered
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Experimental data: Decay heat for BWR fuel assemblies
burnup and cooling time space covered
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Histogram plots for decay heat calculation-experiment comparison
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Comparison of calculated vs. measured assembly decay heat
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Decay heat calculation-experiment comparison as a function of burnup

] PWR ] v BWR
1.08 - ]
] 1.20 A
1.06 ] &
] D Y [ N SR SRR SRR i Rt N el itttk it itk ettty Rt ittty il et avg+2c
1.04 o avg+2c ] vﬁ w
1.10
7 { ] A [ ] 0 | L 2 H ]
1.02 - o x e ]
° ° . ° -
o ] ! !. avg = 0.999 ] °
O 1.00 - " L L RN . 1= 0.020 W1 00 A g . avg = 0.981
] A% ?F - O ] j ‘4 = u o= 0078
0.98 - v | , ] A A
] . avg-2c .
* W T4 0.90 a -
0.96 —f:o::zizzbiziszzssinziziszsdrisnaoad v ‘. 77777 o oot ; Ringhals 1
| V. !ng ae ] v Oscarshamn 2
094 1 v Rlnghals 3 . I {' '"';’”""""”""""”""""M’(')Ht’i’é'e’l’l'o' """"""" an-ZG
] Turkey Point 0.80 § N &
0.92 ~ San Onofre Cooper
] Point Beach N v Dresden
0NV T——T—7 7 T T T T 1T T 1 00— —T T T T T T T T
1 15 20 25 30 35 40 45 50 55 60 0 5 10 15 20 25 30 35 40 45 50 55 60
Burnup (GWd/MTU) Burnup (GWd/MTU)
No significant tfrend with burnup
% OAK RIDGE
National Laboratory




Decay heat calculation-experiment comparison as function of cooling fime
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Summary of full-assembly decay heat results indicates
good agreement between calculation and experiment

mean 6 |mean c
Point Beach 2 PWR 6 4.7 4.5 0.964 0.007 | =31.3 | 6.9
Ringhals 2 PWR 33 2.3-3.0 15.9-26.7 1.004 | 0.013 1.7 5.4
Ringhals 3 PWR 38 2.2-4.1 12.9-25.9 1.007 | 0.012 3.5 5.8
San Onofre 1 PWR 8 4.7 3.0-8.2 0.960 | 0.011 | =21.1 | 8.8
Turkey Point 3 PWR 6 5.0-10.0 2.4-5.7 1.008 | 0.027 | 15.1 28.2
Cooper BWR 81 4.7 2.3-7.2 0.966 | 0.078  -12.7 | 22.0
Dresden 2 BWR ] 4.7 8.1 1.094 na 3.0 na
Monticello BWR 13 4.7 9.7-11.2 0.967 | 0.154 / =59 | 15.7
Oskarshamn 2 | BWR ) 4.2-7.5 20.3-26.7

1.008 | 0.023 0.6 1.7
Ringhals 1 BWR 45 2.5-5.1 12.6-23.6 1.007 | 0.033 1.2 5.2
PWR 91 2.4-26.7 0.999 | 0.021 @ -0.8 | 14.5
BWR 145 2.3-26.7 0.981 0078 | -7.2 | 184
PWR+BWR 236 2.3-26.7 0.988 | 0.063 -48 | 17.2
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Validation data for decay heat, short decay tfime

« Small samples of fissile material were irradiated, and total energy release after fission was
measured for

— Thermal fission of 235U, 3Py, and 241Pu
— Fast fission of 233U and 238U
« Data applicable to time scales up to ~10° s (28n) of interest for reactor accident analysis

e This type of data served in development of decay heat standards (e.g., NRC RG-3.54,
ANS-5.1)

e Pulse fission experiments performed at
« ORNL
« University of Tokyo YAYOQOI fast reactor facility
o Karlsruhe
o Studsvik
« University of Massachusetts, Lowell
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Results: Fissile material iradiations
experiment—calculation comparison
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Decay heat benchmark
for a PWR assembly




Workshop: Decay heat benchmark for a PWR assembly

Determine the effect of modeling assumptions (i.e., ORIGEN reactor library)
on assembly decay heat for the PWR assembly F32 decay heat benchmark,
using the following computational approaches:

1) Use ORIGAMI with the ORIGEN reactor library w15x15 available in SCALE
2) Use ORIGAMI with custom library, generated using assembly-specific design data

« Input data (sources NUREG/CR-6972 and NUREG/CR-6971):

— Custom library for ORIGAMI and corresponding arpdata.txt content provided (see
starters folder in provided material)

- Benchmark specifications are shown on the following slides
- Neglect light element loading in decay heat calculation
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https://www.nrc.gov/reading-rm/doc-collections/nuregs/contract/cr6972/index.html
https://www.nrc.gov/reading-rm/doc-collections/nuregs/contract/cr6972/index.html
https://www.nrc.gov/reading-rm/doc-collections/nuregs/contract/cr6972/index.html
https://www.nrc.gov/reading-rm/doc-collections/nuregs/contract/cr6971/index.html
https://www.nrc.gov/reading-rm/doc-collections/nuregs/contract/cr6971/index.html
https://www.nrc.gov/reading-rm/doc-collections/nuregs/contract/cr6971/index.html

Benchmark assembly specifications

Assembly irradiation history

o Assembly latfice:15%15 design Cycle | Duration Assembly
e Inifial fuel enrichment: 3.197% 235U power

(MW/MTU)
e Initial U contains 0.04% 234U and 0.02% 23sU

] 290 80 36.390

« Assembly discharge burnup: 50.962 GWd/MTU ) 317 84 33.447
o Assembly U loading: 436.99 kg 3 273 /78 30.736
« Assembly measured decay heat: 692.0 W 4 320 63 24.253
o Cooling time (from discharge to o 297 o4 22.320
measurement date): 5860 days 6 329 21.334
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Benchmark assembly geometry and materials
used in the TRITON model to generate the custom ORIGEN reactor library

Table 4.32 Fuel assembly design data for PWR 15 x 15 assemblies

Parameter Data

Assembly and reactor data Type 1 Type 2
Lattice geometry 15 <15 15 x15 Assembly geomeTW data (Type 2)
Fuel rod active length (cm) 365.8 365.8
Assembly pitch (cm) 21.50 21.50 2 ot
Coolant density (g/cm’) 0.72 0.72 - .
Coolant temperature (K) 552 552
Average soluble boron level (ppm) 650 650
Number of fuel rods 204 204
Number of guide tubes 20 20
Number of instrument tubes 1 1
Rod pitch (cm) 1.43 1.43
Spacers material Inconel Inconel/Zircaloy-4
Spacers total mass (g) 788 720/160

Fuel rod data
Fuel material type Uo, U0,
Effective fuel density (g/cm’) 10.227 10.137
Effective fuel temperature (K) 900 900
Fuel pellet diameter (cm) 0.929 0.911
Fuel rod outside diameter (cm) 1.072 1.075
Clad material Zircaloy-4 Zircaloy-4
Clad thickness (cm) 0.0618 0.0725
Average clad temperature (K) 573 573

%OAK RIDGE Ref: NUREG/CR-6972 Table 4.32
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https://www.nrc.gov/reading-rm/doc-collections/nuregs/contract/cr6972/index.html
https://www.nrc.gov/reading-rm/doc-collections/nuregs/contract/cr6972/index.html
https://www.nrc.gov/reading-rm/doc-collections/nuregs/contract/cr6972/index.html

Desired results

« Assembly decay heat (W) as « Calculated-to-measured .
calculated with approaches 1 and ~ (C/E) assembly decay heat rafio
2 at following cooling times: and C-E (W), when Ciis

calculated using

B ?860 days (measurement date) computational approaches 1 and 2
yedr * Nuclides conftributing >1% to the
~ o years total decay heat and their
- 10 years % contribution, as calculated
— 50 years using computational approaches 1
100 and 2 at the following cooling times:
— years

- 5860 days (measurement date)
- S years
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Input files: Custom ORIGEN reactor library

Iradiation simulation with ORIGAMI Decay only simulation with ORIGEN

=shell
=shell cp ${INPDIR}/ringhals2_ pwr benchmark 0d custom lib.assm.f71 ${TMPDIR}/restart.f71
cp ${INPDIR}/clab_kwul5_e2.lib ${TMPDIR}/ end - - - -
cp ${INPDIR}/clab_kwul5_e3.lib ${TMPDIR}/
cp ${INPDIR}/clab_kwul5_e4.lib ${TMPDIR}/ =origen
cp ${INPDIR}/arpdata.txt ${TMPDIR}/ case (restart) {
end title="F32 custom ORIGEN library"
lib{file="end7dec"}
. . mat{load{file="restart.f71" pos=l}}
sorigami time{units=YEARS t=[0.1 0.3 1 3 5 10 16.04 30 50 100]}
title="PWR: 0D approximation" save{file="F32.custom lib.£f71" steps=all}
options{ mtu=0.43699 ft71=all} print{ele{total=yes units=[WATTS]}}
libs=[clab_kwul5x15] }
fuelcomp{ end
mix (1) { stdcomp (fuel) { _
base=uo2 iso[ 92234=0.04 92235=3.197 92236=0.02 92238=96.743 ] ;:i‘;:,mz_custom_lib_ﬂl,,
} title="F32 custom ORIGEN lib"
} npos=4 6 7 8 10 11 end
} units=watts
hist|[ time=years
cycle{ power=36.390 burn=290 nlib=4 down=80 } end
cycle{ power=33.467 burn=317 nlib=4 down=84 } _
cycle{ power=30.736 burn=273 nlib=4 down=778 } ;:i‘;:,mz_custom_nb_ -
cycle{ power=24.253 burn=320 nlib=4 down=63 } title="F32 custom ORIGEN lib 5-year cooling"
cycle{ power=22.320 burn=297 nlib=4 down=54 } npos=6 end
cycle{ power=21.334 burn=329 nlib=4 down=0 } units=watts
] time=years
end end
=opus

data="F32.custom_lib.f71"

title="F32 custom ORIGEN lib l1l6-year cooling"
npos=8 end

units=watts

time=years

end

=shell

mv _plot000000000000000000 ${INPDIR}/F32.custom lib.watts_all.plt

mv _plot000000000000000001 ${INPDIR}/F32.custom lib.watts_5yr.plt
%OAK RIDGE mv _plot000000000000000002 ${INPDIR}/F32.custom lib.watts_l6yr.plt

end 22
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Results:
Calculation—-measurement comparison at 16.04-yr cooling time

Standard ORIGEN reactor library Custom ORIGEN reactor library

cC (W)  =7156 e C (W)  =698.5
. E (W) = 692 . E (W) = 692
«C-E(W) = 2346 «CE(W) = 65
+ C/E-1(%) = 3.4 « C/E-1(%) = 0.9
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Results: Decay heat as function of cooling time

Cooling time (yr)

Standard lib (W)

Custom lib (W)

Difference (W)

Difference (%)
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Resulis: Top contributors to decay heat at 5 and 16-yr cooling times
Standard ORIGEN reactor library

5-yr cooling time 16.04-yr cooling time

Nuclide 7 Decay heat Nuclide % Decay heat
Lal37m 18.3
y90 16.6 bal3’/m 23.8
cs134 16.4 y70 21.4
cm?244 14.3 cm?244 15.8
puU238 10.1 puU238 15.5
rh106 5.9 am241 6.9
Cssr‘g gg cs137 6.8
eul54 2.5 sr70 =
pri44 2.0 eulb4 1.7
am?241 1.9 pu240 1.4
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« G.llas, I. C. Gauld, and H. Lilienfeldt, Validation of ORIGEN for LWR used fuel decay heat analysis with SCALE,
Nuclear Engineering and Design, vol.273, p. §8-67 (2014). hitps://doi.org/10.1016/j.nucengdes.2014.02.026

« [.C.Gauld, G.llas, B. D. Murphy, and C. F. Weber, Validation of SCALE 5 Decay Heat Predictions for LWR Spent
Nuclear Fuel, NUREG/CR-6972, U.S. Nuclear Regulatory Commission Office of Nuclear Regulatory Research
(2010). www.nrc.gov/reading-rm/doc-collections/nuregs/contract/cré272

e |.C.Gauld, M. T. Pigni, and G. llas, Validation and testing of ENDF/B-VII decay data, Nuclear Data Sheets 120,
P.33-36 (2014). hitps://www.sciencedirect.com/science/article/abs/pii/S0090375214004517

Publicly available documents can be accessed via OSTI. See hitps://www.ornl.gov/scale/references under Depletion and Decay.
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