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Forewor d

Under the auspices of the Nuclear Energy Agency (NEA)l@ducScience Committee
(NSC), the Working Party on the Scientific Issues of Advanced Fuel Cycles (WPFC) has
been established to-@wdinate scientific activities regarding various existing and advanced
nuclear fuel cycles, including fuel cycle scenariaspovative fuels and materials,
separation chemistry, waste disposal and coolant technologies. Various expert groups were
established to cover thetopics.

The Expert Group on Advanced Fuel Cycle ScesafEGAFCS) was created in 20t0
studyresearchtand developmeniR&D) needs associated with the transition from current

to future advanced nuclear fuel cycl8sce thenthemembers of the Expert Group have
been conducting a series of benchmark studies to compare existing codes in terms of
capabilities, modelling and results.

The Task Force on Dose Rate CalculationslfaadiatedFuel Assemblywas launched

in 2015to assess code predictions of dose rates from bare &p#rassemblies antb
benchmark multiple codes and validate them agadnsilale experimental dataThis

report provides details of the benchmark specifications, method and code characteristics,
as well as a comparison and analysis of the calculation results
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Executive summary

The dose rate from a spent fuel asseniBl) is an important attribute for two reasons.

The first is to determine shielding and handling requirements to protect personnel working

with spent fuel while the second is related to nproliferation aspects; the gamma and

neutron radiatiomayserve as a seffrotecting deterrent to theft for decades after the fuel

is discharged. The ited StatedNuclear Regulatory Commissiotd$ NRC) andthe

I nternational At omi c En e selfprotetigge ncys € | rAEtAg tcm nh
1Sv/h at Im from the FA. The uncertainty inherent in dose rate calculations can be

addressed by using conservative estimates. For personnel protectorresimation of

thedose is conservative while for sglfotection, an underestimation is conservative.

A comparative study on dose rate calculationpfessurised water reac{®WR) uranium

oxide (UOX) andmixed oxide(MOX) spentFAs was performed in 2018y theArgonne

National Laboratory (ANL) and theFrench Alternative Energies and Atomic Energy
Commission(CEA). This joint effort was undertaken to improve confidence in each

organi sationds dose rate cal cul aquantdaivemet hodol c
measurements of proliferation resistance are desired.

For the UOX case, which was intended to benchmark a frequaitetireference study
30-yeardose rates calculated tiye CEA andANL were roughly three times lower than
that of the reference study. This finding brings into question commioglly beliefs
regarding the levels of seffrotection exhibited by spent PWR fuels. Furthermibre dose
rates were estimated using MicroShieldpaint-kernel code that is typically used for
shielding design, and high gamma transport bugdfactors for air were intentionally
selected to provide more conservative values for shielding purpesésgher dose rates.

Given hese discrepancies, it seems important to be able to define a reference calculation
for the dose rate from a spéth, to validate this calculation by a cetiecode comparison,

to analyse the sensitivity of the calculation results to different hypotteskéinally to be

able to validate this calculation by comparison with experimental measurements.

Under the framework of the Nuclear Energy Agefi§£A) Expert Group on Adanced

Fuel Cycle Scenarios (EG&CS), aninternationabenchmark on dose rate caktibns for

PWR spentFA wasconducted.The objectives of the benchmark were to verify updated
dose rate calculation procedures (new miialglapproaches, new nuclear data, new
versions of codes) and to share the benchmark results at the internationall tevel
benchmark was divided into two parts, verification (comparison of results with different
codes/methodologies, sensitivity studies) and validation (comparison of results with
experimental data).

Nine institutes participated in this benchmakkgonneNational Laboratory (AL, United
Stateg, French Alternative Energies and Atomic Energy Commis$©BA, France)
Centre for Energy, Environment and Technol¢d@YEMAT, Spain) Canadian National
Laboratory (CNL, Canada) National Agency for NewTechnologies, Energy and
Sustainable Economic Developme(ENEA, Italy), Karlsruhe Institute of Technology
(KIT, Germany) ORANOTN (France) Belgian Nuclear Research Cen(®CK CEN,
Belgium), andTechnical Research Centre of FinlgMI T, Finland)

! Lloyd, W.R, M.K. Sheaffeand W.G. Sutcliffe (1994)Dose Rate Estimates from Irradiated Light Water Reactor Fuel
Assemblies in  Ajir Lawrence Livermore Natiml Laboratory Livermore, CA, United  States,
https://doi.org/10.2172/10137382.
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Chagper 1 provides an overall introduction to the benchmarking exercise.
Chapter Zresentshe specificatioaof the verification benchmark

Chapter Jives a general description thfe approachescpdes andcleardata) used by
the participants to estimate the dose rate emitted by an irradiatedrR\Afier some years
of decay. The methodology is based on the following calculations steps:

1 Depletion: Given the FA description and irradiation history conditions, the
discharge compaosition is calculated.

1 Decay: A period of decay after discharge is simulated to obtain the isotopic
composition of the photon source. Also, the isotopic phottease rates that are
discreti®d into multiple gamma energy groups have been dstiina

I Radiation: The multigroup gamma source is applied to a heterogentdoas
dimensional(3D) transport model of theA and the gamma flux away from the
assembly is estimated, calculating the corresponding dose rate uskig-dlose
rate conversionatctors.

Chapter 4s dedicated to the verification stéfhe participants conductedcadeto-code
benchmark comparing nuclide masses, photon release rates and gamma dosé mates at
distance from a PWRJOX anda PWR MOX fuel assemblya 15x15 PWRUOX at
33GWdA/MTIHM burntup anda 17x17 PWRMOX at 60 GWdA/MTIHM burrtup,
respectively. The benchmark looked at two tinflrames, at discharge and 3@arsafter
discharge. It included 4Beavymetal (HM) nuclides and 30 fission products @Rt
discharge and 2BIMs and 8 FB at 30 years when some nuclides and FPs had decayed
away. The agreement between nuclide masses was good, especially for the ek&®wined
The largest discrepancies between participants occurred inkdbhmauclides with small
concentrations.

Gamma dose rates were calculated at 3.7 and 30 years after discharge using two different
photon fluxto-dose rate conversion factors (the time of 3.7 years was calculated to
correspond to the experimental measurementsChapter 7). The agreement between
participants was quite gopdith relative standard deviatiofRSD) from 7 to 15%. The
calculateddoserate forthePWRMOX FA is two times greater thahat for thePWRUOX

FA, in accordance with a higher gamma release ratdhEgkmerican National Stalards
Institute (ANSI) conversion factoANSI (1977 and 30 years of cooling, the average
calculateddose ratsare 5.8 Sv/h (UOX) and 11.1 Sv/h (MOX). It should be noted that
thesedose rates are 20 to 25% lower usingANSI (1991) conversion factobecause of

the differences in the weighting factors.

The previous 1994 reference study dasimilarUOX FA calculated the 3@ear dose rates

to be 13.0 to 15.2 Sv/h (at 30 or 35 GVMIFIHM), using the pointkernal code
MicroShield, which may yield higher values out of conservatism with respeabrker
protection The approach used in this verification study did not add conservatism regarding
worker protection or noproliferation. Thus,his verification step shows thain a best
estimate description of the dose rate calculation, the calculated values can be two to three
times lower than previous conservative reference calculations. Dose rates estimated using
MicroShield were conservative for stidang purposes (higher dose rated)ile dose rates
calculated in this benchmark according to an advanced methodtitbgpt intentionally

use conservative assumptions one way or the other.

It is interesting to note that in this besttimate approach thselfprotection capabilit of
the PWRUOX spentFA after 30 years of cooling time is confirme@dq Sv/h at Im), and
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this selfprotection is guaranteed for about a century (1 Sv/h at 100 years of coolirig time
CEA calculationk

At 3.7 years of coolingthe average dose ratavere calculated to b82.2 Sv/h and
65.8 Sv/h for UOX and MOXrespectivelywith the ANSI (1977 conversion factqrwith
an RSDfrom 7 to 11%.

Chapter Spresents the various sensitivity studies carried out to assess the imgaet of
calculation scheme othe calculated dose rate. The calculation parameters that all
participants contributed to anaigg are:

1 the assembly geomgirhomogeneous vs heterogeneous;
1 the radial burrup distribution (uniform or not);

1 the irradiatiorhistory (ith or without decay periods);

1 theRim effect (increasebdurnup in theextemnal ring of the pellet);

1 the gamma source group structure (different energy groups froto &, or
explicit gamma rays);

thebremsstrahlung effect;

the crosssectionseffects;

the modelling assumptions (tally geometry description,xflio-dose conversion
fact or s, interpolation factorsé);

9 the neutron dose rate contribution.

None of these parameters exceeds 20% @fmpact on the final calculated dose rates.
Most of then have an impact lower than 2%, except:

9 flux-to-dose conversion facto? 0%);
1 gamma source group structufe20%);
1 axial burrup distribution (10 to 15%).

From these results, some recommendations for dose rate calculation maldeksrican
bederived:

|

ahomogeneous motef the assembly is convenient;

nonuniform pinby-pin gamma souecdistribution is not necessary;
simple irradation histories are convenient;

very detailed gamma source distribution in theigimot necessary;
a realistic avxal burnrup distribution is necessary;

use of a relevargamma energy mesh is necessary;
bremsstrahlung in thgamma sources mesh is necessary;

for the tested crossection (neutno and photon) the impact is low;

= =4 4 -4 A - -8 -2

theimpact of tally geometry is low
1 theneutron dose rate contribution is negligible.

These recommendations apply only to the cases considered in this benchmark (PWR, fuel,
burn-up, cooling time).

BENCHMARK ON DOSE RATE CALCULATIONS FORIRRADIATED ASSEMBLY



NEA/NSC/R(2023)4 17

After demonstratindyy usinga codeto-code benchmark, a satisfactory agreement between
the instiutes for the calculation of the dose rate on different fuels and at different cooling
times Chapter GandChapter Meal with the experimental validation of these calculations
by compang them againstlifferent dose rate measurements carried out on $Fesin
theair.

The Morris experiments (1981) were a series of gamma dose rate measurements completed
in the General Electric spent fuel storage facility at Morris Operation. In these experiments,
the gamma dose rates were measured in the vicinity afiscbarged spent nuclear fuel
bundles. A wide range of fuel types, power levatgl burnups were selected in the
experiments. Particularly among the R8s selected, four PWR fuel bundles have gamma
dose rates measured in the air (Westinghouse 14x14 P& .fuel burhup ranged from
26.4GWdA/MTIHM to 40.2GWd/MTIHM, and the~A cooling time before measurement
ranged from 2.5 years to 6.9 years. Two institutesANL (US) and CEA (Francehave
modelledthis experiment.

Experimental data on dose ratasair, carried out in the 1980s using irradiated FA of the
Turkey Point Unit 3 reactor, were used for comparison to the calculated dose rates. The
Turkey Point Unit 3 is a conventionall@p PWR, designed by Westinghouse Electric
Corp. and operated by Fida Power and Light Co. Two spent FAs, serial numbers B0O3
and D04, discharged from the reactor core after an irradiation period of, respectively, 827
and 85leffective full power daysEFPD3 and under cooling periods of 3.7 and 1.8 years
were used forlte measurement&ight institutes have contributed toetlexperimental
validatiort ANL, CIEMAT, CEA, ENEA, KIT, ORANOTN, SCKCENand VTT.

For the Morris experiments, compared with the measured gamma dose rates, both the CEA
and ANL numerical approachasderestimate the measured gamma dose rates. Both
institutions showed calculated dose rates that are lower than the measured values by about
10 to 25% ANL6s cal cul ated values are generally a
numerical simulations, CEA and ANlused slightly different assumptions on the
experimental setup geometry. They also used slightly different source axial distributions.
Another difference is that the CEA calculation did not consider the gamma dose rate
contributions from th&Co impurities which ANL found to increase the total dose rate by

13% (for assembly 1A)Despiteall thesemodelling differences, the dose rate from the

CEA calculation at each detector location is still very close to the ANL values. Both CEA
and ANL studies demonsteat that the numerically calculated gamma dose rates from the
spent nuclear fuel are on the conservative tsidietermire the nuclear fuel selbrotection.

For the Turkey Point experiments, the study has shown that the dglayeta source term

is dominaéd by the signaturef gammasrays from a fewFPs In addition, there are the

two signature gammeays of®°Co, an activation product ofCo, found as an impurity
component of the spacgrids and gaplenum springboth consisting of Inconél18 alloy.

The calculated dose rate value is highly dependentthe photorfluenceto-dose
conversion function. The dose rate values calculated usingntieeican Nuclear Society
(ANS) conversion function ANS$.1.1 (1977) are 225% higher compared to values
obtainedwith the ANS6.1.1 (1991conversion functionin agreement with the statement
guoted from the literature. A critical review of the experimental data has highlighted the
disagreement between some of the dose rate distribution curves and the available
expegimental burrup and the gamma source scan profiles: the D04 spenEA, the
calculated dose rates appear to overestimate the dose distribution through the axial detector
holder tube 30.48m above the spent fuel. However, the situation is reverseddatose

rates through the vertical axiwhere thecalculateddose rates yield a better agreement,
with an average underestimation @30% For the B0O3 spent fuel, the detail modelling
approach adopted by SCK CEN including cobalt impurity has been provmneffective
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in achieving the lower discrepancy (underestimatio@2®%) where the experiment dose
rate curves sound reliablanother item likely to influence the dose rate calculation is the
radiation backscattering due to various materials sudiognthe experimental sgi,
mainly the hot cellvalls and theFA support table.

Calculation/measurement deviations are within a range of = 30% on average.

To conclude, this benchmark made it possible to establish the recommendations for the
calculations bdose rate irtheair for PWR UOX and MOX speriAs for selfprotection
determination. These reference calculations have been validated by comparison with two
experiments (Morris, Turkey Point). The experimental validation exercise showed the need
for acawrate and complete measurements (knowledge of the level of impurities in the
components in particular). The benchmark study also confirmed that calculations with
MicroShield are conservative for shielding determination, but should not be used-for self
protection determination.

In the future, the dose rate could be additional relevant parameter for the scenario
studiesin particular in the framework of proliferation resistance evaluations, by comparing
the selfprotection capabilities of different reactoor fuel cycles. Thus, it would be
interesting to complete the calculations carried out here on PWR UOX and MOX with
calculations on other types fafels andreactorssuch as boiling water reacsdBWRS) or

fast reactm, and to completand consolida¢ the experimental validation with quality
measuremestsubject to availability.
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1.l ntroducti on

The dose ratemittedfrom a spent fuel assemb(frA) holds significance due to two
factors Firstly, it is used to establish the requigdelding and handlingrotocols to ensure
the safety ofpersonnel working with spent fueSecondly,it is associated witmon
proliferationconsiderations, sindbe gamma and neutron radiat@ctas a seHprotecting
deterrent to theft for decaddsllowing fuel discharge. The hited StatesNuclear
Regulatory CommissiorlJS NRC) andthe International Atomic Energy Agency (IAEA)
consider tht an FA is fiself-protecting if the dose ratés at leasfL Sv/h at Im from it [1].
Conservative estimates can bged to account for the inheramcertainty in dose rate
calculationsAn overestimation ofhedose is conservativier personnel protectiomhile
an underestimation is conservatfee selfprotection.

In 2014 the Argonne National Laboratory (ANL) artie French Alternative Energies and
Atomic Energy Commission(CEA) carried out acomparative study on dose rate
calculations fouranium oxidgUOX) andmixed oxidg(MOX) spent-Asfrom pressurised
water reactorFWR) [2]. This jointendeavoumwasinitiatedto improve confidence ithe
dose rate calculation methodologyployed by each organisatj@pecifically in situations
requiringquantitative measurements of proliferation resistance.

The 30-year dose rates calculated by CEA &N for the UOXcase ] were roughly
three times lower than that affrequentlycited reference studi@]. This finding brings
into question commonly held beliefs regarding the levels ofpsetiection exhibited by
spent PWR fueldt is worth noting thathe methodobgy adopted fothe reference study
includedthe pointkernelcodeMicroShield,which istypically used for shielding design,
anda conservative approatd worker protectionleading tohigher dose rates.

In this contextthe Nuclear Energy Agency (NBAXxpert Group on Advanced Fuel Cycle
Scenarios (EGAFQSaunchedan international benchmark on dose rate calculations for
PWR spentFA. The objectives were to verify updated dose rate calculation procedures
(new modding approaches, new nuclear data, nansions of the codes) and share the
benchmark results at the international level.

The benchmark was divided into two parts:
9 verification (comparison of results withfferent codes/methodologies);
9 validation (comparison of results with experimental data)

Two sets of representative experimental data wensidered

1 Morris experiments, a series of gamma dose rate measurements completed in the
General Electrical spent fuel storage facility at Mo@jgeration;

1 Turkey Point experiments, with dose rate nuieasents from different assembilies.

In both cases, dose rates were measured in the vicinity of the discharged spent fuel bundles,
with a wide range of fuel types, power levels, bups and cooling times.

BENCHMARK ON DOSE RATE CALCULATIONS FORIRRADIATED ASSEMBLY



20| NEA/NSC/R(2023)8

References

[1] DOE (1997), Non-proliferation and Arms Control Assessment of Weapons Usable Fissile Material
Storage and Excess Plutonium Disposition Alternativd30E/NN-0007, www.osti.gov/
scitech/biblio/425259US Department of Energldnited States.

[2] Feng, B, R. Hill, R. GirieuéindR. Eschbaclf 201 4 ) , fiCompari son of gamma
for PWR spent Praceetlingsacd BHYBMR 2QB{goin, Japan28 SeptembeB
October.
[3] Lloyd, W.R, M.K. Sheaffer, and W.G. Sutclififd994),Dose Rate Estimates from Irradiated Light
Water Reactor Fuel Assemblies in Airawrence Livermore National Laboratory Livermore, CA,
United Stateshttps://doi.org/10.2172/10137382

BENCHMARK ON DOSE RATE CALCULATIONS FORIRRADIATED ASSEMBLY



NEA/NSC/R(2023)4 21

2.Specification of the Dbenchme

2.1.Motivation

The ANL and theCEA conducted a comparative stusilydose rate calculatiorisr typical
PWRspenFAs( wi t h UOX and MOX fuels) [1]. The goal
gamma dose rate calculation methodology, especially for cases in which quantitative
measurements of proliferation resistance are desired. The goal dfeticismarkis to

expand on that work by including more international participants to verify the dose rate

results for the UOX and MOX cases and by potentially including validation efforts if
appropriate experimental data is available.

2.2.Background

The plutoniumthat is created in UOX fuel during irradiation and sometimes recycled in

the form of MOX fuel ould potentially be diverted wweapons use. If the UOX and MOX

FAs were recently discharged after normal residence times from civilian reactors, the

significart amount of gamma radiation from tiks makes them unattractive to theft,

thereby providing an inherent barrier of sgtbtection. he US NRC andthe IAEA

consi defprtohhe citgd enlgfd d o s enfronatheEA [2].0hiskdeserhte Sv / h a't
would help a MOXFA me e t the National A ¢ ashbentnfyel o f Sci en
standard , coradition in which the Pu becomes roughly as inaccessible and unattractive

for weapons use as the Pu that exists in conventional commercial spent fuel (UOX).

The dose ratérom a spentA decreases with time after discharge tu¢heradioactive
decay of the gammamitting isotopesTable 2.1 shows calculated neutron, gamma, and
total dose rates from a standard PWR MBEXat1 m away througttheair (for both fresh
and irraliated fuelsi 45 GWd/MTIHM) after different cooling times. The gamma dose
rate is 34 orders of magnitude higher than the neutron dose rate for irradiatesbufis
the purpose of this studthe total dose rate can be approximated by just the garsea d
rate.

Accurate predictions of this dose rate after decades of cooling depend on factors such as
the assembl yds p o vaadgeomeatnsas wall gs,the calcutaped gainhai o n
source and radiation deposited on the target. Therefore, in addition to gamma transport
calculations, the depletion, decapd gamma source calculation approaches need to be
precisely carried out.

For the UOX casewhich intended to benchmark a frequertlied reference study [3], the
30-year dose rates calculated by CEA &ML [1] were roughlythree times lowethan

that of the reference study. It was shown that the reference dose rate calculations were
performedby a pointkernel code typically used for shielding design (MicroShield) with
high gamma transport butap factors for air that were intentionally selected to provide
more conservative values for shielding purposes. This can partially explain the large
differences between the new calculations and the reference ones, but additional verification
and analysis are necessary.
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Table 2.1. Dose rate for a standard PWR MOX fuel at 1 m in air

Freshassembly Irradiated PWR M@¥sembly
Cooling time (y) N/A 0.5 3 10 30
Neutrordose rate 1.62E+02 2.75E+04 2.05E+04 1.56E+04 7.43E+03
(3Sv/h
Gammalose rate 5.48E+01 2.37E+08 4 91E+07 1.44E+07 6.37E+06
(3Sv/h)
Totaldose rate 2.17E+02 2.37E+08 4.92E+07 1.44E+07 6.38E+06
(3Sv/h)

2.3.Objective of the benchmark

The objectives of the benchmark are to verify updated dose rate calculation procedures
(new modelling approaches, new nuclear data, new versions of the codes) and to share the
benchmark results at the international level. The benchmark is divided into two part

9 verification (comparison of results with different codes/methodolagies)

1 validation (comparison of results with experimental data, if available)
The verification paris divided intothreecalculation steps:

1 Depletion Given theFA description and power conditions, simulate the depletion
(burrtup) of aFA to obtain the discharge composition.

1 Decay Simulate a 36/ear period of decay for this discharge composition, and
calculate the isotopic photon release rates that are discretisedultiple gamma
energy groups.

I Radiation Apply the multigroup gamma source uniformly (axially and radially)
to a heterogeneous 3D transport model offAeand tally the gamma flux atrh
away from the midpoint. Calculate the corresponding doseusitg fluxto-dose
rate conversion factors.

Figure2.1 illustrates the comprehensive calculation approach to predicBAgdase rate.
The primary goal is to benchmark dose rate calculations for §)&fRfuel elements (bare
assemblies) for both UOX and @K fuels. However, dose rate calculations involving
different assembly designs, such as those for fast reactors, may also be included.

Regarding the second part (validation), a comparison with experimental isalitays

very interesting. This greatlymprovss conf i dence i n each organisa
calculation methodologyOf course, lie experiments should be representative of dose rate
measurements on a single bare assemblthérair from commercial PWRspent fuel

elements (UOX and/or MOX).
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Figure 2.1.Comprehensive calculation approach to predicting a FA dose rate
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2.4. Specification of the verification benchmark

For the verification part of the benchmark, two sgefitmodels were proposed: a 15x15
PWR assembly with UOX fuel and a 17x17 PWR assembly with MOX fuel. At the very
minimum, all participants were asked to model these two assemblies and calculate their
dose rates. For the UOKA, they performed depletion, decagdradiation calculations.

For the MOXFA, they were provided with the depleted compositions and perform the
decay and radiation calculations only. This was to remove any additional source of
discrepancy and help pinpoint any major differences. Lastigywaoptional calculations

were suggested as described in Secfigh5 to provide more insights on mokied
impacts.

2.4.1.Model description

The 15x15 UOX PWHFA is shown inFigure 2.2and described imable 2.2 All 208 fuel

pins have a uniform initial entienent of 3.11 wt%°**U, and the assembly is irradiated to
33GWd/MTIHM. These properties are consistent with the PWR assembly model described
in [3]. For simplicity, the 17 water tubes can be approximated as fuel pins filled with water
instead of fuel. The are no assembly cans or sleeves surrounding the assembly; for the
depletion calculations, the pins are only surrounded by water (assuming infinite lattice),
and after the 3@ear cooling period, there is only air between the radiation target and the
outermost row of fuel pins. Nominal/typical conditions have been assumed for all other
parameters that are not specified (power level, temperatures, water degigi)ieAs an
example, the values that CEA used to perform calculations are detailed betawniaek
participants could either use these values or different ones):

1 2% init: 303 ppm
1 fuel temperature: 8215C

1 clad temperature: 3425C

1 water temperature: 305.6;C
9 pressure: 155 bar
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1 boron: 456 ppm
1 specific power: 48 W/g
9 guide tube inner/outer diars: 1.242 mm / 1.382 mm

Figure 2.2. 15x15 UOX FA (with 17 water tubes)
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Table 2.2. Assumed model parameters for 15x15 PWR assembly with UOX fuel

Parameter Value

Fuel pellet diameter [cm] 0.925
Cladding inner diamgten] 0.9398
Cladding outer diameter [cm] 1.0668
Pin pitch [cm] 1.4224
Active height [cm] 365.76

. 21.4
Assembly pitch [cm] (gap water: 0.064)
Fuel pins per assembly 208
Water tubes per assembly 17
UQ fuel density [gm 10.412
HM mass [kgHM] 469.22
23y Enrichment [wt%)] 3.11
Burrup [GWd/MTIHM] 33

The 17x17 PWR MOX assembly has three zones with different plutonium contents (see
Figure 2.3): 12 pins with lowenrichment, 68 pins with intermediatarichment and 184

pins with highenrichment. This information was needed for the fuprtalculation, which

is not required for the benchmark since the lumped discharge composition for the MOX
assembly is provided. However, participants could use their calculated compositions. For
ANL andCEA calculations, th&#A6 s t ot al gamma source and | ump
were spread uniformly in the axial and radial directiwithin all of the fuel insidehe
cladding. The fresh fuel has an assembly aver@g8.65 wit% Pu recovered from
reprocessedUOX fuel (originally at 3.7 wt% 2*U enrichment, discharged at

45 GWd/MTIHM, and withfive years of cooling and thetwo years of aging years of
cooling) and mixed with depleted uranium (0.25 wi). This plutonium vector in fresh

MOX fuel is shownm Table 2.3 The assumed model parameters for the 17x17 PWR MOX
assembly are shown ifable 2.4 All other modellingassumptions are the same as those
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for the PWR UOX model. As an example, the nominal conditions used by CEA are given
below:

1 2%init.: 0 ppm
fuel temperature620°C
clad temperature842°G
water temperature809°G
pressure: 155 bar
boron: 600 ppm
specific power4l W/g

= =4 =4 -4 A4 -—a -2

guide tube inner/outer diameter: 1.142 mm/1.226.mm

2.4.2.Depletion

Participants were free to use their preferred coddgercedures for all calculations. The
codes and procedures ussdCEA and ANLfrom [1] are described below the benchmark
proposal and were given in the benchmark proposal only to serve as a guide.

For the UOX and MOX assembly depletion calculations GR& used APOLLO2.8, the
reference neutronics code package used in France for light water reactors) (W&
CEA also used the CEA2005V4 mudfioup crosssection library derived from recent the
Joint Evaluated Fission and Fusion (JEFF) version 3.1.1di&uations APOLLO2.8
provides the neutronics data (sskfielded crosssections and neutron spectra) to
DARWINZ2.3, the French reference package for fuel cycle calculations, whictiaaates
the compositions of the discharged FA.

For the UOX fuel, théANL used discharged compositions from a previous study that were
calculated using CASM@, a multigroup 2Dtransport code based on the method of
characteristics that is used hlities in the Lhited Statesand worldwide. The microscopic
crosssectionsare based on the Evaluated Nuclear Data File (ENDF), version ENYDF/B
and were divided into 70 energy groups. The discharged composition was taken directly
from CASMO4 for the next calculation step. For the MOX fuel, the DARWINZ2.3
calculated compositionsed by CEA was also used by ANL to remove a potential source
of discrepancy.
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Figure 2.3.17x17 MOX FA
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Table 2.3. Plutonium vector in fresh MOX fuel

Isotope Weight per cent
23y 2.62%
23Pu 52.67%
24Py 25.45%
24Py 10.65%
24Pu 7.54%
241Am 1.07%

As mentioned, APOLLO2.8/DARWIN2.3 and CASM®Owere used by the CEA aAdlL ,
respectively, for the assembly depletion calculations to obtain the fuel composition at
discharge. Due to sligihodellingvariations, not all parametersTiable 2.2vere matched
exactly. However, all results from the calculations were scaled to the referenkgHM9

mass, which is one of the most important parameters with respect to the gamma source.
Both codes calculated % mass of 43494 g.Table 2.5summarises the codesch
libraries used
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Table 2.4. Assumed model parameters for 17x17 PWR assembly with MOX fuel

Parameter

Value

Fuel pellet diameter [cm]

0.8192

Cladding inner diameter [cm]

0.836

Cladding outer diameter [cm]

0.950

Pin pitch [cm]

1.26

Active heigftm]

365.76

Assembly pitch [cm]

21.58

Fuel pins per assembly

264

Water tubes per assembly

25

MOX fuel density [dlcm

11.3

HM mass [kgHM]

454

LowcontenPu/HM [wt%]

3.65

IntermediatsontenPu/HM [wit%]

6.49

HighcontenPu/HM [wt%]

9.77

Burrup[GWd/MTIHM]

60

Table 2.5. Codes for depletion

Institutes Codes for depletion Nuclear Data Library
CEA APOLLO2.8/DARWIN2.3 JEFF3.1.1

For UOX: CASMO
ANL ENDF/B/

For MOX: used results from CEA

Comparison at discharge for UOX fuel

Tables 2.6 and 2.8how the masses in grams of tHM and FP, respectively, in the
469kgHM spent UOX assembly, calculated by CEA and ANL. The benchmark
participantswereasked to produce these compositions with their codes/procedures in the
same format and units (normalist® the 469 kgHM total mass).
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Table 2.6. Calculated HM masses [g] in PWR/UOX assembly at discharge
(469 kg of total initial HM)

CEA ANL
U234 8.29E+01 6.27E+01
U235 3.82E+03 3.41E+03
U236 1.80E+03 1.68E+03
U-237 5.84E+00 5.67E+00
U238 4.42E+05 4.35E+05

Np236 1.41E04 7.18ED4
Np236m 7.28E06 -
Np237 1.84E+02 1.72E+02
Np238 8.22E01 6.19ED1
Np239 5.93E+01 4.53E+01
Pu236 4.71ED4 -
Pu237 1.35ED4 -
Pu238 6.04E+01 5.58E+01
Pu239 2.55E+03 2.36E+03
Pu240 1.10E+03 9.91E+02
Pu241 6.35E+02 5.89E+02
Pu242 2.44E+02 2.28E+02
Pu243 8.98ED2 6.08ED2
Pu244 1.46ED2 -
Am241 1.18E+01 1.44E+01
Am242 5.09ED2 4.63E02
Am242m| 2.39E01 1.97001
Am?243 452E+01 3.91E+01
Am244 3.69E03 4.19ED2
Cm242 5.54E+00 5.59E+00
Cm243 1.13E01 1.21E01
Cm244 1.35E+01 1.20E+01
Cm245 6.91E01 5.55ED01
Cm246 5.88E02 5.22E02
Cm247 6.35E04 4.51ED4
Cm248 3.31E05 2.34E05
Bk249 3.36ED7 3.23EL0

Cf249 3.05ED08 2.40ED7
Cf250 1.81ED7 3.40EL0
Cf251 3.89ED8 -
Cf252 1.93ED8 6.27E+01
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Table 2.7. Calculated FP masses [g] in PWR/UOX assembly at discharge
(469 kg of total initial HM)

CEA ANL

Kr83 1.88E+01 1.84E+01
RhR103 2.05E+02 1.95E+02
Rh105 8.38ED1 6.56E01
Ag109 3.64E+01 3.49E+01
1-135 3.30ED1 2.56E01
Xel3l 1.98E+02 1.92E+02
Xel35 8.85ED2 7.78ED2
Cs133 5.14E+02 4.96E+02
Csl34 6.11E+01 6.18E+01
Cs135 1.28E+02 1.42E+02
Csl137 5.73E+02 5.55E+02
Bal37m 8.80ED5 -
Ba140 1.43E+01 1.10E+01
Lal40 1.93E+00 1.49E+00
Nd143 3.59E+02 3.51E+02
Nd145 3.14E+02 3.08E+02
Nd148 1.77E+02 -
Pm147 9.51E+01 8.18E+01
Pm148 7.80ED1 5.33E01
Pm149 8.64ED1 7.36ED1
Smi147 2.38E+01 2.76E+01
Smi149 9.92ED1 1.02E+00
Sm150 1.39E+02 1.36E+02
Sm151 5.37E+00 5.90E+00
Smi152 5.06E+01 5.75E+01
Eu153 5.45E+01 5.57E+01
Eul54 1.12E+01 1.64E+01
Eul55 3.71E+00 2.26E+00
Eu156 2.59E+00 1.91E+00
Gd155 1.85E02 1.53E02

Comparison at discharge for MOX fuel

Tables 2.8 and 2.8how the masses in grams of tH& and FP, respectively, in the
454kgHM spent MOX assembly, calculated by CEA aA#lL. The benchmark
participantswere free to use these calculated compositions or produce them with their
codes/procedures in the same format and units (normalised to the 454 &HMass).
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Table 2.8.Calculated HM masses [g] in PWR/MOX assembly at discharge
(454 kg of total initial HM)

CEA ANL
U234 2.29E+01 3.90E+01
U-235 4.31E+02 4 54E+02
U-236 1.32E+02 1.28E+02
U-237 1.10E+00 1.52E04
U-238 3.96E+05 3.94E+05
Np236 2.55E04 1.89E04
Np236M 3.46E06 0.00E+00
Np237 9.44E+01 8.52E+01
Np238 2.07E01 2.83E06
Np239 3.67E+01 8.83ED4
Pu236 4.86ED4 3.43E04
Pu237 3.21E03 2.03E04
Pu238 1.04E+03 1.23E+03
Pu239 9.39E+03 9.83E+03
Pu240 8.24E+03 9.22E+03
Pu241 4.66E+03 4.86E+03
Pu242 3.64E+03 4.12E+03
Pu243 4.38E01 5.49E12
Pu244 4.53801 4.26E01
Am241 4.25E+02 5.97E+02
Am242 5.85E01 1.95604
Am242M 1.39E+01 1.51E+01
Am243 9.85E+02 1.03E+03
Am244 4.07ED2 0.00E+00
Cm242 1.13E+02 5.96E+01
Cm243 6.13E+00 6.09E+00
Cm244 6.92E+02 6.50E+02
Cm245 9.37E+01 7.88E+01
Cm246 8.57E+00 8.26E+00
Cm247 2.25E01 1.58E01
Cm248 1.77E02 1.14E02
Bk249 4.19ED4 1.61ED4
Cf249 1.22E04 1.39604
C£250 2.01E04 1.13E04
Cf251 3.75E05 2.06E05
Cf252 1.30ED5 6.28E06
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Table 2.9.Calculated FP masses [g] in PWR/MOX assembly at discharge
(454 kg of total initial HM)

CEA ANL
Kr83 2.13E+01 2.15E+01
Rh103 5.51E+02 5.97E+02
Ag109 1.43E+02 1.51E+02
1135 2.64E01 0.00E+00
Xel31 3.47E+02 3.69E+02
Xel35 2.15E01 0.00E+00
Csl133 8.52E+02 8.80E+02
Cs134 1.23E+02 9.69E+01
Cs135 6.57E+02 6.32E+02
Cs137 9.74E+02 9.69E+02
Bal37m 1.49E04 1.48ED4

Ba140 1.09E+01 6.04ED4

La140 1.47E+00 5.71E+05
Nd143 6.07E+02 6.22E+02
Nd145 4.59E+02 4.66E+02
Nd148 3.02E+02 2.99E+02
Pm147 1.13E+02 1.11E+02
Pm148 6.29ED1 6.28ED4

Pm149 6.57ED1 9.33E26

Smi147 5.88E+01 7.77E+01
Sm149 3.85E+00 4.66E+00
Sm150 2.49E+02 2.48E+02
Smi151 2.07E+01 2.11E+01
Sm152 9.05E+01 9.87E+01
Eul53 1.25E+02 1.28E+02
Eul54 4.62E+01 4.06E+01
Eul55 1.06E+01 9.51E+00
Eu156 3.07E+00 7.71ED4

Gd155 3.07E01 9.76ED1

2.4.3.Decay and gamma source

For the CEA approach, DARWINZ2.3 was also used for the decay calculation to grevide

assembl yébs l umped

fuel

inventory,

sources, and spectrum for up to 30 years after discharge. FéM\theapproach, the
discharged fuel composition from CASMO(for UOX) or DARWINZ2.3 (for MOX) were

lumpedinto a single mass as input into ORIGEN2 to provide the same parameters after 30

years of decay. The main parameter provided by these codes is thgnowttigamma
photon release rate from tRé after 30 years.
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Comparison for UOX fuel after 30 yearsdzgfcay

Tables 2.10 and 2.1dhow the masses in gramsHi¥l andFP, respectively, in the spent
UOX assembly after 30 years of cooling. The benchmark participesits asked to
produce these compositions with their codes/procedures in the same format tand uni
(normalised to the 469 kgHM total mass).

Table 2.10.Calculated HM masses [g] in PWR/UOX after 30 years (469 kg of total initial HM)

Table 2.11.Calculated FP masses [g] in PWR/UOX after 30 years (469 kg of total initial HM)

CEA ANL
U234 9.66E+01 7.55E+01
U235 3.82E+03 3.41E+03
U236 1.80E+03 1.68E+03
U237 4.64E06 4.30ED6
U238 4.42E+05 4.35E+05
Np237 2.04E+02 1.91E+02
Pu238 5.25E+01 4.89E+01
Pu239 2.61E+03 2.40E+03
Pu240 1.11E+03 9.96E+02
Pu241 1.49E+02 1.39E+02
Pu242 2.43E+02 2.28E+02
Am241 4.83E+02 4.50E+02
Am242 2.66ED6 1.72E01
Am242M 2.06E01 2.06ED6
Am243 4 51E+01 3.91E+01
Am244 1.10E17 0.00E+00
Cm244 4.26E+00 3.83E+00
Cm245 6.89ED1 5.5301
Cf251 3.80ED8 2.50E08
Cf252 7.46E12 5.08E12

CEA ANL
SK90 1.19E+02 -

Y-90 3.02ED2 -
Cs137 2.87E+02 2.77E+02
Bal37m 4.37ED5 4.24E05
Sm154 1.79E+01 -
Eu153 5.49E+01 5.57E+01
Eul154 9.99ED1 1.46E+00
Eu155 4.67E02 3.42ED2
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Comparison for MOX fuel after 30 years of decay

Tables 2.12 and 2.1show the masses, in gramsH¥ andFP, respectively, in the spent

MOX assembly after 30 years of cooling. The benchmark participaats asked to
produce these compositions with their codes/procedures in the same format and units
(normalised to the 454 kgHM total mass).

Table 2.12.Calculated HM masses [g] in PWR/MOX assembly after 30 years

(454 kg of total initial HM)

CEA ANL
U234 2 61E+02 3.02E+02
U235 4.39E+02 4.62E+02
U236 1.59E+02 1.57E+02
U237 3.41E05 3.64E05
U238 3.96E+05 3.94E+05
Np237 2 17E+02 2.16E+02
Pu238 9.09E+02 1.02E+03
Pu239 9.42E+03 9.83E+03
Pu240 8.68E+03 9.63E+03
Pu241 1.09E+03 1.18E+03
Pu242 3.64E+03 4.12E+03
Am241 3.87E+03 4.15E+03
Am242 1.54E04 1.58ED4
Am242m 1.20E+01 1.32E+01
Am243 9.83E+02 1.02E+03
Am244 3.97E14 0.00E+00
Cm244 2.18E+02 2.10E+02
Cm245 9.35E+01 7.86E+01
Cf251 3.66E05 2.01ED5
Cf252 5.01E09 2.70ED9

(454 kg of total initial HM)

CEA ANL
Sr90 9.74E+01 9.80E+01
Y-90 247802 2.46ED2
Cs137 4.88E+02 4.90E+02
Bal37 5.34E+02 5.36E+02
Bal37m 7.43ED5 7.50ED5
Sml54 5.29E+01 5.33E+01
Eu153 1.26E+02 1.28E+02
Eul54 4.11E+00 3.77E+00
Eul55 1.33801 1.50E01
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Comparisorof gamma sources

The energy discretisation is different for each code and the release rates from ORIGEN2
were artificially adjusted to preserve the total gamma energy, so there is no direct way to
compare the two release ratéable 2.14summarises theocles and libraries used for the
decay calculationslables 2.15 and 2.1give the calculated 3@ear gamma release rates

and contributions from each energy group for PWR assembly with UOX and MOX fuels,
respectively. Both CEA andiNL results includdremsstrahlung in thgamma source.

Table 2.14.Codes for decay and gamma source

Institutes Codes for depletion Nuclear Data Library
CEA DARWIN2.3 JEFF3.1.1
gxuo2brm.lib
ANL ORIGEN2 (ORIGEN photon library)

Table 2.15.Calculated 30year gamma release rates and contributions from each energy group for
PWR assembly with UOX fuel umber of energy groups and group structure can be different

CEA ANL
Eow Enigh Gamma Percent of Eow Enigh Gamma Percent of
[MeV] [MeV] release rate total gamma [MeV] [MeV] release rate total gammas
[photons/sec] [photons/sec]

0 0.0482 1.09E+14 11.71% 0 0.02 1.17E+14 10.16%
0.0482 | 0.0713 2 26E+13 2.42% 0.02 0.03 1.86E+13 1.62%
0.0713 | 0.106 9.04E+11 0.10% 0.03 0.045 6.91E+13 6.02%
0.106 | 0.156 4.20E+12 0.45% 0.045 0.07 3.53E+13 3.07%
0.156 | 0.231 1.08E+11 0.01% 0.07 0.1 7.09E+12 0.62%
0.231 0.342 8.02E+11 0.09% 0.1 0.15 9.61E+12 0.84%
0.342 | 0.507 1.70E+11 0.02% 0.15 0.3 4.05E+12 0.35%
0.507 | 0.75 7.87E+14 84.27% 0.3 0.45 6.11E+11 0.05%

0.75 1.25 5 10E+12 0.55% 0.45 07 8.72E+14 75.96%
1.25 1.75 3 77E+12 0.40% 0.7 1 7.05E+12 0.61%
175 2.25 1.94E+08 0.00% 1 15 7.69E+12 0.67%
2.25 2.75 1.34E+08 0.00% 15 2 2.30E+11 0.02%
2.75 3.5 9.12E+05 0.00% 2 25 8.86E+06 0.00%
3.5 45 2 25E405 0.00% 25 3 5.13E+06 0.00%
45 5.5 3.99E+04 0.00% 3 4 4.61E+06 0.00%
5.5 6.5 127E404 0.00% 4 6 1.97E+06 0.00%
6.5 75 1.72E402 0.00% 6 8 2.27E+05 0.00%
75 8.65 0.00E+00 0.00% 8 11 2.61E+04 0.00%
8.65 20 0.00E+00 0.00% Total 1.15E+15 100%
Total 9.34E+14 100%
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Table 2.16.Calculated 30year gamma release rates and contributions from each energy group for
PWR assembly with MOX fuel (lumber of energy groups and group structure can be different

CEA ANL
Eow Enigh Gamma Percent of Eow Enigh Gamma Percent of
[MeV] [MeV] release rate total gammas| [MeV] [MeV] release rate total gamma
[photons/sec] [photons/sec]

0 0.0482 5 02E+14 3.88% 0 0.02 8.57E+14 26.70%
0.0482 | 0.0713 1.79E+14 8.51% 0.02 0.03 1.16E+14 3.61%
0.0713 | 0.106 1.24E+13 0.59% 0.03 0.045 1.74E+14 5.42%
0.106 | 0.156 2.05E+13 0.97% 0.045 0.07 2.89E+14 9.00%
0.156 | 0.231 2.09E+12 0.10% 0.07 0.1 6.08E+13 1.89%
0.231 0.342 5.17E+12 0.25% 0.1 0.15 5.46E+13 1.70%
0.342 | 0.507 6.55E+11 0.03% 0.15 0.3 4.85E+13 1.51%
0507 | 075 1.35E+15 63.96% 0.3 0.45 1.76E+13 0.55%

0.75 1.25 2.08E+13 0.99% 0.45 0.7 1.55E+15 48.29%
1.25 1.75 1 55E+13 0.74% 0.7 1 2.08E+13 0.65%
175 2.25 9.20E408 0.00% 1 15 2.08E+13 0.65%
2.25 2.75 2 13E+08 0.00% 15 2 6.63E+11 0.02%
2.75 3.5 4.67E+07 0.00% 2 25 4.85E+08 0.00%
35 4.5 1156407 0.00% 25 3 3.86E+08 0.00%
4.5 5.5 2 O5E+06 0.00% 3 4 2.49E+08 0.00%
5.5 6.5 6.53E+05 0.00% 4 6 1.07E+08 0.00%
6.5 7.5 8.78E403 0.00% 6 8 1.23E+07 0.00%
7.5 8.65 0.00E+00 0.00% 8 11 1.41E+06 0.00%
8.65 20 0.00E+00 0.00% Total 3.21E+15 100%
Total 2.11E+15 100% ‘

2.4.4 Radiation and dose rate

Once the multgroup gamma source and-$8ar fuel composition were obtained, a
heterogeneous 3D assembipdel was created with this information and the geometry of
PWR 15x15 for UOX, and PWR 17x17 for MOX. Stochastic transport codes (TRIROLI

and MCNP5) were then used to calculate the gamma flux on a tangeivhy from the

axial midpoint.Figure 2.4shows a schematic of this model and where the gamma photon
flux is tallied. The assembly was assumed to be unshielded and surrounded by air at room
temperature. No axial buump distribution was taken into account. The fuel composition
and gamma source wererepad uniformly across each pin radially and axially.

Table 2.15ummarises the codes and libraries used for the radiation transport calculations.
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Figure 2.4. Schematic of gamma photon flux calculation

Photon flux tally
at surface

Active Height = 365.76 cm

SourceNEA EGAFCSdata 2020

Table 2.17.Codes for gamma transport

Institutes Codes for depletion Nuclear Data Library
CEA TRIPOH4 JEFF3.1.1
ANL MCNP5 ENDF/8&/11.0

The tallied flux in units of photons/cas is converted to a dose rate in units of Sv/h with
flux-to-doserate conversiofactors that are energiependent (sefeigure 2.5.

Table 2.1&hows the conversion factors and these values can be used to linearly interpolate
values between data points. The energy of each gamma particle at the tally surface was
usedto findtheconvdarson f act or to calcul ate that particl
Two conversion factor models were used for this study: one from the 1977 ANSI/ANS
report [4] and the other from the 1991 ANSI/ANS report [5], as showigiare 2.5 The

1977 version wa based on the maximum dose equivalent on a tsguivalent cylinder

(30cm diameter and 66m height) whereas the 1991 version considers the effective dose
equivalent based on a more realistic representation of the human body and organ weighting
factors[6]. Another major difference is that the 1991 conversion factor indicates that there
is no significant contribution to the dose from gammas with low energies (< 0.1 MeV)
whereasfor the 1977 conversion factor, there is a significant increase as tlun@nargy
decreases below 0.1 MeV. AlthougiNSI believes that the information contained in the
1991 standard is correct, a formal ANS review to determine its accuracy was not performed
in the allotted time. Therefore, it was officially withdrawn by ANSI @an American
national standar¢éh 2001 [6]. For this study, the dose rate results from both conversion
factor models are shown to determine the range of potential values and help highlight
potential sources of discrepancy between different code caleulapproaches. The
calculated dose rates are shownlables 2.19 and 2.2far the UOX and MOX fuels,
respectively.
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Figure 2.5.Flux-to-doserate conversion factors
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SourceNEA EGAFCS, 2020 using data frorANSI/ANS (1977) and ANSI/ANS (1991)

Table 2.18.Photon flux-to-dose rate conversion factorgvalues shown inFigure 2.5
in units of [Rem/hr/flux]

ANSIANS 1977 ANSIANS 1991
E, MeV factor E, MeV factor
1.00ED2 3.96E06 1.00ED2 2.21E08
3.00E02 5.82E07 1.30ED2 4.41E08
5.00E02 2.90ED7 1.60E02 6.45E08
7.00E02 2.58ED7 2.00ED2 8.58ED8
1.00ED1 2.83ED7 2.50ED2 1.04E07
1.50E01 3.79807 3.00ED2 1.15807
2.00801 5.01E07 4.00ED2 1.29E07
2.50E01 6.31ED7 6.00ED2 1.47ED07
3.00:01 7.59ED7 8.00ED2 1.67ED07
3.50801 8.78E07 1.00E01 1.91E07
4.0001 9.85ED7 1.50801 2.71ED07
450901 1.08ED6 2.00ED1 3.70ED7
5.00E01 1.17E06 2.50ED1 4.68E07
5.50801 1.27E06 3.00801 5.63ED7
6.00E01 1.36E06 4.00E01 7.44E07
6.50E01 1.44E06 6.00ED1 1.08ED6
7.00E01 1.52E06 8.008D1 1.38ED6
8.00E01 1.68E06 1.00E+00 1.65E06
1.00E+0( 1.98E06 1.20E+00 1.90ED6
1.40E+0( 2.51ED6 1.50E+00 2.25E06
1.80E+0( 2.99ED6 2.00E+00 2.77E06
2.20E+00 3.42E06 2.50E+00 3.24E06
2.60E+0(0 3.82E06 3.00E+00 3.69E06
2.80E+0(0 4.01E06 4,00E+00 4.50ED6
3.25E+0(0 4.41E06 5.00E+00 5.27E06
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Table 2.18.Photon flux-to-dose rate conversion factors (values shown Figure 2.5

Table 2.19.Calculated 3Gyear dose rates [Sv/h] at 1 m from the midpoint for a PWR with UOX

Table 2.20.Calculated 3Gyear dose rates [Sv/h] at 1 m from the midpoint for a PWR with MOX

in units of [Rem/hr/flux] (Continued)

ANSIANS 1977 ANSIANS 1991
E,MeV factor E, MeV factor

3.75E+0( 4.83E06 6.00E+0( 6.01ED6
4.25E+0( 5.23E06 8.00E+0( 7.46ED6
4.75E+0( 5.60E06 1.00E+01 8.92ED6
5.00E+0( 5.80E06 1.20E+01 1.04ED5
5.25E+0( 6.01ED6
5.75E+0( 6.37ED6
6.25E+0( 6.74ED6
6.75E+0( 7.11E06
7.50E+0( 7.66ED6
9.00E+0( 8.77ED6
1.10E+01] 1.03ED5
1.30E+01] 1.18ED5
1.50E+01 1.33E05

fuel with a uniform gamma source

Conversiofactor CEA ANL
1977 5.21 5.79
1991 4.76 4.56

fuel with a uniform gamma source

Conversiofactor CEA ANL
1977 9.46 10.96
1991 8.64 8.62

2.4.5.0ptional calculations

Participants were free to provide additional calculations that may help explain different
results and/or show the impacts of various assumptions. A few suggestions were provided:

)l

1
1
1
1

impact of homogeneous/heterogeneous geometry

impact of axial brn-up distribution

impact of gamma source group structure

impact of pirby-pin depletion instead of radially smearing out compositions

impact of using piby-pin gamma source distribution instead of radially smearing
out gamma source
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2.4.6.Validation benchmak

As mentioned above, the possibility of a comparison with experimental results would be
very interesting. According to the available data from the institutes participating in the
benchmark, a new phase could be considered, including the descriptienesptriment

and a comparison between measurements and calculated values. Thesdetimg
approach described Bection2.4 would be used but with specifications corresponding to
the experiment. One report [7] has been found so far that describes ededsse rates
from commercial spent fuel througteair, but only after a few years of cooling. Additional
details on these measured dose rates may be found in the techpartd [8,9]. Amore
extensive literature review is required to obtain more exyental data.
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3. Descri pppomaohiesaa (codes and nucl

3.1.General procedure

The objective of this work was to estimate the dose rate emitted imadiated PWR R
after some years of decay, at one or more points fromFfehroughthe air. The
methodology for the performance of this work was divided tinteecalculation steps:

1 Depletion: Gven the FA description and irradiation history conditions, the
dischargecomposition is to be calculated.

1 Decay: Aperiod of decay after discharge is to be simulated to obtain the isotopic
composition of the photon source. Also, the isotopic photon release rates that are
discretised into multiple gamma energy groups have tstmated.

1 Radiation: The multgroup gamma source is applied to a heterogen8@us
transport model of theA and the gamma flux away from the assembly is estimated,
calculating the corresponding dose rate usingfitigdose rate conversion factors.

The canprehensive calculation approach to predicting the dose rate of an assembly is
illustratedin Figure2.1 Differencesmay appear between the verification, sensitivity and
validation phases, since they involve different FA materials, irradiations, decaggaerd
detector locatiog) according to the specifications. However, as these parameters do not
alter the methodology procedutee approachwill be described as follows in a general
way.

3.2.Description of the codes used

Different simulation codes have been used by the participants to simulate the three
calculation steps (depletion, decay and radiation transport) needed to finally estimate the
dose rateTable 3.1shows the codes and the crasstion libraries used in tlsemulations,

divided into these three steps. Proper referencing can be found in the following subsections.

The depletion step contains a large variety of choices. Deterministic (APOLLO, BISTRO,
ERANOS, NEWT, ORIGENARP) and Monte Carlo (ALEPH, EVOLCODE,BNO,
MCODE, SERPENT, TRIPOlIcodes have been chosen with different libraries and
versions. The decay calculation step also includes a significant variety of codes. For the
photon transport step, all the participants have chosen different Monte Carlo Tedes
flux-to-dose conversion factor models were given as reference data for the benchmark: the
1977 ANSI/ANS conversion factofd] and the 1991 ANSI/ANS conversion fact¢z3.
Additionally, the response function H*(10), based on lfternational Commission on
Radiological ProtectiorfICRP) ICRP-74 recommendationf3], has also been used by
CEA. A brief description of the codes and libraries can be found in the next subsections.
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Table 3.1 Codes and libraries used by the participard for the three calculation steps

Photon Crosssection
Institution Depletion code Decay code transport liorar Photon library Comments
code y
ANL MCODE ORIGEN2 MCNP ENDF/&/11.0 MCPLIB04 -
ANL SERPENT ORIGEM MCNP ENDF/&/11.0 MCPLIB04 -
CEA APOLLO DARWIN TRIPOLI JEFR3.1.1 EPDLO7 For verificatio
CEA TRIPOLI TRIPOLI TRIPOLI JEFR3.1.1 EPDLO7 For validation
CNL SERPENT SERPENT MCNP ENDF/&/11.0
CIEMAT EVOLCODE ACAB MCNP JEFF3.2 MCPLIB84 -
ENEA APOLLO ORIGEM MCNPX JEFF3.1.1 MCPLIB04 -
ENEA NEWT ORIGEM MCNPX ENDF/&/11.0 MCPLIB04 -
ENEA SERPENT ORIGEM MCNPX ENDF/&/11.0 MCPLIB04 -
ENEA KENO ORIGEM MCNPX ENDF/&/11.0 MCPLIB04 -
ENEA ORIGEM\RP ORIGEMRP MCNPX ENDF/B/ MCPLIB04 -
TEND{2014/
KIT ERANOECCO ORIGEN MCNPX JEFF3.1 For UOX
MCPLIB04
TEND#2014/
KIT BISTREECCO ORIGEN MCNPX JEFF3.1 For MOX
MCPLIB04
ORANON ORIGEMRP ORIGEMRP TRIPOLI JEFF3.1.1 JEFF3.1.1 -
SCK CEN ALEPH ALEPH MCNP JEFF3.2 MCPLIB04 -
MCPLIB02/
VTT SERPENT SERPENT SERPENT JEFF3.1.2 ENDE/R/II1 -
3.2.1.ACAB

The Activation Abacus (ACAB)code[4] is a computer program designed to perform

activation and transmutation calculations for nuclear applications. The main computational
algorithm is based on that of the ORIGEdbde[5].

ACAB canperform spacelependent inventory calculations allowing for a very flexible
geometry and neutron flux description. The code solves the general nuclear transmutation
chains for multidimensional neutron flux distributions. ©aerd twadimensional mult

group neutron fluxes generated by discretdinates transport codes can be used. In
addition, ACAB can use thredimensional neutron fluxes generated by Monte Carlo
neutron transport codes allowing inventory calculations to be performed for complex
geometris. The multigroup neutron fluxes may be given in an arbitrary group structure.

3.2.2.ALEPH

ALEPH is a coupled neutronics and material evolution simulation system under continuous
developmentat SCKCEN since 2004. The current version, ALEPH v2 [6], couples any
version of the MCNP/MCNPX MontéCarlo code with a deterministi® depletion
equations module based on a Radau IIA implicit Rudgta method three stages,
accuracy order 5) as implemented in RADAUS solver THis algorithm, hard coded in
ALEPH v2, hasshown reasonable performance and excellent stability when solving the
system containing up to ~@00 equations for all known nuclides. A typical step of the
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ALEPH v2 simulation consists of an MCNP steadgte calculation to obtain the
transported particlfuxes andspectra that are used to prepare specauerage data to be
eventually used in a depletion solver to update the material compositions for the next
irradiation step. In the present case, the stestale calculations have been carried out
usingthe MCNP5 version 1.6[3].

Amongst the key features of the ALEPH v2, the full consistency in the nuclear data used
should be highlightedboth for the steadgtate Monte Carlo and for tirdependent
depletion calculations. ALEPH is capaldé usng almog all data supplied in basic
libraries, namely radioactive decay data (e.g. JBRFradioactive decay file contains
information for 3851 nuclides), total recoverable energy per fission of fissile nuclides,
spontaneous fission product yields, direct mautand proton fission product yields, and
heating numbers (kerma) due to neutron and photon irradiation of materials. For the present
calculationsthe continuous pointwise nuclear datare usedrom JEFF.3.2

3.2.3.APOLLO

The APOLLO2[9,1Q] is a neutron trangpt code using deterministic methods. It is
designed as a modular structure, providing the users with specific tools to solve dedicated
problems. APOLLO2 offers thus the possibility to perform reference calculations, with the
maximum precision allowed byhé available computers, as well as project routine
calculations that run faster and require less precision. Physical, numerical and structural
functions are built ito the code as modules that perform specific tasks (geometry, self
shielding, flux solveretc.) and can be viewed as operators that act on input objects to create
output objects. This specific structure of the code also allows an easy implementation of
new methods and models. The mugltoup isotopic library used in the code is obtained by
processing the most recent nuclear evaluations, without any-seat®n adjustment,
making it fully applicatioAndependent.

3.2.4.BISTRO

The discrete ordinate modulBidimensionel Sn TRansport Optimise. optimised tweo
dimensional Sn transport) BISTR[@1] in ERANOS[12] uses the Sn approximation to
solve the neutron transport solution.

3.2.5.DARWIN

DARWIN [13,14] is the French reference calculation package for the fuel cycle of all types

of reactors. It has been developed by the CEA and its French patinkes AREVA and

Electricité de FrancEDF)to estimate the physical quantities characterising the spent fuels

from reactors: material balance, decay heat k6 ¢
andradiotoxicity. DARWIN is devoted to all cycle stied, with current fueld{OX, MOX)

or innovative fuels and for every nuclear raacth as PWR, fast breeder reactor (FBR),

BWR, advanced reactor, elDARWIN is also used in the baand cycle for actinide

incineration or longerm interim storage studies.

3.2.6.ECCO

The European cell codeeCCO) cell/lattice code [15included in the ERANOSS3 package

uses the subgroup method to treat resonancestsielfling effets in 1D, 2D or 3D
calculations This method is particularly suitable for calculations involving complex
heterogeneous structures. ECCO preparesshadfded crossectionsand matrices by
combining a slowinglown treatment in many groups (1968 group#hhe subgroup
method within each fine group. The subgroup method takes into account the resonance
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structure of crossectionausingprobabilitytables and by assuming that the neutron source
is uniform in lethargy within a given fine group. Flux calculations in heterogeneous
geometry are performagsingthe collision probability method.

Self-shielded crossectionsand matrices are condensed an@arad to provide effective
crosssectionsand matrices in the useequired broad group scheme. The neutron balance
is preserved in ECCO after condensation and smearing. The effectivesectisasand
matrices produced by ECCO are subsequently used indie ERANOS calculations.

The user can chain several calculation steps to produce design (less accurate, faster) or
reference (more accurate, slower) calculations, or even to use specific capabilities,
according to the needs of a given study.

3.2.7.ERANOS

The European Reactor ANalysis Optigad calculation SystefERANOS [12], has been
developed and validated provide a suitablebasis for reliable neutrorécalculations of

current as well as advanced fast reactor cores. It consists of data librarienjristier

codes and calculation procedures which have been developed withiEuropean
Collaboration on Fast Reactors over the past 20 years to answer the needs of both industrial
and R&D organisations

The main contents of the ERANOS packagerarcleardata libraries (multgroup cross
sections), a cell and lattice code (ECCO), reactor flux solvers (diffusion, Sn transport, nodal
variational transport), lburn-up module, various processing modules (material and neutron
balance, breeding gainstc), tods related to perturbation theory and sensitivity analysis,
core followup modules, a finburn-up analysis subset (mass balances, activities, decay
heat, dose rates). Coupled neutron/gamma calculations are also possible using specific
libraries.

3.2.8.EVOLCODE

EVOLCODE 2.0 [16] is a combined neutronics dnarrup evolution simulation system.
Developed at CIEMAT, it is aimeatdescrbingtheburnupevolution of current and future
reactors in any range of operatsoand providng detailed spatial distribution and time
evolution of the isotopic composition of fuels and activated materials. The caode
estimate a great variety of nuclear reactor parameters. In particular, the capability of
making simulations of isotopic evolution the fuel for nuclear systems with very diverse
characteristics and reaching long fbalnups was focused. For these reasons, the present
version of the EVOLCODE system is based upon the MCNP/X cod@gJLTor the
neutronis transport simulation and ¢hORIGEN code for the depletion calculations. Any
version of these codes can be implemented in EVOLCODE 2.0. Alternatively, the user has
the option of using the ACAB code for depletion instead of ORIGEN to gain additional
capabilities.

Burn-up problems aresolved by EVOLCODE 2.0 using a time interval method consisting

of the successive calculation of first the neutron flux for fixed material densities at a given
time and later the depletion of these densities, using the hypothesis of constant neutron
flux. Given that the validity of the hypotheses of constant properties is limited in the
irradiation time, several calculations are needed to solve the system for the whole
irradiation period.
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3.2.9.KENO

KENO [19]is a3D Monte Carlo program developed and maintained for use as part of the
SCALE code packagf0] for criticality safety analyses. It can be used as part of a
sequence or as a standalgmegram.Its features includehe ability to calculae the
problemdependent neutron lifetime and generation time, erdeggndent leakages,
fission densities, and energgnd regiordependent absorptions, fission, and fluxes. A
problem can be solved ugirither multigroup crossections or continuous energy cross
sections

3.2.10.MCNP/X

MCNP/X [18,17,2] is a multipurpose Monte Carlo radiation transport code that tracks
numerous particles (neutron, photon, electron, etc., and coupled transport) at different
erergies in ggeneralBD geometry. This code has been develogieldos Alamos National
Laboratory(LANL) overnearly sixty years. Specific areas of application includeabeait

not limited to, raddlogical protectionand dosimetry, radiation shielding, ragiaphy,
medical physics, nuclear criticality safety, detector design and analysis, nuclear oil well
logging, accelerator target design, fission and fusion reactor design, decontamination and
decommissioning.

Pointwise crossection data typically are usedthough grougpwise data also are available.

For neutrons, all reactions given in a particular csmgion evaluation are accounted for.
Thermal neutrons are described by both the free gas anio) &fodels. For photons, the
code accounts for incoherearid coherent scattering, the possibility of fluorescent emission
after photoelectric absorption, absorption in pair production with local emission of
annihilation radiation, and bremsstrahlung. Important standard features that make MCNP
very versatile anakasy to use include a powerful general source, criticality samde
surface source, both geometry and output tally plotters, a rich collection of variance
reduction techniques, a flexible tally structure, and an extensive collection cEeci&En

dat.

3.2.11.MCODE

MCODE Version 2.2 is a linkage progratmat combines the continuotenergy Monte
Carlo code, MCNRIC, and the ongroup depletion code, ORIGEN2, to perform bum
calculations for nuclear fission reactor systems [22]. MCNP is used as the adviaysied
modelling tool providing the neutron flux solution and detailed reaction rates in the
predefined spatial buraup zones. ORIGEN, in turn, carries out nualticlide depletion
calculations in each region and updates the corresponding material dionpivsithe
MCNP model. The MCNP/ORIGEN coupling follows the prediatorrector approach.

As a standalone code written in ANSI C, MCORR is portable between Windows

personal computers (PCbs) and UNI X/ Linux mach
MCODE-2.2: (1) preprocto preprocess MCNP/ORIGEN libraries; (2hcodeas the

console to run steadgtate burrup/decay calculations; and (@codeouto collect results

from scattered data files under temporary directory and produce a detailed outet, Fur

there is an auxiliary program called mcnpxs, ahhis to prepare a nuclide summéaaple

of continuous energy MCNP cresection libraries. The routine usage of MCOBRER only

requires a tandem running of the three utility codes. The auxiliary wmigxs, is intended

to help users during the code installation/setup. Compared to other similar linkage codes,
MCODE-2.2 emphasises functionality, versatility and usability
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3.2.12.NEWT

The New ESchasedweighting transportode (NEWT) [23] is a multigroup discete
ordinates radiation transport computer code with flexible meshing capabilities that allow
two-dimensionalD neutron transport calculations using complex geometric models. It is
included in the SCALE code package. The differencing scheme employedWy NEe
extended step characterisapproach, allows a computational mesh based on arbitrary
polygons. Such a mesh can be used to closely approximate curved or irregular surfaces to
provide the capability to model problems that were formerly difficulinguractical to

model directly with discreterdinates methods. Automated grid generation capabilities
provide a simplified user input specification in which elementary bodies can be defined
and placed within a problem domain. NEWT can be used for eigenalticatbuckling
correction and source calculations, and it can be used to prepare collapsed weighted cross
sectiondn AMPX working library format. Like other SCALE modules, NEWT can be run

as a standalone module or as part of a SCALE sequence.

3.2.13.0RIGEN2/S/ARP

ORIGENZ2 [24] is a versatile polttepletion and radioactiveecay computer code for use

in simulating nuclear fuel cycles and calculating the nuclide compositions and
characteristics of materials contained therein. It was developed at the Oak\Rtdyel
Laboratory (ORNL)and distributed worldwide beginning in the early 1970s. Included in
ORIGENZ are provisions for incorporating data generated by more sophisticated reactor
physics codes, a frdermat input, and a highly flexible and controllable output; with these
features, ORIGEN2 has the capability for simulating a wide variety of fuel cycle flow
sheets.

The decay, crossection, fission product yield and photon emission databases employed
by ORIGENZ2 have been extensively updated, and the list of reactors that camliagesim
includes pressurised water reactors, boiling water reactors, -lioetidl fat breeder
reactorsandCanada deuterium uranium reactors.

ORIGEN-ARP [25] is a SCALE depletion analysis sequence usegeidorm point
depletion calculations with the ORIGESI code[26] using problerdependent cross
sectionsProblemdependent crossection libraries are generated usingah®matic rapid
processingARP) moduleusing an interpolation algorithm that opesabn pregenerated
libraries created for a range of fuel properties and operating conditions. Methods are
provided in SCALE to generate these libraries using,ofweo- and threedimensional
transport codes.

3.2.14.SERPENT

SERPENT [27] is a multpurposethreedimensional continuowenergy Monte Carlo
particle transport codénat has beedevelopedat VTT since2004. The code is capable of
reactor physics modelling, muiphysics simulations and neutron, photon and coupled
neutron/photon transport calctitans for various purposes.

The basic geometry description iERPENTrelies on a universbased constructive solid
geometry (CSG) modelyhich allows the description of practically any twar three
dimensional fuel or reactor configuration. Complicatedgular systems can be modelled
using CAD and unstructured mediased geometry types.

Particle transport in ERPENT is based on the combination of conventional surface
tracking and the Woodcock deltiiacking method. A weightvindow based variance
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reducton scheme supportte MCNP WWINP mestormat. £ERPENTalso has a built
in importance solver based on the response matrix method.

SERPENThas builtin stateof-the-art routines for depletion calculations and no coupling

to external solvers is needed. The primary method used for solving the Bateman depletion
equations is based on tl@&hebyshev Rational Approximation Method (CRAM), an
advancd matrix exponential solution developed f&FPENTat VTT.

Photon physics routines inERPENT [28] cover the basic interactions from 1 keV to
100 MeV. In ERPENT 2.1.30 and prior, photoatomic reaction cregstions which
determine mean free paths arehction probabilities, are read from a udefined A
Compact ENDF (ACE) format library, whereas form factors, incoherent scattering
functions, fluorescence data and photoionisation shell probabilities are from ENDF/B
VII.1, which is derived from the Evadtted Photon Data Library (EPDL) EPDL97 and
Evaluated Atomic Data Libran\eADL91) [29]. SERPENTalso uses Comptqrofile data

[30] for Doppler broadening of Compteatattered photons. The photon source generation
can be obtained from a radioactive decayrse or combined with a buup or activation
calculation performed using builh automated calculation routines.

3.2.15.TRIPOLI

TRIPOLI-4® [31] solves the linear Boltzmann equation for neutrons, photons, electrons
and positrons, with the Monte Carlo methodamy 3D geometry. TRIPOL® has its

native geometry package, allowing for both a pure suff@sed representation and a
combinatorial representation with predefined shapes and Boolean operators (any
combination of these two kinds of representations eaadopted).

3.3. Description of the nuclear data libraries

Participants usedifferent nuclear data libraries to obtain the dose rate. These nuclear data
libraries, shown infable 3.1, can be divided into neutron cresstion libraries for the
depletion step and photon libraries for the final photon transport.

The neutron crossection libraries contaiseverablata types, including neutron and proton
interaction data, radaxtive decay data, fission yield data, and thermal scattering law data.
In this work, participants have mainly chosen the JEEElearDatalLibrary (developed
within the NEA) and the ENDF/BluclearDatal ibrary, which isco-ordinated byhe Cross
Section Faluation Working GrougCSEWGY.

For the case of the JEFF library, different versions have been used, includin®.JEFF
[32], JEFF3.1.1[33] , JEFF3.1.2[34] (these three versions with incident neutron data for
381 isotopesand JEFF3.2[35] (with incident neutron data for 472 nuclides or elersent
Different versions of the ENDF/B library have also been Lisetliding versions ENDF/B

V [36] and ENDF/BVII.0 [37], with information about 295 and 393 targets or materials,
respectively.

The Evaluated Photon Data Librgi38], 1997 version (EPDL97hnd derived libraries
werethe most frequery chosen photon libraryin this work. It was designed for use in
photon transport calculations at Lawrence Livermore Natibabbratory (LLNL). This
library includes photon interaction data for all elements aithtomic number between Z

= 1 (hydrogen) and 100 (fermium), including photoionisation, photoexcitation, coherent

2 Co-operative effort by Canada and the United States
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and incoherent scattering, and pair and triplet production essons For use in
applicationsdata is provided for all elements over the energy rafdeeV to 100 GeV.

The photoatomic data library MCPLIB(Q39] contains a set of data taken from END¥/B
Vlrelease 8, including crossection, form factor, scattering functiorddiuorescence data.
These data are derived from EPDL97. The photoatomic data library MCPI4BB4s
identical to the MCPLIBO4 dataxceptfor the array given fothe Compton broadening
where ituses a cumulative distribution function instead of a proitity distribution
function, with impact only orthe calculations of detector efficiency curves for photon
measurementsyhich arenot applicable to this work.

Finally, arother library used by the participants is the TALYS Evaluated Nudesa
Library (TENDL) [41], created from the nuclear model code TALMR]. This library
consists of a complete set of nuclear reaction data for incident neutrons)garatother
particles for 2430 isotopes.
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4. Ver i fi cation step

This chapter is asummary of the different contributions. More details about each
participantdéds contriléAtion can be found in Ap|

4.1. Abstract

A codeto-code benchmark comparing nuclide masses, photon release rates and gamma
dose rates a 1m distance from #WRUOX and PWRMOX was conducteavith nine
participants. The benchmark included 46/20 HM nuclides 38l FPs at discharged

years after discharge. The agreement between nuclide masses was good, especially for the
examinedFPs The largest discrepancies between paditip occurred in somelM

nuclides with small concentrations. Gamma dose rates were calculated at 3.7 and 30 years
after discharge using two different photon fiisxdose rate conversion factors. The
agreement between participants was quite good withvelatandard deviation®kSD)

from 7 to 15%.

4.2 Introduction

The purpose of the code-code benchmark is to verify modern calculation methods and
to examine the selfrotection properties of spent PWROX and PWRMOX fuel after 30

years of cooling. The setfrotection dose rate is consideredtbg IAEA and L& NRC to

be 1Sv/h at Im from the assembly [1]. The benchmark includesmparison of a fixed

set ofHM and FP massest discharge and 30 years after discharge, total gamma release
rates, and calculatezfjuivalent dose rates (EDR) 30da3.7 years after discharge. These
values are reported for each participant along with the average of all partici@gnts (
standard deviation (S@ndtheRSD.TheRSD indicates a degree of consistency between
the resultalculated by the participants.small RSD indicates good agreement ariiig

RSD indicates poor agreement.

of

YO -
v P

voUy 43 p T
o

Two different conversion factor models were used in the study to convearalthdated
photon flux[photon/cni-s] into dose rates [Sv/h]: a conversion factor from the 1977 ANSI
standard [2] and a conversion factor from the 1991 ANSI standard [3]. The conversion
factors are presentedhigure 2.5The figure indicates that the o@rsion factors are quite
similar except in low energies (< OMeV). The 1977 conversion factor emplsasi the
low-energy region whereas the 1991 conversion factor gives it less weight than the higher
energies.

4.3.Nuclide masses at discharge and after 30 ymeof decay
This section presents nuclide masses calculated for both B@/R and PWRMOX

assemblies. The masses are presented as grams in the whole assembkg off 4tifal
HM (UOX) or 454kg of initial HM (MOX).
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HM andFP masses for the UOX assemiaise presenteih Tables 4.1 to 4.4Theaverage
values of all participants together with the RSD after 30 years of decay for the UOX
assembly are also presentedrigures 4.1 and 4.2.

Generally,a quite good agreement was found in the calculatBtimassedor the UOX
assembly,with the RSDs remaining mostly below 30%. The RSDs for uranium and
plutonium isotopes 30 years after discharge were below 11%. The RSD*fUtheass
was 0.5%. Large RSDs around 100% were found¥8¥Np, 2%u (at dischargef*Am,

24%Ct and®®'Cf. The largest RSD, over 250% was found®ficf mass. All these nuclides
had very small massashich naturally makes their tracking more prone to errors.

Quite good agreement was found also in the calculadasses. The largest RSBom

20 to 30% at discharge were found f&#Pm, *Pm and'®*Gd. The largest RSDs in the
masses of the nuclides studied aftery@@rsof decay were 13% fo**Eu and 19% for
1%%Eu. The RSDs of all other nuclides aftery@@irsof decay were less than 2.2%. The main
contributor to the gamma dose rate aftey8arsof decay is='Cs/*"MBa (661.65%keV).
The RSD of these nuclides was around 1%.
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Table 4.1.UOX HM masses [g] at discharge

CEA ANL KIT CNL ENEA ENEA ENEA ENEA ENEA | SCK CEN VTT ORANOTN CIEMAT
Nuclide APOLLO | CASMO-4E NMMMWm SERPENT APOLLO NEWT | SERPENT KENO O_M,_MW_WZ. ALEPH | SERPENT OM"NO_WZy EVOLCODE * sb RSD ]
U-234 8.29E+01| 6.27E+01] 7.87E+01| 8.23E+01| 8.14E+01| 8.38E+01| 8.31E+01] 8.26E+01| 8.19E+01| 8.26E+01] 9.35E+01| 8.21E+01| 8.32E+01| 8.16E+01| 6.60E+00| 8.1
U-235 3.82E+03| 3.41E+03| 3.41E+03| 3.80E+03| 3.69E+03| 3.83E+03| 3.64E+03| 3.93E+03| 3.66E+03| 3.79E+03| 3.81E+03[ 3.73E+03| 3.71E+03| 3.71E+03| 1.53E+02 4.1
U-236 1.80E+03| 1.68E+03| 1.85E+03| 1.81E+03| 1.80E+03| 1.81E+03| 1.81E+03| 1.80E+03| 1.83E+03| 1.78E+03| 1.80E+03| 1.88E+03| 1.80E+03| 1.80E+03| 4.63E+01 2.6
U-237 5.84E+00| 5.67E+00| 6.69E+00| 6.01E+00[ 5.49E+00[ 5.77E+00[ 5.81E+00| 5.90E+00| 6.04E+00| 3.33E+00| 6.01E+00| 6.47E+00| 4.97E+00| 5.69E+00 8.24E-01 14
U-238 4.42E+05| 4.35E+05| 4.41E+05| 4.43E+05( 4.43E+05| 4.42E+05| 4.43E+05| 4.42E+05| 4.43E+05| 4.42E+05| 4.43E+05| 4.43E+05( 4.43E+05| 4.42E+05| 2.18E+03 0.49
Np-236 1.41E-04| 7.18E-04 7.76E-04| 5.24E-04| 1.62E-04| 6.88E-04| 1.76E-04| 7.91E-05| 4.58E-04| 5.81E-04| 8.18E-05| 5.49E-04| 4.11E-04| 2.66E-04 65
Np-236m| 7.28E-06 3.20E-09 1.06E-05| 2.86E-09| 1.11E-05| 4.05E-06| 1.84E-06| 5.23E-09| 4.01E-06 4.32E-06| 4.42E-06 102
Np-237 | 1.84E+02| 1.72E+02 2.08E+02 1.90E+02| 1.75E+02| 1.85E+02| 1.84E+02| 1.90E+02| 1.88E+02| 1.96E+02| 1.87E+02[ 2.00E+02| 1.86E+02| 1.88E+02| 9.66E+00| 51
Np-238 8.22E-01| 6.19E-01| 9.76E-01| 8.26E-01| 7.83E-O1| 7.80E-01| 7.78E-01| 8.00E-O1| 8.42E-01| 4.96E-01| 8.38E-01| 8.93E-01| 7.00E-01| 7.81E-01| 1.21E-01 15
Np-239 | 5.93E+01| 4.53E+01| 6.63E+01| 6.09E+01| 5.92E+01| 6.01E+01] 5.94E+01| 6.11E+01| 5.90E+01| 3.12E+01| 6.04E+01| 5.70E+01{ 4.91E+01| 5.60E+01]| 9.18E+0O0 16
Pu-236 | 4.71E-04 1.27E-05| 4.50E-04( 6.96E-04| 1.12E-05| 7.31E-04| 2.67E-04| 2.15E-04| 3.40E-06| 2.78E-04| 2.81E-06( 2.85E-04| 2.73E-04 96
Pu-237 1.35E-04 1.81E-04| 1.29E-04| 1.79E-04| 1.56E-04| 1.93E-04| 1.55E-04| 1.26E-04( 1.41E-04( 1.59E-04| 1.23E-04| 1.52E-04| 2.41E-05 16
Pu-238 | 6.04E+01| 5.58E+01| 7.13E+01| 5.98E+01| 5.80E+01| 5.73E+01| 5.49E+01| 5.97E+01 6.00E+01| 7.67E+01| 6.14E+01] 6.51E+01| 6.22E+01| 6.17E+01| 6.16E+00| 10
Pu-239 | 2.55E+03| 2.36E+03| 2.71E+03| 2.62E+03| 2.51E+03| 2.65E+03| 2.45E+03| 2.80E+03| 2.52E+03| 2.44E+03| 2.62E+03| 2.45E+03| 2.50E+03| 2.55E+03| 1.24E+02 4.9
Pu-240 | 1.10E+03| 9.91E+02| 1.18E+03| 1.09E+03| 1.10E+03| 1.11E+03| 1.11E+03| 1.13E+03| 1.10E+03| 1.01E+03| 1.10E+03| 9.69E+02| 1.09E+03| 1.08E+03| 5.80E+01 5.4
Pu-241 | 6.35E+02| 5.89E+02| 7.02E+02 6.47E+02| 6.32E+02| 6.44E+02| 5.98E+02| 6.71E+02| 6.06E+02| 6.59E+02| 6.45E+02 6.97E+02| 6.13E+02| 6.42E+02| 3.52E+01 55
Pu-242 | 2.44E+02| 2.28E+02| 2.85E+02| 2.37E+02| 2.49E+02| 2.35E+02| 2.33E+02| 2.33E+02 2.41E+02| 2.71E+02| 2.42E+02| 2.58E+02| 2.40E+02| 2.46E+02| 1.66E+01 6.7
Pu-243 8.98E-02| 6.08E-02| 1.14E-01| 9.96E-02| 8.77E-02| 9.74E-02( 9.29E-02| 9.78E-02| 9.88E-02| 5.99E-02| 9.03E-02| 1.14E-01| 7.33E-02| 9.05E-02( 1.71E-02 19
Pu-244 1.46E-02 1.29E-02| 1.56E-02( 8.99E-03| 1.52E-02| 1.40E-02| 1.54E-02| 9.72E-03| 9.61E-03| 1.47E-02| 1.03E-02( 7.32E-03| 1.24E-02| 2.97E-03 24
Am-241 | 1.18E+01| 1.44E+01| 1.25E+01| 1.30E+01| 1.17E+01 1.31E+01 1.20E+01f 1.37E+01] 1.22E+01| 2.02E+01| 1.19E+01| 1.35E+01| 1.27E+01| 1.33E+01| 2.23E+00 17
Am-242 | 5.09E-02| 4.63E-02| 5.85E-02| 5.07E-02| 5.06E-02| 4.90E-02 4.73E-02| 5.00E-02| 4.36E-02| 5.65E-02| 5.30E-02| 4.85E-02| 5.13E-02| 5.05E-02( 3.99E-03 7.9
Am-242m| 2.39E-01| 1.97E-01| 1.99E-01| 1.43E-01| 2.36E-01| 1.82E-01| 1.24E-01| 1.96E-01| 2.44E-01| 3.79E-01| 1.51E-01| 2.78E-01| 2.69E-O1| 2.18E-01| 6.78E-02 31
Am-243 | 4.52E+01| 3.91E+01| 5.70E+01| 4.95E+01| 4.48E+01| 4.94E+01| 4.62E+01| 4.97E+01| 5.08E+01| 5.70E+01| 4.52E+01| 5.45E+01| 4.43E+01| 4.87E+01| 5.27E+00 11
Am-244 | 3.69E-03| 4.19E-02 4.16E-03| 5.84E-02( 4.05E-03| 3.69E-03| 4.12E-03| 6.18E-02| 2.98E-02| 3.72E-03| 6.86E-02| 4.80E-02( 2.77E-02( 2.66E-02 96
Cm-242 | 5.54E+00| 5.59E+00| 6.50E+00| 5.42E+00| 5.60E+00| 5.26E+00| 5.03E+00| 5.36E+00( 4.63E+00| 8.31E+00| 5.78E+00| 4.98E+00| 6.16E+00| 5.70E+00| 9.23E-01 16
Cm-243 | 1.13E-01| 1.21E-01| 1.43E-01| 1.12E-01| 1.15E-01| 1.08E-01| 1.00E-01| 1.12E-01| 1.16E-01| 2.29E-01| 1.16E-01( 1.18E-01| 1.57E-01| 1.28E-01| 3.39E-02 27
Cm-244 | 1.35E+01| 1.20E+01] 1.95E+01] 1.51E+01| 1.36E+01| 1.49E+01| 1.32E+01| 1.53E+01| 1.44E+01| 1.92E+01] 1.36E+01| 1.48E+01] 1.29E+01| 1.48E+01| 2.25E+00| 15
Cm-245 | 6.91E-01| 5.55E-01| 1.01E+00| 9.00E-01| 6.94E-01| 8.38E-01| 7.26E-01| 8.99E-01( 5.37E-01| 1.19E+00| 7.10E-01| 5.24E-01| 7.26E-01| 7.69E-01| 1.94E-01 25
Cm-246 | 5.88E-02| 5.22E-02| 9.23E-02| 7.51E-02| 6.05E-02| 7.03E-02| 6.39E-02( 7.19E-02( 4.70E-02| 1.07E-01| 5.87E-02| 4.19E-02| 5.93E-02| 6.61E-02| 1.78E-02 27
Cm-247 | 6.35E-04| 4.51E-04| 1.13E-03| 8.08E-04| 6.52E-04| 7.50E-04| 6.49E-04| 7.94E-04( 4.45E-04| 1.26E-03| 6.51E-04| 3.75E-04| 6.05E-04| 7.08E-04| 2.54E-04 36
Cm-248 | 3.31E-05| 2.34E-05| 6.65E-05| 4.53E-05| 3.41E-05| 4.14E-05| 3.47E-05| 4.44E-05 2.40E-05| 7.53E-05| 3.37E-05| 2.00E-05| 3.06E-05| 3.90E-05| 1.62E-05 42
Bk-249 3.36E-07| 3.23E-10| 5.66E-07| 8.09E-07| 3.42E-07| 4.20E-07( 3.25E-07| 4.74E-07| 2.44E-07| 7.82E-07| 6.10E-07| 1.94E-07| 3.12E-07| 4.16E-07( 2.30E-07 55
Cf-249 3.05E-08| 2.40E-07| 2.10E-07| 1.02E-07| 3.09E-08| 3.82E-08( 2.78E-08| 4.37E-08| 2.17E-08| 1.34E-07| 7.91E-08| 1.70E-08| 3.36E-08| 7.76E-08( 7.41E-08 96
Cf-250 1.81E-07| 3.40E-10| 3.56E-07| 4.96E-18| 1.84E-07( 1.73E-07| 1.46E-07| 1.86E-07| 5.54E-08| 4.73E-07 4.28E-08( 1.69E-07( 1.64E-07| 1.39E-07 85
Cf-251 3.89E-08 1.92E-07| 1.48E-13| 4.03E-08| 6.67E-08| 5.26E-08| 7.39E-08| 2.96E-08( 1.15E-07| 1.60E-13| 2.34E-08| 3.71E-08| 5.58E-08| 5.33E-08 96
Cf-252 1.93E-08 1.09E-06 2.07E-08| 3.33E-08| 2.73E-08| 3.53E-08| 1.53E-08| 6.38E-08 1.16E-08| 1.88E-08( 1.33E-07| 3.35E-07 252
Total 4.53E+05| 4.44E+05 4.52E+05| 4.53E+05| 4.53E+05| 4.53E+05| 4.53E+05| 4.53E+05| 4.53E+05| 4.52E+05| 4.53E+05| 4.53E+05| 4.53E+05| 4.52E+05| 2.43E+03] 0.54
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Table 4.2.UOX FP masses [g] at dischage

CEA ANL KIT CNL ENEA ENEA ENEA ENEA ENEA SCKCEN V1T ORANO TN  CIEMAT
Nuclide ERANOS- x SD RSD [%]
APOLLO | CASMO-4§ ECCO SERPENT| APOLLO NEWT SERPENT KENO | ORIGEN-ARP ALEPH SERPENT| ORIGEN-ARPEVOLCODH

Kr-83 1.88E+01| 1.84E+01| 1.84E+01| 1.94E+01| 1.87E+01| 1.92E+01| 1.94E+01| 1.92E+01( 1.92E+01| 1.94E+01| 1.93E+01| 1.93E+01| 2.04E+01| 1.92E+01 5.06E-01 2.6
Rh-103 2.05E+02 | 1.95E+02 | 1.90E+02| 2.03E+02| 2.05E+02| 2.05E+02| 2.03E+02| 2.05E+02 | 2.04E+02| 2.13E+02| 2.06E+02 | 2.04E+02| 2.04E+02| 2.03E+02| 5.52E+00 2.7
Rh-105 8.38E-01 6.56E-01 8.04E-01 8.45E-01 7.66E-01 7.91E-01 7.67E-01 7.55E-01 4.56E-01 8.16E-01 7.89E-01 6.60E-01 7.45E-01 1.09E-01 15
Ag-109 3.64E+01| 3.49E+01| 4.30E+01| 3.77E+01| 3.67E+01| 3.76E+01| 3.70E+01| 3.76E+01| 3.67E+01| 4.30E+01| 4.17E+01( 3.74E+01| 4.40E+01| 3.87E+01| 3.03E+00 7.8

1-135 3.30E-01 2.56E-01 3.24E-01 3.39E-01 3.29E-01 3.36E-01 3.38E-01 3.36E-01 3.38E-01 1.72E-01 3.30E-01 3.33E-01 2.72E-01 3.10E-01 4.92E-02 16
Xe-131 1.98E+02 | 1.92E+02 | 1.85E+02| 1.99E+02| 1.92E+02| 2.00E+02| 2.01E+02| 2.00E+02 | 1.96E+02| 1.99E+02| 1.97E+02 | 1.96E+02| 1.99E+02| 1.96E+02| 4.51E+00 23
Xe-135 8.85E-02 7.78E-02 7.86E-02 9.23E-02 8.68E-02 9.22E-02 8.47E-02 9.26E-02 8.83E-02 7.65E-02 9.04E-02 9.07E-02 8.17E-02 8.62E-02 5.81E-03 6.7
Cs-133 5.14E+02 | 4.96E+02 | 5.07E+02| 5.20E+02| 5.15E+02| 5.24E+02| 5.22E+02| 5.24E+02 | 5.28E+02| 5.23E+02| 5.14E+02 | 5.34E+02| 5.12E+02| 5.18E+02 | 9.90E+00 1.9
Cs-134 6.11E+01| 6.18E+01| 6.49E+01| 6.27E+01( 6.13E+01| 6.15E+01| 6.08E+01| 6.15E+01( 5.57E+01| 5.76E+01| 6.20E+01| 5.73E+01( 5.92E+01| 6.06E+01| 2.48E+00 4.1
Cs-135 1.28E+02 | 1.42E+02 | 1.15E+02| 1.30E+02| 1.26E+02| 1.31E+02| 1.23E+02| 1.30E+02 | 1.33E+02| 1.87E+02| 1.29E+02 | 1.30E+02| 1.45E+02| 1.35E+02 | 1.74E+01 13
Cs-137 5.73E+02 | 5.55E+02 | 5.73E+02| 5.75E+02 | 5.67E+02| 5.72E+02| 5.74E+02| 5.72E+02( 5.78E+02| 5.74E+02| 5.73E+02| 5.80E+02 | 5.62E+02| 5.71E+02| 6.68E+00 1.2
Ba-137m | 8.80E-05 8.83E-05 8.82E-05 | 8.82E-05 | 8.82E-05 | 8.91E-05| 8.83E-05| 881E-05| 894E-05| 8.62E-05| 8.82E-05| 8.50E-07 1
Ba-140 1.43E+01| 1.10E+01| 1.38E+01| 1.43E+01 1.42E+01| 1.43E+01| 1.42E+01| 1.43E+01| 7.46E+00| 1.43E+01| 1.42E+01| 1.17E+01| 1.32E+01| 2.12E+00 16
La-140 1.93E+00 | 1.49E+00| 1.88E+00 | 1.94E+00| 1.93E+00| 1.92E+00| 1.94E+00| 1.92E+00| 1.94E+00| 1.01E+00 | 1.94E+00| 1.93E+00| 1.59E+00| 1.80E+00| 2.78E-01 15
Nd-143 3.59E+02 | 3.51E+02| 3.50E+02| 3.62E+02| 3.58E+02| 3.63E+02| 3.58E+02| 3.63E+02| 3.62E+02| 3.62E+02| 3.59E+02| 3.65E+02| 3.56E+02| 3.59E+02| 4.64E+00 13
Nd-145 3.14E+02 | 3.08E+02| 3.05E+02 | 3.10E+02| 3.15E+02| 3.10E+02| 3.11E+02 | 3.10E+02| 3.15E+02| 3.18E+02| 3.15E+02| 3.16E+02| 3.12E+02| 3.12E+02| 3.55E+00 11
Nd-148 1.77E+02 1.71E+02 | 1.75E+02 | 1.77E+02| 1.75E+02| 1.74E+02| 1.75E+02| 1.73E+02| 1.77E+02| 1.75E+02| 1.73E+02| 1.70E+02| 1.74E+02| 2.23E+00 13
Pm-147 9.51E+01| 8.18E+01| 8.26E+01| 9.29E+01| 9.53E+01| 9.22E+01| 9.38E+01( 9.42E+01| 8.95E+01| 8.18E+01| 9.45E+01| 8.95E+01| 9.08E+01| 9.03E+01| 5.07E+00 5.6
Pm-148 7.80E-01 5.33E-01 7.22E-01 7.95E-01 7.75E-01 8.02E-01 7.92E-01 7.80E-01 6.53E-01 4.80E-01 7.91E-01 6.63E-01 1.19E+00 7.50E-01 1.68E-01 22
Pm-149 8.64E-01 | 7.36E-01 | 9.12E-01 [ 8.66E-01 | 8.63E-01 | 8.51E-01 [ 866E-01 | 843E-01| 9.67E-01 | 4.00E-01 [ 866E-01 | 9.81E-01 | 5.03E-01 [ 809E-01 | 1.71E-01 21
Sm-147 2.38E+01| 2.76E+01| 2.11E+01| 2.33E+01| 2.39E+01| 2.34E+01| 2.37E+01| 2.37E+01( 2.31E+01| 3.99E+01| 2.35E+01( 2.34E+01| 2.77E+01| 2.52E+01| 4.75E+00 19
Sm-149 9.92E-01 | 1.02E+00| 9.98E-01 [ 1.08E+00| 9.70E-01 | 1.08E+00| 9.78E-01 [ 1.07E+00| 1.13E+00| 8.76E-01 [ 1.01E+00| 1.19E+00| 6.82E-01 [ 1.01E+00| 1.26E-01 13
Sm-150 | 1.39E+02| 1.36E+02 | 1.38E+02| 1.40E+02| 1.39E+02 | 1.38E+02| 1.39E+02| 1.39E+02| 1.45E+02( 1.30E+02| 1.39E+02| 1.48E+02 | 1.09E+02| 1.37E+02| 9.41E+00 6.9
Sm-151 5.37E+00 | 5.90E+00| 5.97E+00 | 5.47E+00| 5.29E+00| 5.61E+00| 5.09E+00 | 5.45E+00| 7.05E+00| 5.46E+00| 5.55E+00| 7.37E+00| 4.90E+00| 5.73E+00| 7.18E-01 13
Sm-152 5.06E+01| 5.75E+01| 5.01E+01| 4.94E+01( 5.13E+01| 5.13E+01| 5.05E+01| 5.02E+01( 6.11E+01| 5.00E+01| 5.04E+01| 6.16E+01( 4.92E+01| 5.26E+01| 4.42E+00 8.4
Eu-153 5.45E+01 | 5.57E+01| 5.64E+01| 5.44E+01| 5.43E+01| 5.49E+01| 5.37E+01| 5.42E+01| 5.38E+01| 5.58E+01| 5.44E+01| b551E+01| 5.34E+01| 547E+01| 8.82E-01 1.6
Eu-154 1.12E+01| 1.64E+01| 1.06E+01| 1.14E+01| 1.11E+01| 1.14E+01| 1.07E+01| 1.14E+01( 1.06E+01| 1.13E+01| 1.12E+01( 1.07E+01| 1.08E+01| 1.14E+01| 1.51E+00 13
Eu-155 3.71E+00 | 2.26E+00| 4.00E+00 | 3.74E+00| 3.71E+00| 3.75E+00| 3.84E+00| 3.74E+00| 2.56E+00| 3.68E+00| 3.70E+00| 2.53E+00| 3.65E+00| 3.45E+00| 5.81E-01 17
Eu-156 2.50E+00 | 1.91E+00 | 2.98E+00| 2.70E+00| 2.61E+00| 2.65E+00| 2.69E+00| 2.64E+00| 2.59E+00| 1.57E+00| 2.65E+00| 2.60E+00| 2.24E+00| 2.49E+00| 3.75E-01 15
Gd-155 1.85E-02 1.53E-02 1.86E-02 1.89E-02 1.81E-02 1.88E-02 1.74E-02 1.88E-02 1.32E-02 3.60E-02 1.89E-02 1.39E-02 2.13E-02 1.90E-02 5.56E-03 29

Total 2.99E+03| 2.75E+03| 2.91E+03| 3.00E+03| 2.96E+03| 3.00E+03| 2.99E+03| 3.00E+03 | 3.01E+03| 3.06E+03| 3.00E+03 | 3.03E+03| 2.95E+03| 2.97E+03| 7.56E+01 25
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Table 4.3.UOX HM masses [g] after 30 years of decay

Nuclide CEA ANL KIT CNL ENEA ENEA ENEA ENEA ENEA SCK CEN VTT ORANO TI CIEMAT ] so RSD [%]
DARWIN | ORIGEN-II| ORIGEN | SERPENT| ORIGEN-S| ORIGEN-S| ORIGEN-S| ORIGEN-S| ORIGEN-ARP ALEPH SERPENT| ORIGEN-ARP  ACAB
U-234 9.66E+01 | 7.55E+01| 9.50E+01| 9.60E+01| 9.48E+01| 9.69E+01| 9.57E+01| 9.57E+01| 9.55E+01| 1.00E+02| 1.08E+02| 9.68E+01| 9.75E+01| 9.57E+01| 6.94E+00 7.3
U-235 3.82E+03 | 3.41E+03| 3.41E+03| 3.80E+03| 3.70E+03| 3.84E+03| 3.65E+03| 3.83E+03| 3.66E+03| 3.80E+03| 3.81E+03| 3.73E+03| 3.71E+03| 3.70E+03 | 1.45E+02 3.9
U-236 1.80E+03 | 1.68E+03| 1.85E+03| 1.81E+03| 1.80E+03| 1.81E+03| 1.82E+03| 1.81E+03| 1.83E+03| 1.78E+03| 1.80E+03| 1.88E+03| 1.81E+03| 1.81E+03| 4.61E+01 25
U-237 4.64E-06 4.30E-06 5.13E-06 4.71E-06 4.60E-06 4.69E-06 4.35E-06 4.71E-06 4.31E-06 4.83E-06 4.72E-06 4.96E-06 4.49E-06 4.65E-06 2.45E-07 53
U-238 4.42E+05 | 4.35E+05| 4.41E+05| 4.43E+05| 4.43E+05| 4.42E+05| 4.43E+05| 4.42E+05| 4.43E+05| 4.42E+05| 4.43E+05| 4.43E+05| 4.43E+05| 4.42E+05( 2.12E+03 0.48
Np-237 2.04E+02 | 1.91E+02| 2.31E+02| 2.11E+02| 1.94E+02| 2.06E+02| 2.03E+02| 2.06E+02| 2.08E+02| 2.15E+02| 2.08E+02| 2.22E+02| 2.05E+02| 2.08E+02| 1.04E+01 5
Pu-238 5.25E+01| 4.89E+01| 6.22E+01| 5.21E+01| 5.08E+01| 5.00E+01| 4.79E+01| 4.79E+01| 5.17E+01| 6.75E+01| 5.37E+01| 5.60E+01| 5.45E+01| 5.35E+01 | 5.68E+00 11
Pu-239 2.61E+03 | 2.40E+03| 2.77E+03| 2.68E+03| 257E+03| 2.71E+03| 2.51E+03| 2.73E+03| 2.58E+03| 2.47E+03| 2.68E+03| 2.50E+03| 2.55E+03| 2.60E+03| 1.13E+02 4.3
Pu-240 1.11E+03| 9.96E+02| 1.19E+03| 1.10E+03| 1.10E+03| 1.12E+03| 1.11E+03| 1.12E+03| 1.11E+03| 1.02E+03| 1.11E+03| 9.76E+02| 1.09E+03| 1.09E+03| 5.77E+01 53
Pu-241 1.49E+02 | 1.39E+02| 1.66E+02| 1.51E+02| 1.48E+02| 1.50E+02| 1.40E+02| 1.51E+02| 1.42E+02| 1.54E+02| 1.51E+02| 1.64E+02| 1.44E+02| 1.50E+02| 8.12E+00 5.4
Pu-242 2.43E+02 | 2.28E+02| 2.85E+02| 2.37E+02| 249E+02| 2.35E+02| 2.33E+02| 2.34E+02| 2.41E+02| 2.71E+02| 2.42E+02| 2.58E+02| 2.40E+02| 2.46E+02| 1.64E+01 6.7
Am-241 4.83E+02 | 4.50E+02 | 5.33E+02 | 4.94E+02| 4.82E+02| 4.92E+02| 4.57E+02| 4.95E+02 | 4.62E+02| 5.09E+02| 4.91E+02| 5.31E+02| 4.68E+02| 4.88E+02| 2.57E+01 53
Am-242 2.66E-06 2.06E-06 2.08E-06 1.59E-06 2.63E-06 2.03E-06 1.34E-06 2.04E-06 2.72E-06 4.23E-06 1.68E-06 3.10E-06 2.99E-06 2.39E-06 7.74E-07 32
Am-242M 2.06E-01 1.72E-01 1.74E-01 1.23E-01 2.04E-01 1.57E-01 1.04E-01 1.58E-01 2.11E-01 3.27E-01 1.30E-01 2.40E-01 2.32E-01 1.87E-01 5.92E-02 32
Am-243 451E+01 | 3.91E+01| 5.70E+01| 4.95E+01| 4.48E+01| 4.93E+01| 4.62E+01| 4.85E+01| 5.07E+01| 5.69E+01| 4.51E+01| 5.44E+01| 4.43E+01| 4.85E+01| 5.26E+00 11
Am-244 1.10E-17 4.20E-17 1.47E-17 2.26E-17 1.69E-17 75
Cm-244 4.26E+00 | 3.83E+00| 6.19E+00 | 4.78E+00| 4.32E+00| 4.71E+00| 4.18E+00| 2.21E+00| 4.59E+00| 6.07E+00| 4.28E+00| 4.71E+00| 4.09E+00 | 4.48E+00| 9.83E-01 22
Cm-245 6.89E-01 5.53E-01 1.01E+00 | 8.98E-01 6.92E-01 8.36E-01 7.24E-01 3.99E-01 5.36E-01 1.19E+00 7.08E-01 5.23E-01 7.25E-01 7.29E-01 2.14E-01 29
Cf-251 3.80E-08 2.50E-08 1.88E-07 1.44E-13 3.94E-08 6.52E-08 5.18E-08 6.20E-08 2.89E-08 1.12E-07 1.57E-13 2.29E-08 3.63E-08 5.15E-08 5.03E-08 98
Cf-252 7.46E-12 5.08E-12 4.11E-10 7.98E-12 1.28E-11 1.05E-11 1.20E-11 5.87E-12 2.47E-11 4.47E-12 7.22E-12 4.63E-11 1.21E-10 262
Total 4.53E+05 | 4.45E+05| 4.52E+05| 4.53E+05| 4.53E+05| 4.53E+05| 4.53E+05| 4.53E+05| 4.53E+05| 4.53E+05| 4.53E+05| 4.583E+05| 4.53E+05| 4.52E+05(| 2.35E+03 0.52
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Table 4.4.UOX FP masses [g] after 30 years of decay

Nuclide CEA ANL KIT CNL ENEA ENEA ENEA ENEA ENEA SCK CEN V1T ORANO Tl CIEMAT = sp RSD [%]
DARWIN | ORIGEN-II| ORIGEN | SERPENT| ORIGEN-S| ORIGEN-S| ORIGEN-S| ORIGEN-S| ORIGEN-ARP ALEPH SERPENT| ORIGEN-AR ACAB
Sr-90 1.19E+02 1.19E+02 | 1.21E+02| 1.19E+02| 1.21E+02| 1.22E+02| 1.21E+02| 1.20E+02| 1.17E+02| 1.19E+02| 1.20E+02| 1.19E+02| 1.20E+02| 1.48E+00 1.2
Y-90 3.02E-02 2.98E-02 3.08E-02 3.01E-02 3.07E-02 3.10E-02 3.08E-02 3.12E-02 2.97E-02 3.02E-02 3.11E-02 3.03E-02 3.05E-02 5.00E-04 16
Cs-137 2.87E+02 | 2.77E+02| 2.87E+02| 2.88E+02| 2.84E+02| 2.86E+02| 2.87E+02| 2.86E+02| 2.89E+02| 2.85E+02| 2.87E+02| 2.90E+02| 2.81E+02| 2.86E+02| 3.42E+00 1.2
Ba-137m 4.37E-05 4.24E-05 4.38E-05 4.38E-05 4.34E-05 4.37E-05 4.39E-05 4.37E-05 4.41E-05 4.34E-05 4.38E-05 4.43E-05 4.29E-05 4.36E-05 5.05E-07 12
Sm-154 1.79E+01 1.78E+01| 1.80E+01| 1.79E+01| 1.79E+01| 1.77E+01| 1.79E+01| 1.72E+01 1.86E+01 | 1.74E+01| 1.83E+01| 1.79E+01 3.88E-01 22
Eu-153 5.49E+01| 5.57E+01| 5.71E+01| 5.51E+01| 5.43E+01| 5.49E+01| 5.37E+01| 5.42E+01| 5.45E+01| 5.55E+01| 5.50E+01| 5.58E+01| 5.39E+01| 5.50E+01 9.14E-01 17
Eu-154 9.99E-01 1.46E+00 9.45E-01 1.01E+00 9.89E-01 1.02E+00 9.53E-01 1.01E+00 9.38E-01 9.91E-01 1.00E+00 9.54E-01 9.59E-01 1.02E+00 1.36E-01 13
Eu-155 4.67E-02 3.42E-02 6.04E-02 4.71E-02 4.67E-02 4.72E-02 4.83E-02 4.70E-02 3.01E-02 4.58E-02 4.68E-02 2.98E-02 4.60E-02 4.43E-02 8.35E-03 19
Total 4.80E+02 | 3.34E+02 | 4.81E+02| 4.83E+02| 4.76E+02| 4.81E+02| 4.82E+02| 4.81E+02| 4.82E+02| 4.58E+02| 4.81E+02| 4.84E+02| 4.73E+02| 4.67E+02| 4.06E+01 8.7
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Figure 4.1.UOX HM masses after 30 years of decay

1.0E+04 :
4 100%
— 1.0E+01 ]
oo ]
@ 1.0E-02 -
© 4 10%
E 1.0€-05 7 o
B o
© 1.0E-08 ]
]
Z 1.0E-11 = 1%
1.0E-14 ]
1.0E-17 0%
<r Yo} o0 [s0] o (o] o o <t —
on o o (92} < < < < < LN
o g g g g g g al o
S25222E560

Note: The vertical axes are in a logarithmic scale.
Source: NEA EGAFCS8atg 2020

Figure 4.2.UOX FP masses after 30 years of decay
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HM andFPmasses in grams for the MOX assembly are presenieabies 4.5 to 4.8[he
average values of all participants together with the RSD after 30 years of decay for the
MOX assembly are also presentedrigures 4.3 and 4.4.

A goad agreement was found in the calculdt®d massesThe krgest RSDs around 100%

were found fof**MNp, 2*4Am and®*°Cf. For mosHM nuclides, the RSDs were below 30%.

For uranium and plutonium nuclides 30 years after discharge, the RSDs were less than
12%.TheRSD for?% was 3.5%.

A good agreement was found also for the calcul&dasses. At discharge, the largest
RSDs between 127% were found fof3‘Cs, *'Sm, >¢Eu, *°*Eu and'®®Gd in order of
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Table 4.5. MOX HM masses [g] at discharge

RSD. The largest RSD 30 years after discheage@0% for*>*Eu and all other

RSDs were below 6%. The RSDs 8iCs and*"VBa werealways below 3%.

Increasing

Nuclide CEA KIT CNL ENEA ENEA ENEA ENEA ENEA SCK CEN V1T S sp RSD [%]
APOLLO |BISTRO-ECEOSERPENT| APOLLO NEWT SERPENT] KENO | ORIGEN-ARP ALEPH SERPENT]
U-234 2.29E+01| 2.10E+01| 2.22E+01| 2.19E+01| 2.23E+01( 2.21E+01| 223E+01| 2.11E+01( 3.03E+01| 2.24E+01 2.82E+01| 1.78E+01 63
U-235 4.31E+02 | 2.99E+02 | 4.21E+02| 4.33E+02| 4.29E+02 | 4.25E+02| 4.31E+02| 4.38E+02 | 4.98E+02| 4.26E+02 4.28E+02 | 4.93E+01 12
U-236 1.32E+02 | 1.12E+02 | 1.33E+02| 1.31E+02 | 1.32E+02| 1.33E+02| 1.32E+02| 1.31E+02| 1.44E+02| 1.32E+02 1.32E+02 | 7.57E+00 5.7
U-237 1.10E+00 | 1.30E+00| 1.20E+00| 1.13E+00( 1.19E+00| 1.21E+00| 1.19E+00| 1.15E+00| 1.14E+00| 1.15E+00 1.18E+00 5.62E-02 4.8
U-238 3.96E+05 | 3.93E+05| 3.96E+05| 3.97E+05| 3.96E+05| 3.96E+05| 3.96E+05| 3.96E+05| 4.42E+05| 3.95E+05 4.00E+05 [ 1.39E+04 35
Np-236 2.55E-04 1.30E-03 9.77E-04 2.93E-04 1.38E-03 2.95E-04 3.66E-04 1.10E-03 1.02E-03 7.36E-04 4.60E-04 62
Np-236M 3.46E-06 1.70E-09 - 5.37E-06 1.69E-09 5.38E-06 1.95E-06 1.77E-06 2.60E-09 2.22E-06 2.14E-06 96
Np-237 9.44E+01| 9.99E+01| 9.91E+01| 9.25E+01| 1.00E+02 | 1.02E+02| 1.00E+02| 9.44E+01( 1.13E+02| 9.43E+01 9.87E+01 | 5.79E+00 5.9
Np-238 2.07E-01 2.68E-01 2.21E-01 2.10E-01 2.18E-01 2.19E-01 2.18E-01 2.11E-01 2.22E-01 2.13E-01 2.21E-01 1.64E-02 7.4
Np-239 3.67E+01| 4.69E+01| 3.81E+01| 3.82E+01| 3.81E+01| 3.93E+01| 3.82E+01| 3.88E+01( 3.47E+01| 3.87E+01 3.89E+01 [ 3.03E+00 7.8
Pu-236 4.86E-04 8.22E-04 4.76E-04 1.54E-03 8.27E-04 1.55E-03 1.10E-03 4.87E-04 2.05E-04 8.61E-04 4.62E-04 54
Pu-237 3.21E-03 4.18E-03 3.24E-03 4.19E-03 4.24E-03 4.21E-03 3.72E-03 3.79E-03 3.42E-03 3.81E-03 4.08E-04 11
Pu-238 1.04E+03 | 1.04E+03 | 1.03E+03| 1.03E+03 | 1.02E+03| 1.02E+03| 1.02E+03| 1.00E+03 | 1.26E+03| 1.05E+03 1.05E+03 | 7.09E+01 6.8
Pu-239 9.39E+03 | 8.97E+03| 8.99E+03 | 9.20E+03| 9.30E+03 | 9.43E+03| 9.35E+03| 9.77E+03| 1.18E+04| 9.26E+03 9.58E+03 | 7.93E+02 8.3
Pu-240 8.24E+03 | 7.62E+03| 7.97E+03| 8.18E+03| 8.21E+03 | 8.23E+03| 8.17E+03| 8.10E+03 | 9.01E+03| 8.07E+03 8.17E+03 | 3.30E+02 4
Pu-241 4.66E+03 | 4.87E+03 | 4.75E+03| 4.69E+03| 4.68E+03 | 4.73E+03| 4.71E+03| 4.83E+03 | 5.29E+03| 4.78E+03 4.80E+03 | 1.76E+02 3.7
Pu-242 3.64E+03 | 3.82E+03 | 3.68E+03| 3.84E+03| 3.64E+03| 3.59E+03| 3.63E+03| 3.65E+03 | 3.87E+03| 3.67E+03 3.70E+03 | 9.86E+01 2.7
Pu-243 4.38E-01 5.60E-01 4.62E-01 4.20E-01 4.53E-01 4.63E-01 4.56E-01 4.67E-01 4.28E-01 4.54E-01 4.64E-01 3.85E-02 8.3
Pu-244 4.53E-01 1.83E-01 4.21E-01 1.14E-01 4.11E-01 4.24E-01 4.14E-01 1.28E-01 2.86E-01 4.58E-01 3.11E-01 1.45E-01 47
Am-241 4.25E+02 | 3.64E+02 | 4.65E+02 | 4.14E+02| 4.68E+02 | 4.75E+02| 4.71E+02| 4.71E+02| 5.31E+02| 4.19E+02 4.52E+02 | 4.37E+01 10
Am-242 5.85E-01 6.41E-01 6.26E-01 5.97E-01 5.97E-01 6.12E-01 5.99E-01 5.60E-01 5.79E-01 6.31E-01 5.99E-01 2.66E-02 4.4
Am-242M 1.39E+01| 9.48E+00| 8.05E+00| 1.32E+01| 1.06E+01| 8.04E+00| 1.08E+01| 1.57E+01| 1.66E+01| 8.39E+00 1.19E+01| 3.33E+00 28
Am-243 9.85E+02 | 1.09E+03 | 1.00E+03| 9.06E+02| 1.00E+03 | 1.03E+03| 1.01E+03| 1.03E+03| 1.08E+03| 9.94E+02 1.02E+03 [ 5.06E+01 5
Am-244 4.07E-02 4.25E-02 6.11E-01 4.16E-02 4.24E-02 4.19E-02 6.97E-01 4.63E-01 4.18E-02 2.77E-01 3.12E-01 113
Cm-242 1.13E+02 | 1.24E+02| 1.19E+02| 1.14E+02| 1.13E+02| 1.16E+02| 1.13E+02( 1.05E+02| 1.14E+02| 1.21E+02 1.14E+02 [ 5.65E+00 4.9
Cm-243 6.13E+00 ( 7.12E+00| 6.17E+00| 6.06E+00| 5.84E+00 | 6.13E+00| 5.87E+00| 6.32E+00| 8.37E+00| 6.36E+00 6.43E+00 7.28E-01 11
Cm-244 6.92E+02  9.16E+02 | 6.89E+02 | 6.23E+02| 6.81E+02| 6.95E+02| 6.85E+02| 7.32E+02| 8.23E+02| 6.96E+02 7.25E+02 | 8.03E+01 11
Cm-245 9.37E+01 | 1.20E+02| 1.00E+02| 8.01E+01| 9.82E+01 | 1.02E+02| 9.94E+01| 9.47E+01| 1.40E+02| 9.39E+01 1.02E+02 | 1.57E+01 15
Cm-246 8.57E+00 | 1.29E+01| 9.46E+00| 7.42E+00| 9.28E+00 | 9.47E+00| 9.30E+00| 8.35E+00| 1.27E+01| 8.56E+00 9.49E+00 [ 1.76E+00 19
Cm-247 2.25E-01 4.14E-01 2.29E-01 1.89E-01 2.35E-01 2.33E-01 2.36E-01 1.99E-01 3.82E-01 2.26E-01 2.52E-01 7.43E-02 29
Cm-248 1.77E-02 3.91E-02 2.07E-02 1.48E-02 2.12E-02 2.04E-02 2.12E-02 1.41E-02 3.93E-02 1.75E-02 2.18E-02 9.01E-03 41
Bk-249 4.19E-04 6.31E-04 7.16E-04 3.38E-04 4.59E-04 4.73E-04 4.61E-04 3.08E-04 1.22E-03 6.29E-04 5.43E-04 2.63E-04 48
Cf-249 1.22E-04 2.45E-04 2.87E-04 9.38E-05 1.30E-04 1.31E-04 1.31E-04 8.86E-05 3.75E-04 2.60E-04 1.77E-04 9.72E-05 55
Cf-250 2.01E-04 3.43E-04 1.19E-14 1.56E-04 1.39E-04 1.44E-04 1.39E-04 7.51E-05 6.59E-04 1.93E-04 1.87E-04 97
Cf-251 3.75E-05 1.26E-04 1.94E-10 3.04E-05 7.78E-05 7.83E-05 7.80E-05 6.37E-05 1.32E-04 2.48E-10 6.27E-05 4.37E-05 70
Cf-252 1.30E-05 4.91E-05 1.15E-05 3.03E-05 2.92E-05 3.00E-05 2.26E-05 5.79E-05 2.96E-05 1.53E-05 52
Total 4.26E+05 | 4.23E+05| 4.25E+05| 4.26E+05| 4.26E+05| 4.26E+05| 4.26E+05| 4.26E+05| 4.77E+05| 4.25E+05 4.30E+05 | 1.54E+04 3.6
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Table 4.6.MOX FP masses [g] at discharge

Nuclide CEA KIT CNL ENEA ENEA ENEA ENEA ENEA SCK CEN VTT ORANO TN 3 sD RSD %]
APOLLO [BISTRO-ECQOSERPENT| APOLLO NEWT SERPENT KENO | ORIGEN-ARP ALEPH SERPENT| ORIGEN-ARP

Kr-83 2.13E+01| 2.11E+01| 2.32E+01| 2.13E+01| 2.28E+01| 2.33E+01( 2.29E+01| 2.24E+01| 2.43E+01| 2.21E+01| 2.24E+01| 2.25E+01 9.99E-01 4.4
Rh-103 5.51E+02 | 5.35E+02 | 5.57E+02| 5.49E+02| 5.56E+02| 5.65E+02 | 5.56E+02| 5.30E+02| 5.92E+02| 5.54E+02| 65.28E+02| 5.52E+02| 1.80E+01 3.3
Ag-109 1.43E+02 | 1.60E+02 | 1.44E+02| 1.43E+02| 1.43E+02( 1.44E+02| 1.43E+02| 1.33E+02| 1.65E+02| 1.58E+02 | 1.32E+02| 1.46E+02| 1.05E+01 7.2

I-135 2.64E-01 2.86E-01 2.82E-01 2.76E-01 2.78E-01 2.81E-01 2.78E-01 2.70E-01 2.22E-01 2.72E-01 2.67E-01 2.71E-01 1.73E-02 6.4
Xe-131 3.47E+02 | 3.17E+02| 3.61E+02| 3.38E+02| 3.59E+02| 3.61E+02 | 3.58E+02| 3.22E+02| 3.69E+02| 3.51E+02| 3.19E+02 | 3.46E+02| 1.88E+01 5.4
Xe-135 2.15E-01 2.00E-01 2.18E-01 2.15E-01 2.18E-01 2.21E-01 2.20E-01 2.26E-01 2.12E-01 2.17E-01 2.29E-01 2.17E-01 7.62E-03 35
Cs-133 8.52E+02 | 8.62E+02| 8.70E+02| 8.56E+02| 8.69E+02| 8.71E+02| 8.69E+02 | 8.54E+02| 9.15E+02| 8.62E+02| 8.54E+02| 8.67E+02| 1.77E+01 2
Cs-134 1.23E+02 | 1.50E+02 | 1.23E+02| 1.22E+02| 1.21E+02| 1.24E+02| 1.21E+02| 1.06E+02| 1.44E+02| 1.25E+02| 1.09E+02| 1.24E+02| 1.27E+01 10
Cs-135 6.57E+02 | 6.00E+02 | 6.62E+02| 6.40E+02| 6.59E+02| 6.64E+02 | 6.62E+02| 6.78E+02| 7.67E+02| 6.55E+02| 6.78E+02| 6.66E+02| 3.98E+01 6
Cs-137 9.74E+02 | 1.03E+03 | 1.00E+03| 9.75E+02| 9.92E+02| 1.00E+03 | 9.92E+02| 9.96E+02| 1.06E+03| 9.84E+02| 9.97E+02| 1.00E+03| 2.56E+01 2.6
Ba-137m 1.49E-04 1.53E-04 1.53E-04 1.53E-04 1.53E-04 1.53E-04 1.64E-04 1.51E-04 1.53E-04 1.54E-04 4.33E-06 2.8
Ba-140 1.09E+01 | 1.16E+01| 1.13E+01 1.12E+01| 1.13E+01| 1.12E+01| 1.14E+01| 9.21E+00| 1.13E+01| 1.13E+01| 1.11E+01 6.69E-01 6.1
La-140 1.47E+00| 1.57E+00| 1.53E+00| 1.54E+00| 1.51E+00( 1.52E+00| 1.51E+00| 1.54E+00| 1.25E+00| 1.52E+00| 1.53E+00| 1.50E+00 8.66E-02 5.8
Nd-143 6.07E+02 | 6.16E+02| 6.13E+02| 6.07E+02| 6.10E+02| 6.16E+02| 6.10E+02| 6.08E+02| 6.68E+02| 6.11E+02| 6.09E+02| 6.16E+02| 1.76E+01 2.9
Nd-145 4.59E+02 | 4.55E+02 | 4.60E+02| 4.60E+02| 4.57E+02| 4.60E+02 | 4.57E+02| 4.51E+02| 4.99E+02| 4.64E+02| 4.51E+02| 4.61E+02| 1.33E+01 2.9
Nd-148 3.02E+02 | 3.07E+02 | 3.03E+02| 3.02E+02| 3.01E+02| 3.03E+02 | 3.01E+02| 2.94E+02| 3.30E+02| 3.02E+02| 2.94E+02| 3.03E+02| 9.55E+00 3.1
Pm-147 1.13E+02 | 1.02E+02| 1.13E+02| 1.16E+02| 1.12E+02| 1.13E+02| 1.12E+02| 1.07E+02| 1.08E+02| 1.15E+02| 1.06E+02| 1.11E+02| 4.41E+00 4
Pm-148 6.29E-01 7.04E-01 6.56E-01 6.54E-01 6.50E-01 6.55E-01 6.50E-01 5.79e-01 7.02E-01 6.57E-01 6.08E-01 6.50E-01 3.61E-02 5.6
Pm-149 6.57E-01 7.47E-01 6.78E-01 6.90E-01 6.60E-01 6.73E-01 6.60E-01 6.91E-01 5.29E-01 6.81E-01 7.03E-01 6.70E-01 5.32E-02 7.9
Sm-147 5.88E+01 | 4.95E+01| 5.76E+01| 5.82E+01| 5.79E+01| 5.76E+01| 5.79E+01| 5.62E+01| 6.84E+01| 5.78E+01| 5.58E+01| 5.78E+01| 4.35E+00 7.5
Sm-149 3.85E+00 | 3.72E+00| 3.87E+00| 3.73E+00| 3.89E+00| 3.96E+00( 3.95E+00| 4.47E+00| 4.87E+00| 3.85E+00| 4.54E+00| 4.06E+00 3.81E-01 9.4
Sm-150 2.49E+02 | 2.47E+02 | 2.49E+02| 2.50E+02| 2.40E+02| 250E+02( 2.40E+02| 2.46E+02| 2.64E+02| 2.52E+02| 248E+02| 2.49E+02| 6.36E+00 2.6
Sm-151 2.07E+01 | 2.36E+01| 2.02E+01| 2.03E+01| 2.08E+01| 2.04E+01( 2.10E+01| 2.69E+01| 2.59E+01| 2.10E+01| 2.73E+01| 2.26E+01| 2.85E+00 13
Sm-152 9.05E+01 | 9.49E+01| 9.14E+01| 9.29E+01| 9.15E+01| 9.10E+01| 9.14E+01| 9.46E+01| 9.07E+01| 9.17E+01| 9.28E+01| 9.21E+01| 1.48E+00 1.6
Eu-153 1.25E+02 | 1.33E+02| 1.28E+02| 1.25E+02| 1.30E+02 | 1.27E+02| 1.30E+02| 1.26E+02| 1.32E+02| 1.26E+02 | 1.27E+02| 1.28E+02| 2.82E+00 2.2
Eu-154 4.62E+01 | 4.82E+01| 4.58E+01| 4.52E+01| 4.65E+01| 4.65E+01 | 4.66E+01| 4.61E+01| 5.39E+01| 4.61E+01| 4.75E+01 | 4.71E+01| 2.39E+00 5.1
Eu-155 1.06E+01| 1.20E+01| 1.08E+01| 1.05E+01| 1.09E+01( 1.14E+01| 1.09E+01| 7.34E+00| 1.14E+01| 1.06E+01| 7.33E+00| 1.03E+01| 1.55E+00 15
Eu-156 3.07E+00 | 4.20E+00| 3.28E+00| 3.17E+00| 3.23E+00| 3.24E+00| 3.22E+00( 3.10E+00| 2.95E+00| 3.20E+00| 3.14E+00| 3.25E+00 3.28E-01 10
Gd-155 3.07E-01 3.03E-01 2.81E-01 2.79E-01 2.82E-01 2.99E-01 2.87E-01 2.44E-01 5.51E-01 2.98E-01 2.55E-01 3.08E-01 8.31E-02 27

Total 5.77E+03 | 5.78E+03 | 5.86E+03| 5.44E+03| 5.82E+03| 5.87E+03| 5.82E+03| 5.73E+03| 6.31E+03| 5.83E+03| 5.73E+03 | 5.84E+03| 1.64E+02 2.8
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Table 4.7.MOX HM masses [g] after 30 years of decay

CEA KIT CNL ENEA ENEA ENEA ENEA ENEA SCK CEN VTT ORANO TN _
Nuclide x SD RSD [%]
DARWIN ORIGEN | SERPENT| ORIGEN-S| ORIGEN-S| ORIGEN-S| ORIGEN-S| ORIGEN-ARP ALEPH SERPENT| ORIGEN-AR
U-234 2.61E+02 2.62E+02 2.59E+02 2.59E+02 2.57E+02 2.57E+02 2.52E+02 2.51E+02 | 3.14E+02 2.66E+02 | 3.11E+02 2.68E+02 | 2.24E+01 8.3
U-235 4.39E+02 | 3.07E+02| 4.29E+02| 4.41E+02| 4.37E+02| 4.33E+02| 4.46E+02| 4.46E+02| 5.08E+02| 4.34E+02 | 4.89E+02| 4.37E+02| 4.98E+01 11
U-236 1.59E+02 1.37E+02 1.58E+02 1.57E+02 1.58E+02 1.59E+02 2.00E+02 1.57E+02 1.73E+02 1.58E+02 1.62E+02 1.62E+02 1.51E+01 9.3
U-237 3.41E-05 | 3.56E-05 | 3.46E-05 | 3.41E-05| 3.41E-05| 3.45E-05| 3.51E-05| 3.43E-05 3.88E-05 | 3.51E-05 3.44E-05 | 3.50E-05 1.36E-06 3.9
U-238 3.96E+05 | 3.93E+05 3.96E+05 | 3.97E+05 3.96E+05| 3.96E+05| 3.96E+05 3.96E+05 | 4.42E+05 3.95E+05| 3.96E+05| 4.00E+05 1.39E+04 3.5
Np-237 2.17E+02 | 2.25E+02 | 2.26E+02 | 2.16E+02| 2.26E+02| 2.29E+02| 1.29E+02| 2.23E+02 | 2.55E+02| 2.20E+02| 2.24E+02| 2.17E+02| 3.11E+01 14
Pu-238 9.09E+02 9.20E+02 9.05E+02 9.03E+02 | 8.94E+02 8.97E+02 | 8.76E+02 8.76E+02 1.08E+03 9.28E+02 | 8.77E+02 9.15E+02 | 5.77E+01 6.3
Pu-239 9.42E+03 | 9.02E+03 | 9.03E+03 | 9.24E+03| 9.34E+03| 9.47E+03| 9.80E+03| 9.81E+03 | 1.19E+04| 9.30E+03| 9.88E+03| 9.65E+03| 7.89E+02 8.2
Pu-240 8.68E+03 | 8.21E+03 8.40E+03 8.57E+03 | 8.64E+03 8.67E+03 | 8.56E+03 8.56E+03 | 9.54E+03 8.51E+03 | 8.54E+03 8.63E+03 | 3.30E+02 3.8
Pu-241 1.09E+03 | 1.15E+03 | 1.11E+03| 1.09E+03| 1.09E+03| 1.10E+03| 1.13E+03| 1.13E+03 | 1.24E+03| 1.12E+03| 1.14E+03| 1.13E+03| 4.28E+01 3.8
Pu-242 3.64E+03 | 3.82E+03 3.68E+03 3.84E+03 3.64E+03 3.59E+03 | 3.65E+03 3.65E+03 | 3.87E+03 3.67E+03 | 3.63E+03 3.70E+03 | 9.76E+01 2.6
Am-241 3.87E+03 | 3.96E+03 | 3.98E+03| 3.89E+03| 3.93E+03| 3.98E+03| 4.04E+03| 4.03E+03 | 4.44E+03| 3.95E+03 | 4.04E+03| 4.01E+03| 1.54E+02 3.8
Am-242 1.54E-04 9.89E-05 8.96E-05 1.47E-04 1.18E-04 8.95E-05 1.75E-04 1.75E-04 1.85E-04 9.36E-05 1.79E-04 1.37E-04 3.94E-05 29
Am-242m | 1.20E+01| 8.26E+00| 6.95E+00| 1.14E+01| 9.15E+00| 6.94E+00| 1.36E+01| 1.36E+01| 1.43E+01| 7.24E+00| 1.39E+01| 1.07E+01| 3.00E+00 28
Am-243 9.83E+02 1.09E+03 1.00E+03 9.04E+02 9.98E+02 1.03E+03 1.01E+03 1.03E+03 1.08E+03 9.91E+02 1.04E+03 1.01E+03 | 5.05E+01 5
Am-244 3.97E-14 2.44E-13 1.42E-13 1.44E-13 102
Cm-244 2.18E+02 2.91E+02 2.18E+02 1.98E+02 2.16E+02 2.20E+02 2.32E+02 2.32E+02 2.59E+02 2.19E+02 | 2.34E+02 2.31E+02 | 2.51E+01 11
Cm-245 9.35E+01| 1.20E+02 | 9.98E+01| 7.99E+01| 9.80E+01| 1.02E+02| 9.45E+01| 9.45E+01( 1.40E+02| 9.37E+01| 9.84E+01| 1.01E+02| 1.58E+01 16
Cf-251 3.66E-05 1.23E-04 1.90E-10 2.97E-05 7.60E-05 7.66E-05 6.22E-05 6.22E-05 1.29E-04 2.42E-10 6.47E-05 6.00E-05 4.24E-05 71
Cf-252 5.01E-09 1.85E-08 4.43E-09 1.17E-08 1.12E-08 8.71E-09 | 8.71E-09 2.24E-08 8.69E-09 1.10E-08 5.94E-09 54
Total 4.26E+05| 4.23E+05| 4.25E+05| 4.27E+05| 4.26E+05| 4.26E+05| 4.25E+05| 4.26E+05| 4.77E+05| 4.25E+05| 4.26E+05| 4.30E+05 1.54E+04 3.6
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Table 4.8.MOX FP masses [g] after 30 years of decay

Nuclide CEA KIT CNL ENEA ENEA ENEA ENEA ENEA SCK CEN V1T ORANO TI % sp RSD [%]
DARWIN ORIGEN SERPENT| ORIGEN-S| ORIGEN-S| ORIGEN-S| ORIGEN-S| ORIGEN-ARP ALEPH SERPENT| ORIGEN-AR

Sr-90 9.74E+01| 9.73E+01| 1.02E+02| 9.74E+01| 1.01E+02| 1.02E+02| 1.01E+02| 9.78E+01| 1.07E+02| 9.84E+01| 9.81E+01| 1.00E+02| 3.07E+00 3.1
Y-90 2.47E-02 2.44E-02 2.59E-02 2.47E-02 2.56E-02 2.59E-02 2.56E-02 2.54E-02 2.72E-02 2.50E-02 2.55E-02 2.54E-02 7.76E-04 3.1
Cs-137 4.88E+02 | 5.14E+02 | 5.01E+02| 4.88E+02| 4.97E+02| 5.01E+02| 4.97E+02| 4.98E+02| 5.33E+02| 4.93E+02| 4.98E+02| 5.01E+02| 1.27E+01 25
Ba-137 5.34E+02 | 5.62E+02 | 5.47E+02| 4.87E+02| 5.43E+02| 5.47E+02| 5.43E+02 | 5.46E+02 5.38E+02 | 5.46E+02 | 5.39E+02| 1.98E+01 3.7
Ba-137m 7.43E-05 7.86E-05 7.63E-05 7.46E-05 7.59E-05 7.66E-05 7.59E-05 7.60E-05 8.12E-05 7.51E-05 7.61E-05 7.64E-05 1.95E-06 2.6
Sm-154 5.29E+01| 5.65E+01| 5.30E+01| 5.29E+01| 5.25E+01| 5.29E+01| 5.25E+01| 5.17E+01 5.45E+01| 5.17E+01| 5.31E+01| 1.42E+00 2.7
Eu-153 1.26E+02 | 1.34E+02| 1.29E+02| 1.25E+02| 1.30E+02| 1.27E+02| 1.30E+02| 1.27E+02| 1.33E+02| 1.27E+02| 1.28E+02| 1.29E+02| 2.83E+00 2.2
Eu-154 4.11E+00 | 4.30E+00| 4.07E+00| 4.03E+00| 4.14E+00| 4.14E+00( 4.16E+00| 4.09E+00( 4.80E+00| 4.11E+00 | 4.22E+00| 4.20E+00 2.14E-01 5.1
Eu-155 1.33E-01 1.82E-01 1.35E-01 1.32E-01 1.37E-01 1.43E-01 1.37E-01 8.64E-02 1.43E-01 1.34E-01 8.61E-02 1.32E-01 2.64E-02 20
Total 1.30E+03 | 1.37E+03| 1.34E+03| 1.25E+03| 1.33E+03| 1.34E+03| 1.33E+03| 1.32E+03| 7.77E+02| 1.31E+03| 1.33E+03| 1.27E+03| 1.66E+02 13
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Figure 4.3.MOX HM masses after 30 years of decay
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Source: NEA EGAFCS8atg 2020.

Figure 4.4.MOX FP masses after 30 years of decay
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4.4.Gamma release rates after 30 years of decay

The gamma release rates [photons/s] calculated by the participants are preséigadein
4.5for UOX and inFigure 4.6for MOX. Different energy meshes have been used in the
calculation: 18 group$ANL, ENEA, ORANO-TN, KIT), 19 groups (CEA), 45 groups
(CNL), 62 groups (ORANGN) and 1800 groups (CIEMAT). In these calculations, the
number of photons in an energy group was adjusted so that the total gammeoéitezgy
group was conservedesulting in effetive dose rates. This adjustment of the number of
photons, which was performed by many of the participants, is dependent on the group
structure used. In other words, the number of gammBgyirres 4.5 and 4.@ustrate the
effective total number of ganas and therefore the numbers between the participants are
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quite different with an RSD of 32% for UOX and 23% for MG»r SCK CEN and VTT,

thegamma source was obtained ray by ray and the number of gamiFigsiie 4.5 and
Figure 4.6for SCK CEN and VTT a the actual numbers without adjustments.

Figure 4.5.Comparison of total gamma release rate for PWRJOX at 30 years
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Source: NEA EGAFC%ata 2020.

Figure 4.6.Comparison of total gamma release rate for PWRMOX at 30 years
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Source: NEA EGAFCSatg 2020.

The average effective gamma release rates at 3.7 years of cooling0%€ phwtons/s for

the UOX assembly and X&' photons/s for the MOX assembly. The corresponding RSDs
are 41% and 28% for UOX and MOX, respectively. These release ratesraréhan four
times larger than at 30 years of cooling.

4.5.Dose rates after 30 years of decay

The calculated EDRs for both UOX and MOX assemblies are preseniabla 4.9, in

Figure 4.7 and in Figure 4.8 he blue bars in the figures present results cakailasing

the 1977 ANSI conversion factor and the orange bars are obtained with the 1991 conversion
factor. The average EDR for the UOX FA is 5184.6 Sv/h with conversion factors from
1977and1991, respectively. For the MOBKA, the corresponding averagDR values are

11.1 and 8.%Bv/h. The EDRs for the MOXA are approximately two times higher than

for the UOXFA in accordance with a greater gamma release rat@(%.9hotons/s for

MOX, 1.5Q40" photons/s for UOX).
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Table 4.9.EDR comparison at 30 yars [Sv/h]

PWR UOX 30aars PWR-MOX 30sars
Conversion factor Conversion factor
Institute 1977 1991 1977 1991
ANL 5.8 4.6 11.0 8.6
ORANON18g 5.8 4.6 10.2 8.1
ORANON62g 6.6 5.3 11.7 9.4
CEA 5.2 4.8 9.5 8.6
CIEMAT 5.2 4.2 9.3 7.4
CNL 7.9 6.3 13.7 10.9
ENEAL 5.3 4.1 11.4 9.0
ENEA? 5.3 4.2 11.6 9.2
ENEA3 5.2 4.1 11.7 9.3
ENEA 52 4.1 11.8 9.3
ENEAS 52 4.1 11.7 9.2
KIT 5.5 4.3 11.5 9.1
SCKCEN 7.0 5.6 - -
VTT 5.7 4.5 10.1 7.9
0 5.8 4.6 11.1 8.9
SD 0.8 0.7 1.2 0.8
RSD 14% 15% 10 % 10 %

The calculated EDRs are only slightly lower with the 1991 conversion factors than with
the 1977 conversion factors, which indicates that there is no significant contribution to the
gamma doses with low energiesq4 MeV). The required selprotection linit of 1 Sv/h
atalm distance from the assembly is well satisfied. Also, the different calculation codes
give consistent results with RSDs of the order of 15% and 10% for UOX and MOX
assemblies, respectively.

Figure 4.7.EDR comparison PWR- UOX at 30 yeas [Sv/h]
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Source: NEA EGAFC8atg 2020.
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Figure 4.8.EDR comparison PWR- MOX at 30 years [Sv/h]
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4.6.Dose rates after 3.7 years of decay

Table 4.10and Figures 4.9and 4.10 present the calculated EDRd 3.7 years after
discharge. The values are neasiytimes greater than the EDRs at 30 years. The average
value for the UOXFA is 32Sv/hand26 Sv/h withthe 1977 or 1991 conversion factors,
respectively. For the MOXA, these values are @/h and 5&vh, respectively. There

is a good agreement between participants with RSDs ranging from 78%to 1

No impurities were considered in these calculations. For exathglectivation of°Co

into ®°Co (Ty2= 5.3 year3 was not taken into account. Cobaltdsramonly preserin small
amountse.g. inZircaloy, Inconeland stainless steel. Depending on the concentration of
cobalt in these materials, it cowdéfectthe absolute dose rates with short decay times, but
this effect was not considered here.

Table 4.10 EDR comparison at 3.7 years [Sv/h]

PWR-UOX 3.7 years PWR- MOX 3.7 years
Conversion factor Conversion factor
Institute 1977 1991 1977 1991
ANL 32.1 25.7
ORANON18g 33.9 27.2 67.2 54.1
ORANON62g 35.2 28.3 69.1 55.7
CEA 34.3 31.7
CIEMAT 29.9 24.0
KIT 30.8 24.6 69.8 55.9
VTT 29.4 23.1 57.1 47.5
. 32.2 26.4 65.8 53.3
SD 2.3 2.9 5.9 4.0
RSD 7% 11 % 9 % 7%
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Figure 4.9.EDR comparison PWR- UOX at 3.7 years [Sv/h]
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Figure 4.10.EDR comparison PWR- MOX at 3.7 years [Sv/h]
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5. Sensitivity studies

This chapter is a synthesis of the different contributions which can be found in Appendi
B.

5.1.Context

Under the auspices of tiNEA EGAFCS, ébenchmarlon dose rate calculations fBWR

spent FAwas completedThis multinational effort was first proposed by CEA and ANL
after conductingheir bilateral comparative study on dose rate calculations for typical UOX
and MOX spent-As [1]. The goals ofthis benchmark are to expand on that work by
including more international participants, verify the dose rate results and potentially include
validation efforts depending on the availability of appropriate experimental data.

5.2.Calculations cases

This benchmk involves two reference cases [2]:

T a15x15 PWR spettA with UOX fuel at 33GWd/MTIHM burn-up;

1 a17x17 PWR speritA with MOX fuel at 60GWd/MTIHM burnup.
Two different cooling times were chosen: 30 years and 3.7 years to differentiate the short
lived and longlived fission product contributions to the dose rate.

5.3. Sensitivity studies

Different sensitivity studies were carried out to assess the impact of the calculation scheme
on calculated EDRs. The calculation parameters that all particigamisibuted to
analysng are:

1 the assembly geomgirhomogeneous vs heterogeneous;
9 the radial burrupdistribution (uniform or not);

9 the irradiation historywith or without decay periods);

1 the Rm effect(increasedurnupin the external ring of the pel);

1 the gamma source group structure (different energy groups froto &, or
explicit gamma rays);

thebremsstrahlung effect;

the crosssections effects;

the modelling assumptions (tally geometry description, fiiaxdose conversion
factors, interpoldt on f act or s é) ;

9 the neutron dose rate contribution, etc.
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5.3.1.Assemblygeometryi Radiationcalculation

For the radiation step, all the participants chose different Monte Carlo icodésng 3D
mockls with two different assumptions concerning Bdegeometryin the XY scale:

1 pin-by-pin model;
1 or a homogeneous model.

The obtained results show that, to tally the gamma fluxratalvay from the FA radial
external surface, a homogeneous model is convenient by using the relevant equivalent FA
density.

5.3.2.Radial burn-up distribution

Some calculationsrereperformed with the assumption of a radial bumdistribution in
the FA XY scaleThe obtained results show thattatly the gamma flux at in away from
the FA radial external surface, the use of a-upiform pin-by-pin gamma source
distributionis not necessary.

5.3.3.Irradiation history

Simple irradiation historieweretested to check the impact of intermediate decay periods
during irradiation. Using these irradiation histories, the isotopic inventory shows some
differences regarding the reference calculation, mainly for those isotopes being generated
via decay from their radioactive parents, suckdam, 2#2Am, 2*°Am, 24Cm and®*Cm.

These sensitivity calculations also providdues of the photon emissi@to 5% larger

than the reference calculation, providing values of the dose rate also 2% to 5% larger.

5.3.4.Rim effect

Some calculations/ere performed with the assumption ofnan-uniform gamma source
distributioninside each pinThe obtained results show thaitally the gamma flux at fin
away fromthe FA radial external surface, the use of such a very detglemna source
distributionis not necessary.

5.3.5.Gammagroup structure

Different energy meshes were used to calculate the gamma release rate: 18AdMbLIps
ENEA, ORANOTN, KIT), 19 groups (CEA), 45 groups (CNL) or 62 groups (ORANO
TN). For these calculations, the number of gamma photons released from each energy
group is adjustedo conserve energy, thereby resultinggBR. This adjustment of the
numbe of photons is dependent on the group structure used. Different large energy group
structures were also used by CIEMAT8O0 groups) and CEA (9000 groups). For other
participants, the gamma source was obtainedyayyand no adjustments were needed
Such differences in the gamma energy mesh leadn@aximum effect of 20% on the
calculated EDR.

So, totally the gamma flux at tn away fromthe FA radial external surface, the use of a
relevant gammanergy mesh is necessary.
5.3.6.Bremsstrahlung effect

For the depletion step, most participants used a decay code takimgstrahlung in the
gamma sources?Rh and®Y isotopes are the main contributor to these gamma sources
and generate less than 1@¥the total dose rate, a small but not negligible coutigm.
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So, to tally the gamma flux atrh away from the FA radial external surface, taking
bremsstrahlung in the gamma sources mesh is necessary.

5.3.7.Crosssections effect

Some participants performed radiation calculations using different-seasi®nlibraries
(while other parameters were fixedhe obtained results show that,tadly the gamma
flux at 1m away fromthe FA radial external surface, cresection libraries issued from
JEFF, ENDF/B and TENDL evaluations lead to equivalent dose rates.

5.3.8.Modelling assumptions

A set of calculationsvere performed to study the impact of the statistics in the radiation
transport calculationysingdifferent detector sizes (spheres wéthadius of 1cm, 2cm,

5cm and 1@m, cented at 1m of theFA at mid-plare). The different values of the dose

rate obtained for different detector sizes range within a relatively small interval of 3% with
no clear tendency. These differences are probably caused by the statistical uncertainty of
the different Monte Carlo calculans.

Furthermore, LINLIN/-LOG or LOGLIN/-LOG interpolation schemes for the fhio-
dose rate conversion factovgere considered. These different interpolation schemes
provide onlyamaximumof 1% difference in the final values of the dose rate whatideer
conversion factor evaluatiarsed (ANSI/ANS, ICRP).

5.3.9.Neutron doserate contribution

The obtained results show that the neutron contribution to the total doszt fateaway
from the FA radial external surface, is negligible.
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6.Experi ment al v & g drait meomt: Mor ri:

Two institutes, ANL and CEA modeled this experiment. The following chapter
summarises theesults

6.1. Description of theexperimental setup

The Morris experimentaere a series of gamma dose rate measureroemigletedn the
General Electric spent fuel storage facility at Morris Operatiod the details were
documented ithe NEDG-24922 report [1]. The measurements wendgomed to support
the programme of developing a potentid)S Department of Energy (OE) site for spent
nuclear fuel storage at the Morf@peration In these experiments, the gamma dizges
were measured in the vicinity of the discharged spent nualebbfindles. A wide range
of fuel types, power leveland burnups was selectedin the experimentsParticularly
among the 38 fuel bundleselected four PWR fuel bundlehave gamma dose rates
measured in the air. Their fuel bundigsre designated d\, 2A, 2B and 2D, and were
all Westinghouse 14X14 PWR fuel bundles irradiated at unidentified utilities (either Utility
#1 or #2 as indicated in the fuel bundle names). Their fuel-bypirmanged from
26.4GWdA/MTIHM to 40.2GWd/MTIHM, and the~A cooling timebefore measurement
ranged from 30 months to 83 months. The main characteristics é#Athare listed in
Table 6.1with their fuel burrup and decay histories.

To measure the gamma dose rates for €#¢hthe FAs were moved underwater from the

fuel storage to the place where th@erimental pit was installeBigure 6.1(a) shows the
Morris experimental setup. Wascomposed of two main parts, with the lower vessel to
support the fuel bundle and an upper diviired). The lower vessel was on a stainless steel
support plate and kaa tube welded on top of the plate. The tube wasna® square with
internal spacers on the four sides to house the fuel mirfethe the PWR fuel, the bundles
were7.8 x 7.8 inches (gsumably the dimensions of the grid spacers). The tube wall was
12 feet tall. It had a slot cut in the upper part and had two adjacent sides remnmea

an open corner to allow most of the radiation to be measured without obstructions. The
open slot wa 7.7 feet down from the top.

Figure 6.1(c) shows an X cut-off view of the experimental setup. As shown in the figure,

the tube was on one side of the support plate leaving room to house the detectors. Lead

blocks were added to balance the lower veasethown inFigure 6.1(a). The whole

experimental lower vessel with detectors was submerged underwater. To measure the dose

rate in the air environment, a fAdiving bell
experimental setup was equipped to cover botfuttldundles and the detectoas shown

in Figure 6.1(a) andrigure 6.1(c). Compressed air was added to the bell to expel the water

out of the belfor measuring gamma dose rates in the air

The gamma dose rates were measured bydtbes e mo n iidn @ehrambersvitht 6 s

locations indicated ifrigure 6.1(b) andFigure 6.1(c). TheFAsfrom Utilities 1 and 2 used

FAs with different lengths: 144 and 120 inches, respectively. In measurements, the top of

the FA was always the reference zero pdimt the axal detector locations as shown in

Table 6.2Detectors werenovable alonghreefixed axiallinesA-1, B-1 and E1. The dose

rates were measured with detectors at the top, %, and halfway points of the axial height of

the fuel bunles. ForconvenienceTale 6.2names each of these detector locations using

t wo character s, with the numbers to represent
ABo0 and AEO to represent the fixed axial Il i ne
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for the axiald i

rect

represents
plane of the FA [1]. In addition, measurements were taken at a detector locatednhabove t

top of the standing FAs. The description of these two top detector locations is inconsistent
in the reference [1]. Due to these ambiguities, these two points were ignored in the rest of
the discussions.

on,

t he

oo

represents
detector

at

the I

t he

height

Table 6.1. Specifications of the Morris fuel bundds 1A, 2A, 2B and 2D

and Turkey Point FAs B03 and D04

Experimentdlel bundle| Morris/1A | Morris/2A| Morris/2B | Morris/2D Turkey Point /B03 | Turkey Point /D04
Fueltype érray) 14X 14 14X 14 14X 14 14X 14 15X 15 15 X15
Fuel3U (%) 3.397 3.865 3.865 3.996 2.55 2.55
Fueldensity (g/cr$) 9.908 10.10 10.10 10.379 10.08 10.08
Claddingmaterial Zircaloyt SS304 SS304 SS304 Zrcaloy4 Zrcaloy4
PelletD (Inch) 0.365 0.3835 0.3835 0.3835 0.365 0.365
RodD (Inch) 0.422 0.422 0.422 0.422 0.422 0.422
Pitch(Inch) 0.556 0.556 0.556 0.556 0.5617 0.5617
Rodlength(Inch) 144 120 120 120 144 144
Fuelmass (kgHM) 386 362 362 372 448 448
Power (MWJ) 31.8 23.5 23.5 23.5 31.16 31.2
Burnup (GWd/MTIHM) 40.2 324 26.4 30.4 25.77 26.55
Burnuptime(d) 1264 1379 1123 1294 827 851
Decaytime(month) 48 83 83 30 46 21.6

detector I

FA,

*This number is calculated using the specified average thermal power per assembly, the fuel mass per assembly and

the irradiation full power days from Table 6.1 and Table 6.2 ofdfezence [2]. It is slightly different from the value

listed in Table 6.2.

When measuring the gamma dose rates,detectors were placad those positions near
theopen corner of the fuel bundles. The other three corners Btheere covered by the

tube. The measured dose rates were found to be significantly different by placing different
corners facinghe open slot. These variations were thought mainly due to the variation of
the neutron fluxes across the fuel bundles while they were irradiatesl. filial
experimental measurements at each detector locaticethe average values with different
corners facing the opesiot It was stated that within a confidence limit of 95%, the true
gamma exposure rates were within 8% of the average valuesg he measurements
taken from the differertorners.Table 6.3ists all the averaged gamma dose rates for each
detector location and eaEth [1]. Gamma dose rates are given in kigan per hour (kR/hr),

with 100rem of absorbed gamma dose rates equivalehBto

Table 6.2.Locations of the ion chambers for FAs from Utilities 1 and 2

Detector Utility 1 Assemblies (1A) Utility 2 Assemblies (2A, 2B, 2D)
X(inch) Y (inch) Z(inch) X(inch) Y (inch) Z(inch)
0.B 1.6 -1.6 0 1.6 -1.6 0
0.A 7 -7 0 7 -7 0
0.E -3.9 -10 0 -3.9 -10 0
1.B 1.6 -1.6 -36 1.6 -1.6 -30
1.A 7 -7 -36 7 -7 -30
1.E -3.9 -10 -36 -3.9 -10 -30
2.B 1.6 -1.6 -72 1.6 -1.6 -60
2.A 7 -7 -72 7 -7 -60
2.E -3.9 -10 -72 -3.9 -10 -60
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Table 6.3. Measured gamma dose rates for Morris Unit 1 and Uni2 FAs

Gamma Dose Rate (kR/hr)
Detector

1A 2A 2B 2D
0.B 10.0 3.75 3.0 12.0
0.A 6.50 2.60 2.15 8.00
0.E 5.80 2.63 2.02 9.60
1B 335 16.0 125 37.0
1.A 18.0 7.45 6.00 20.3
1.E 18.0 7.30 5.75 20.8
2.B 34.8 16.8 13.5 40.2
2.A 18.1 7.65 6.15 21.9
2.E 18.0 7.51 5.70 22.0

Figure 6.1.(a) Morris experimental setup, (b) lon chamber locations relative to the fuel bundle, (c)
X-Y cut-view of the experimental setup
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6.2.Numerical models and numerical simulations

Numerical simulations of the Morris experiments have been performed by both CEA and
ANL. CEA analysed the 1A configuration. ANL analysed all four configurations.

6.2.1.CEA methodology
The calculation scheme is broken dowtoitinree steps:

1 A first step to perform the neutronic fuel depletion calculation. The TRIRIGLI
Monte Carlo [3] code and its depletion calculation capability were used. The Euler
first-ordertemporal scheme was used. A calculation was performed with a second
order schemeMEAN scheme for the referencease and the observed discrepancy
in the main isotope contributors and on gamma dose rate was found to be about a
few percent. To note that thgh TRIPOLHM® allows perfornng replica
calculations to have a statistical uncertainty on the isotopic balance, this was not
set in place here.

1 A second step to perform the decay calculation based on the isotopic inventory from
the previous step. In thigep, the DARWIN2.4 [4, 5] code package is used.

1 A third step to perform the equivalent dose rate calculation based on the gamma
and beta source frothe previous step using the TRIPQ4® Monte Carlo code.
Previous benchmark analyses had shown thatareewntribution was negligible
and so this was not calculated.

1 JEFF3.1.1 [6] nuclear data are used for neutron transport calculations,-BPDL
atomic data are used for photon transport calculatards EADL for atomic
relaxation data.

TRIPOLI-4® solves tie linear Boltzmann equation for neutrons, photons, electrons and
positrons, with the Monte Carlo method,any 3D geometryTRIPOLI4® has its own
native geometry package, allowing for both a pure suif@ased representation and a
combinatorial represeation with predefined shapes and Boolean operators (any
combination of these two kinds of representations can be adopted).

DARWIN is the French reference calculation package for the fuel cycle of all types of
reactorsas described in paragrafh2.5

The calculations used a heterogeneous-bpraxial profile from the reference study on
UOX PWR assemblies [7]. Both AN&L [8] and H*(10) ICRP74 [9] conversion factar
were used in the calculations. The electron contribution to the dosématesétrahlung)
was also assessed independently. It was calculated to be-8%8yo2 the total dose rate.
This contribution was not accounted for in the final CEA results predémthis report.

Sensitivity studies first showed that tBBR was sensitive to the water albedo. The water

and the two experimental vessels were taken into account in the models. Because the
experimental setup is not fully detailed in the experimeegbrt, some assumptions were
made. These assumptions pertain to dimensions for some parts of the experimental setup
or some material properties. They are illustratelligures 6.2 and 6.3

For the lower vessel model, three main assumptions were madetHérkibe and spacer
werebothassumed to be 0.3 inchisck. Second, the opecut slot width was assumed to
be 4.5 inches, which was half the length of the vessel. Lastly, the steelwassssumed
to be Stainless Steel 304L.
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For the upper vessel el, three main assumptions were also made. First, the side of the
diving bell thickness was assumed to be the same thickness as its head (or top cover).
Second, the total tube heigiMas deduced from the assembly height and the highest
measurement positio(38 inches abovinetop of 120inch FA) with a 2inch reservation

space assumed above the highest detector. Thirdly, thevstealso assumed to be 304L.

In TRIPOLI-4® calculations, detectors were precisely located in the experimental setup as
shownin Figure 6.4 For sensitivity analysis, calculations were performed for three types

of assembly environmenitThe first environment (soalled No Environment) is air only.

In this case, no scattering occurs outside the assembly and no gamma can batkscatte
the detectors to contribute to the dose rate. The second environment includes all vessels
and water (saalled Full Environment). In all the calculations, CEA did not model cobalt
activation sources (grid spacers, cladding tubes). The third envirbnsremwater only
environment (secalled Water Only Environment). In this last case, the vessels are removed
and only water remains at the same boundary as in the second environment model.

Figure 6.2. CEA model of the lower vessel in the Morris experiment

Rellable data N
Hypothesis F‘
>

PWR ass

Lower vessel | > p:

Source: Original data from the NEA EGAFCS, 2020.

Figure 6.3.CEA Model of the upper vessel in the Morris experiment

Reliable data Available data : m=7200 pounds = 3266 kg
Hypothesis o (but Stainless Steel with Lead ballasts)

2feet=D

P0.96 cm (from Figure 23

inches = H
iqr KX=40

Upper vessel |

Stainlefis Steel 304

i einch
1,27 cm (arbitrary)

Source: Original data from the NEA EGAFCS, 2020
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Figure 6.4. CEA Model of the detector locations in the Morrisi 1A experiment
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Source Original data from the NEA EGAFCS, 2020.

The calculated results are providedable 6.3as C/E results. The TRIPOUI® statistical
uncertainties are provided in parentheses. A onversion factor results vary for the

full environment configurationrobm 0.65 t00.75 for radial detectors, whereas they vary
from 0.73 to 0.87 for the H*(10) ICRP4 conversion factors. The ratio between the two
conversion factor results is close to 158ables 6.3 and 6.ghow that the water scattering
effect is not neglidple and that the stainless steel vessels attenuate the gamma propagation.
Stainless steel acts more as a shield than as a reflector.

Table 6.4.Morris -1A ANS-91 C/E dose rate results

Detector locatig Universal Detector CIE C/E C/E
(id) No Environment Full Environment | Water Only Environme
3 0.B 0.59 (1.1%) 0.65 (1.1%) 0.73 (1.1%)
4 0.A 0.64 (0.5%) 0.68 (0.7%) 0.87 (0.4%)
5 0.E 0.72 (0.5%) 0.75 (0.7%) 1.00 (0.4%)
6 1B 0.66 (0.6%) 0.70 (0.6%) 0.75 (0.6%)
7 1.A 0.64 (0.3%) 0.68 (0.4%) 0.82(0.3%)
8 1E 0.69 (0.3%) 0.71 (0.4%) 0.88 (0.3%)
9 2B 0.66 (0.6%) 0.69 (0.6%) 0.74 (0.5%)
10 2.A 0.68 (0.3%) 0.69 (0.3%) 0.88 (0.3%)
11 2E 0.72 (0.3%) 0.73 (0.4%) 0.93 (0.3%)

Table 6.5.Morris -1A H*(10) ICRP-74 C/E dose rate results

Detectolocation| Universal Detector C/E C/E C/IE
(id) No Environment Full Environment | Water Only Environme
3 0.B 0.69 (1.1%) 0.73 (1.0%) 0.85 (1.0%)
4 0.A 0.71 (0.5%) 0.78 (0.5%) 1.00 (0.4%)
5 0.E 0.83 (0.5%) 0.87 (0.7%) 1.15 (0.4%)
6 1B 0.75 (0.6%) 0.80 (0.6%) 0.85 (0.5%)
7 1A 0.73 (0.3%) 0.78 (0.4%) 0.95 (0.3%)
8 1E 0.78 (0.3%) 0.81 (0.4%) 1.01 (0.3%)
9 2B 0.75 (0.6%) 0.78 (0.6%) 0.85 (0.5%)
10 2.A 0.77 (0.3%) 0.79 (0.4%) 1.01 (0.3%)
11 2E 0.82 (0.3%) 0.83 (0.4%) 1.07 (0.3%)
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A major assumption in these models is the size of the aperture (opening) in the lower vessel.
The aperture length is unknown (not specified) and the gamma trajectories may highly
depend on the real geometry. To assess thetisigsif the calculation to this parameter,
three calculations were completed with the aperture length equal to half the side length of
the lower vessel, threguarters the total length, or full length. The three models are
illustrated inFigure 6.5

Figure 6.5.Lower vessel aperture configuration of Morris1A sensitivity study

Y2 aperture % aperture 1/1 aperture

Source: Original data from the NEA EGAFCS, 2020.

The outer vessel is notodelledin this calculation. The results for the three configurations

are shown inTable 6.5.The TRIPOLHM® statistical uncertainties are provided in

parentheses and only H*(LBJRP-74 resultsare given. The results ifiable 6.6confirm

that the main impact of the stainless steel is attenuation rather than refl@bofirst

column results correspond to the configuration withithetouter vessel in the previous

section. Additional points that can be underlined here are the relative impact of the aperture

size. It is more important for the detector locations5,8dand{ al ong t he AEO | ine
direction). This is because these locations are normal to the midpoint of the bottom side

shown inFigure 6.4 so any change in the aperture will have the highest impact on gammas

detected at these three locations.

Table 6.6.Morris -1A lower vessel aperture impact on C/E dose rate results

Detector Universal C/E C/E C/E
location (id) detector ID Y, aperture ¥, aperture 1/1 aperture
3 0.B 0.77 (0.9%) 0.81 (0.9%) 0.82 (0.9%)
4 0.A 0.85 (0.4%) 0.95 (0.4%) 0.97 (0.4%)
5 0.E 0.94(0.5%) 1.04 (0.5%) 1.10 (0.4%)
6 1.B 0.81 (0.5%) 0.84 (0.5%) 0.84 (0.6%)
7 1A 0.83 (0.3%) 0.91 (0.3%) 0.92 (0.3%)
8 1.E 0.86 (0.3%) 0.94 (0.3%) 0.98 (0.3%)
9 2B 0.81 (0.5%) 0.84 (0.6%) 0.83 (0.5%)
10 2.A 0.84 (0.3%) 0.92 (0.3%) 0.92 (0.3%)
11 2.E 0.88 (0.3%) 0.96 (0.3%) 1.00 (0.3%)

6.2.2.ANL methodology

This section iseproduced courtesy @éNL from Y. Cao and B. Feng (2019,Val i dat i on
of Gamma Dose Rate Calculation Methodology using the Morris and Turkey Point
Measur eme+19/06.0, ANL

The ANL rumeical studies[17] hada similar threestep approach tsimulatethe Morris
experimentsFirst, the fuel depletion simulation was performed to calculate the discharged
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fuel compositions from the PWR spent nuclear fig#condly, the radioactive decay
simulation was performed to calculate the gamma sources from the radioactive isotope
decayat the end of theooling period Thirdly, the photon transport simulation was
performed to calculate the gamma dose rates atdatextordocationsusingthe calculated
gamma sources from the second step.

MCODE [10], which couples the MCNPR.1] neutron transport code and tB&RIGEN2

[12] fuel burnup code, was utilised to deplete the fresh fuel bufidie FAs used in Utility

#1 have different fuel lengshthan those from Utility #2, but they share the same lattice
design Figure 6.6shows the Monte Carlo model developed for the fuel lattice.

Figure 6.6.Monte Carlo model of the FAs for the Westinghouse 14X14 FAs

SourceCao Y., B. Feng, 2019.

The fuelburnup specified for the fuel bundles was the core averageupritherefore,

the Monte Carlo fuel burnp calculations were performed on the infinite lattice model with
reflective boundary conditions applied on all sides of the FA. The ENIVR/B library

was used in the Monte Carlo transport calculations [13], and the ORIGEN2 library was
used for generating the FPs. The MCNP6 code with CINDER90 fuelupircode
embedded and the SERPENT code [14] were also used to simulate the fuel bundle 1A
irradiation for code comparisons. The same ENDWVIBO data files were used in the
transport calculations. In MCNP6 simulations, the tier 3 FPs were used to track FPs in
transport calculations. The CINDER9O0 fission yield libraries are generated from the
ENDF/B-VI.0 crosssection libraries [15]. In MCNP®6, the fission yield data libraries are
old and are based on the ENDFVRO, and not updated to date. It is a mismatch and there
are studies discussing the impacts of using these old libraries kupeaiculations. The
SERPENT code used the ENDFYBI.O crosssection libraries for transport calculations
and the fission yield libraries are also generated from the ENDH/B data files.

Figure 6.7compares the calculated reactivity losses bythiheecodeswith fuel burnup
daysto 264 days T he r e a &Kddaleulated/by theotlsree comes is very similar
to each other with0.424 by MCODE 0.425 by MCNP6 and 0.434 by SERPENT.
Figure 6.8shows the calculated amount of actinides in the fuedilguat the end of the fuel
burnup (sed~igure 6.9%or the FPs). Overall, the actinide fuel compositions calculated by
MCODE are closer to the compositions obtainedrom SERPENT.The maximum
differences for the U and Pu isotopes are within or around 3%eba the MCODE
calculation and the SERPENT calculation. The differences for Cm isotwpstightly
larger. About 11% more of*’Cm and 20% less &f°*Cm are obtainedn the SERPENT
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codecalculations The MCNP6 fuel burup calculations predict more camsption of**U
and more production 6f%Pu at the end of the fuel buup asshown inFigure 6.8.

Figure 6.7.Monte Carlo calculated reactivity in the fuel burn-up simulations for the 1A fuel
bundle using the MCNP6, MCODE and the SERPENT codeespectively
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SourceCao Y.andB. Feng, 2019.

Figure 6.8.Monte Carlo calculated amount of actinide isotope at the end of the fuel burap
simulations for the 1A fuel bundle using the MCNP®6,
MCODE and the SERPENT code respectively
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Figure 6.9.Monte Carlo calculated amount of fission isotopes at the end of the fuel buup
simulations for the 1A fuel bundle using the MCNP8,
MCODE and the SERPENT code respectively

4.5

)
o

= MCNP
= MCODE
SERPENT

w w
o w

(Mole)

Isotope Inventory at the End of Burnup
 2ed
=)

~~~~~~~~~~~~~~~~~~~~~~
S SRS = = o = 23

SourceCao Y.andB. Feng 2019

Figure 6.10compares the calculated amount of FP, whiglre important gamma ray
source emitterfrom the three codesSimilarly, the SERPENT and MCODE show better
agreemenobn the calculated=P massedn the MCNP6 fuel burup analysissome of the
radioactive isotopeat metastable statewhich are important gamma emitteese not

includedin the tierthreefission product library and cannot be accessed by the users.

Therefore,only MCODE was used to perform the fuel buup analysis for the Morris

experiments. TheERPENT code has been used to simulate the Turkey Point experiments

as shown in the later section.

The ORIGENZ2 code was useddalculate the gamma source rates of the discharged spent

fuel bundleat differentcoolingstagesThe discharged fuel compositis obtained from the

fuel depletion calculations were used in the simulations. The gamma ray sources calculated
from the code were divided into multiple energy groups. The source rates in each energy

group were adjusted to preserve the total amount ofrgagource energies released from

the FA. In this benchmark analysis, the default 18 energy group structure of the ORIGEN2
was used. For fuel bundle 1A, the total calculated gamma source intensity is

7.81x108° photons/s for the whole assembly, which inelsid.386 tones of initial HM
and bremsstrahlung from beta particles.

Figure 6.10compares the muienergy group gamma souscproduced from FP. Ae
discharged fuel compositiomsefrom the SERPENTburrrup simulationor the MCODE
depletion calculationfor fuel bundle 1A respectivelyhe calculatedgamma source rates
agree with each other very wédr both cases at all the energy groups
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Figure 6.10.The calculated gamma source energy spectrum of the 1A spent fuel bundle after
4 years of cooling usinghe SERPENT code and MCODE for fuel burrup analysis
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SourceCao Y.andB. Feng 2019.

The gamma source rates from a spent FA decrease with a long cooling period. Fhe short
lived radioisotopes only contribute to the gamma sources at short cooling Ames
example, for fuel bundle 1A.able 6.dists the calculated gamma sources originating from
each important isotope with contributions larger than 0.1% at different cooling stages. The
values in the table are the percentage of gamma rays geneoatetidrparticular isotopes

to the overall gamma source intensities at that cooling stage. Right after the fuel discharged,
the %°Zr, **Nb, %Ru, °Rh, **%La, *'Ce, and***Pr isotopes contribute more than 71% of
gamma sources. After 4gs of cooling, which was at the time of the measurements for
assembly 1A, the dominant radioisotopes bec®imeg!®Rh, *Cs,***Pr and**"MBa which
generate about 86% of the total gamma sources. For comparison purposes, after a projected
30total years of cooling, the dominant radioisotopes for gamma ray sources ch#ige to
%5y, 137Cs and*"MBa, which contribute more than 95% of the total gamma sources.

While the FA is irradiated inside the reactor core, the structural material maypealso
activated by absorbing neutrons. The grid spacer material in the Npeation was
Inconet718 which contained a maximum of 1% cobalt as part of its impurities. Other
structural materials such asir@aloy4 cladding and SS304 structure material also
contained some cobalt impuriti€3Co is the only cobalt isotope in nature which can absorb
neutrons and turn t¥Co. °°Co releases two gamma rays with energies of 1.17 MeV and
1.33 MeV. To calculate the amount of gamma ray sources from the irradiatesrsp
Table 6.8shows the estimated amount of cobalt mass used in the calculations for all the
fuel bundles in the Morris experiments. To simulate®#@® impurities irradiated in the
core, the neutron crosectionsfor *°Co were tallied as shown falbe 6.9adopting the
neutron flux spectrum inside the guide tubes. The irradiatiGfiCaf was then simulated
using the ORIGEN2 code for different fuel bundles.
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Table 6.7. Calculated gammaray source contributions from the radioisotopes in the Morris
discharged FA 1A at discharge and after 4 years or 30 years of cooling

Discharge 4 years of cooling 30 years of coolin

Isotope Fraction (%) Isotope Fraction (%) Isotope Fraction (%)
U237 0.697 PU238 0.101 PU238 0.331
SR 89 2.924 AM241 0.123 AM241 1.852
SR 90 0.153 CM244 0.112 CM244 0.167
Y 90 0.941 KR 85 0.328 KR 85 0.246
Y 91 4.308 SR 90 2.598 SR 90 5.641
ZR 95 9.359 Y 90 15.950 Y 90 34.632
NB 95 11.547 RH106 15.551 CS137 7.333
RU103 7.804 CS134 23.701 EU154 1.110
RH106 12.362 CS137 3.317 BA137M 48.086
1131 0.800 CE144 1.842 - -
XE133 0.327 PR144 8.857 - ---
CS134 4.754 PM147 0.455 - -
CS137 0.195 EU154 2.237 - ---
BA140 2.455 SB125 1.636 - -
LA140 8.337 TE125M 0.356 - -
CE141 6.289 BA137M 21.748 - -
PR143 0.894 EU155 0.353
CE144 3.244
PR144 15.596 - — --- —
ND147 0.997 - — -
EU154 0.165
EU156 1.068
RH103M 0.486
SB125 0.234
BA137M 1.280 - — -
CS136 0.279
PM148M 0.325 - — -
Total 97.8 Total 99.3 Total 99.4

Source:Cao Y. and. Feng, 2019.
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Table 6.8. Estimated Co impurities in the Morris FAs

Fuelbundle | 1A 2A, 2B, 2D
Material Mass (kg) | Cobalt Cobalt Material Mass (kg) | Cobalt Cobalt

content mass content mass
(Wt%) (@) (Wt%) )]

Spacer Inc718 5.9 0.469 27.69 Inc718 5.9 0.469 27.69

Cladding Zr4 915 0.001 0.92 SS304 89.7 0.08 71.73

Other SS304 4.6 0.08 3.68 SS304 4.6 0.08 3.68

Total Co (g)| 32.29 103.10

Table 6.9. MCNP tallied neutron crosssections for*®Co
in the Morris Operation at different fuel burn-up steps

Burnup Step Flux Tallied Cé9crosssections (barns)

(GWd/MTIHM) (n/cn#-s) (n, gamma) (n, 2n) (n, a) (n, p)
0.2 2.35E+14 5.846 5.69E5 4.2765 3.85H4
20 2.90E+14 5.409 7.66E5 4.9565 4.23E4
40.2 3.49E+14 5.416 7.57E5 5.0765 4.34E4

Figure 6.11compares the calculated amount of photon sources produced from the actinides
and their daughters, from the FP and¥i@o in the irradiated spacers for the Morris FA

1A. The gammaay sources fronthe spent nuclear FA are contributed mainly from the
decayof the FRP The gamma rays from other actinide isotopes and the activation products
are at least one order of magnitude smaller in all energy groups except in the energy group
from 1.0 to 1.5 MeV.

The amount of gamma ray sources from tiadiated structal material®°Co is equally
important to the gamma sources released fromirFRhis energy groupThe ®°Co
contributes to about 13% of the total dose rate for assembly itéa(@y+based cladding

and Inconel grid spacers), whereas it contributes betw¥#rt@42% of the total dose rate

for assemblies 2A, 2Band 20 which use stainless steel cladding. These are quite
significant contributions so it is important to document all cobalt impurities in irradiated
structural materials in future experiments. Nibigt the cooling times for these FAs were

all relatively short. For dose rates measured at longer cooling times (e.g. 30 years), the
contribution of irradiated cobalt is expected to be around only 1% of the total dose rate.

MCNP6 photon transport simulatis were performeatcalculate the gamma dose rates at

the detector locations for the four fuel bundl@he total gamma sources from the
ORIGEN2 decay simulations were specified as external sources in the simulation. The
gamma sources were correlatedhe radioactive isotopes produced in the fuel pin and the
structural materials. In the Morris experiment, the gamma dose rates were measured outside
and away from the FAs. Thus, in the MCNP6 transport simulation, the gamma sources
were assumed to be evenligtributed within the fuel pins in the radial direction. Different

axial distributions along the fuel pins were tested. The photon fluxes at the detector
locations were tallied. The gamma dose rates were then obtained using-thedihse rate
converson factors recommended by themerican Nuclear Standafdstitute (ANSI).

Figure6.14shows the MCNP model of the Morris experimental setup with the PWR fuel
bundleinside the square tub&he ion chambers used in the experiment were modelled as
cylinders which were 0.25 inch in diameter and 1 inch IGr@develop the numerical
mode| assumptions/ere madé¢o the geometry parameters which were not specified in the
documentsTable 6.10lists all these parameterwith different valuesssignedor each
parameterSensitivity analyses were performed by comparing the calculated gamma dose
rates with different values assigned. Different axial profiles were used.
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Figure 6.11.The calculated ganma source energy spectrum from different
gamma sources for the 1A spent fuel bundle after 4 years of cooling
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Figure 6.12.MCNP model of the Morris experimental setup with fuel bundle 1A
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Table 6.10. MCNP model assumptions and parametric studies for fuel bundle 1A

Component Parameter Values Sensitivity
analysis
Fuel tube spacer Thickness 0.3inch
Width 7 inch
Fuel tube slot Width (4.56.0 8.0) inch \%
Support plate Radius 3 feet
Thickness linch
Diving bell Height (1.0 5.0, 10.0) inch above top detect| V
Thickness 0.5inch
Radius (1.Q 1.25) feet \%
Air pressure | (0.5,1.9 2.0) atm V
lon chamber Radius 0.125 inch
Length linch
Waterinside the bell (0,0.25 height of the tube \%
Photon  source  axig --- (tuned, uniforiWagner \%
distribution

Source:Cao Y.andB. Feng 2019.

In particular the width of the tubeut slot determines the open space of the fuel bundle to
the ionchambersnd was first examined he tube slot width varied from 4.5 inch, 6.0 inch
to 8.0 inch, respectivelyrigure 6.13compareghe calculate gamma dose matgith the
different open widthThe photon flux was tallied at the detector locations with its details
not simulated. The 1991 updated fliccdose conversion factors BWNSI wereused in the

calculationd8].

As shown inFigure 6.13the calculated gamma dose rates are not highlytsent the
width of the open slot. The calculated gamma dose hatesno significantdifferencedor

all detectos located at the fixed-B line closer to the open corner. The dose rates are only
slightly increased with a wider open slot for detectotha A1 and E1 lines.According

to Figure 6.1(c), the width of the slot can be roughly measured to be about 6aseld on

the relative size in the diagram. Therefore, the width of the slot was selected to be 6 inch

in the MCNP model of calculatingelgamma dose rates for all the other fuel bundles.

In the Morris experiments, the gamma sources were reflected by the diving bell or were

absorbed by the bell. limpacts on the gamma dose ratesre examined by choosing
different sizesof the diving bel in the Monte Carlo photon transport simulatiofise

diving bell was modelled as a cylinder that sits on the bottom support plate. It covered all
the FA and all the detectors inside the bell. In the actual experiment, as shown in
Figure 6.1(b), there vere two other detectors which were above the fuel tube. Thus, in the
MCNP modelito determine the height of the diving belh extra manoeuvrable distance

of 1 inch, 5 i nch an dlo forOits operatitnsvereb assurmed t h e
respectively. Rie radius of the diving bell was measured to be aroundticcording to

the diagram irFigure 6.1(c). Another case with a radius of 1.25 feet was tested to examine
its radial reflection impacts. An independent case without the bell but with watenteise
outside the bell was also tested for comparison.

det e
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Figure 6.13.Comparison of the calculated gamma dose rates with different
open width of the tube slot for fuel bundle 1A
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Figure 6.14shows that the calculated gamma dose rates at all the detector locations were
not sensitive to the diving bell geometry. The calculated gamma dose rates all agree with
each other for the three cases with different heights and have only slightly smaiés val
when the diving bell had a larger diameter. The calculated gamma dose rates are only
slightly larger with no bell presented, which means the bell absorbed some of the gammas
and may also reflect a very small fraction of gammas. Therefore, in the MON#&,ithe

diving bell was assumed to be a cylinder 1 fimatadius and its top plate 1 cm above the

top detector.

To measureéhe gamma dose ratgsthe air the Morris experiments used compressed air
to expel water out of the bell. The MCNP photon tramsgimulations have also been
performed with different air pressures inside the batjure 6.15shows the calculated
gamma dose rates with different air pressure. The results showetsit pressure has no
impact on the gamma dose ratdaisthe nomal 1 atm pressure was then assumed in the
MCNP model. In all previousitls, the water was assumed to have been completely pushed
out of the bell A case with a water level at % of the active fuel length alsstested. As
shown inFigure 6.16the amounof water left inside the bell has very little impact on the
calculated gamma dose rat@scethe detectors were all fabove the water leveln the
MCNP model, the water level inside the bell was assumed to be at ¥4 of the active fuel
length.

BENCHMARK ON DOSE RATE CALCULATIONS FORIRRADIATED ASSEMBLY



NEA/NSC/R(2023)g 85

Figure 6.14. Comparison of the calculated gamma dose rate with different height

and diameter of the diving bell for fuel bundle 1A
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Figure 6.15. Comparison of the calculated gamma dose rate with different air pressure
and water level inside the diving bell for fuel bundle 1A
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Figure 6.16.

Axial gamma source distributions tested in the Monte Carlo transport
simulations for fuel bundle 1A
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Figure 6.17. Compaison of the calculated gamma dose rate ratios (MCNP model value vs

experiment data) with the three axial fuel burrrup distributions for fuel bundle 1A
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Source:Cao Y.andB. Feng 2019.

In the MCNP photon transport simulationise axial distributions of the gamma sources

will affect the amount of dose rates calculated for detectors at different heights. In previous

trial cases

an axi al di stri but i-estimatedto anproves thes

calculations at the top deter locationsvas borrowedFor large PWR reactgy the axial

power distribution is flatter than a normal cosine shapd an axial distribution suggested

by Wagner is more realistic to represent the axial fuel pin-bprshape [16]Thus, a

uniform didribution, the previous tuned axial shape aimelaxial distribution suggested by
Wagner werall testedn the Monte Carlo simulationkigure 6.1lots these distributions
for compariso. Figure 6.17shows the calculated gamma dose rates using theeditfe

fituned
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axial source distributions. Compared with the experimental vahee,akial uniform
distribution distorts the gamma sources at the end of the fuel bundles (top detector
locations).The tuned axial distribution has little impact on the detected d¢se aathe
middle fuel plane and may improve the results at the top detector locations. But to be more
consistent and to apply only reasonable assumptions to the numerical simulatons, t
Wagner distribution which represented a type PWR axial-bprehap was used in the
Monte Carlo burrup calculations.

In addition, the calculated gamma dose rates are also dependent on tteedfisr
conversion factors used in the numerical simulations. The most commonly used sets are
those byANSI 6.1.1 ANS-6.1.1(1977) or the updated standaANS-6.1.1(1991). The

gamma dose rates were calculated using both sets and are com&igpders.18 The

gamma dose rates using the 1991 updated set obtained lower dose rates. Therefore, the
updated 1991 conversion factset is more conservative to be used in calculating the
gamma dose rates for se@lfiarding nuclear fuels. It has been used in all the later
calculations.

Figure 6.18. Comparison of the calculated gamma dose with different
flux-to-dose conversion factors fofuel bundle 1A
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6.3. Results comparison and experimental validations

The CEA results with the full environmemtodelledfor 1A configurations are compared

with the ANL numericalresults as shown ifiable 6.11 The ANL selected geometrical
parameters of the Monte Carlo modelkadd fonts shownin Table 6.10 Only ANL
calculated the gamma dose rates from the other three bundles and the results are listed in
Table 6.11at each detector locatioRigure 6.1%lotsthe ANL gammadose rate ratios of

the calculated values to the measured values.

Overall, compared with the measured gamma dose rates, for assembly 1A, both the CEA
and ANL numerical approaches do not overestimate the measured gamma doBettates
institutions showed calculated dose rates that are lower than the measured values by about
25-30%. The meanalculationéxperiment C/E) acrosgheninelocations displayed in the
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table is about 0.7 or ANL and 0. 70 for CEA, which <corre
values being about 7% higher than those from CEA. In numerical simulations, CEA and

ANL used slightly different assumptions on the experimental setup geometry. They also

used slightly differat source axial distributions. Another difference is that the CEA

calculation did not consider the gamma dose rate contributions froffCtheémpurities,

which ANL found to increase the total dose rate by 13% for assembly 1A. Given all these
modellingdifferences, the dose rate from the CEA calculation at each detector location is

still very close to the ANL values.

In general, the calculated gamma dose rates agree better with the experimental values for
those from detectors at the % height of fi#eor the axial midplane than for those from
detectors located at the top of #has. Across allfour assemblies, ANL results show that

the calculated gamma dose rates are always closer to the experimental vahides2iar

and 2B than foFAs 1A and 2D.

In paticular, in the ANL analysis, fdfFA 2A and 2B, the average gamma dose rates among
the three fixed lines at each axial location are about 10% underestimating the experiment
values. FOIFA 1A, the averaged dose rates at all three axial locations are vesigtent

and about 25% lower than the experimental valueskFR&D, the calculated gamma dose
rates are about 40% lower at the top detector location, and about 25% lower at the middle
plane, and about 18% less at the % height position.FR®e2A and 2Bhave similar
characteristics. They were irradiated in the cora®milar amount of time, havaesimilar

fuel burnup, and waitedior approximatel\83 months before the measurements. However,
theFA 1A and 2D have different fuel characteristics. Morpamiantly, the decay time for

FA 1A and 2D is much shorter. As showrliable6.12 the dominant gammiay emitters

from the spenFAs change along thEA cooling time as some dlfie radioisotopes decay
quicker than others. Further research work with erpental data covered with all periods

of decay time is required to evaluate the different discrepancies from the experimental data
shown in this analysis.

The calculatedgamma dose rates at the top detector locations are strdeggndent on

the axial gamma source distributiarsed in the simulation¥heWagner axial distribution

is an assumption dhe FP distributions inthe fuel bundlesBearing these limitations, the
calculated gamma dose rates of the Morris experiments still reascagiely with the
experimental data. Both CEA and ANL studies demonstrated that the numerically
calculated gamma dose rates from the spent nuclear fuel are on the conservative side
determire the nuclear fuel sefprotection.

Table 6.11. CEA and ANL calculated gamma dose rates for the 1A fuel bundle in the Morris
experiments with ANS91 flux-to-dose conversion factors

ANL CEA
Detectors
C/E Std C/IE Std
0.B 0.68 0.6% 0.65 1.1%
0.A 0.74 0.7% 0.68 0.7%
0.E 0.81 0.7% 0.75 0.7%
1B 0.74 0.3% 0.70 0.6%
1.A 0.75 0.4% 0.68 0.4%
1E 0.77 0.4% 0.71 0.4%
2.B 0.73 0.3% 0.69 0.6%
2.A 0.75 0.4% 0.69 0.3%
2.E 0.79 0.4% 0.73 0.4%
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Table 6.12. ANL calculated gamma dose rates for the four fuel bundles in the Morris experiments

Detectors 1A 2A 2B 2b
kR/h C/E kR/h CIE kR/h C/E kR/h C/IE
0.B 6.81 0.68 3.16 0.84 2.56 0.85 7.22 0.60
0.A 4.83 0.74 2.42 0.93 1.95 0.91 5.55 0.69
0.E 4.69 0.81 2.35 0.89 1.90 0.94 5.35 0.56
average 0.74 0.89 0.90 0.62
1.B 24.7 0.74 13.6 0.85 11.0 0.88 311 0.84
1.A 13.4 0.75 7.13 0.96 5.76 0.96 16.4 0.81
1E 13.8 0.77 7.41 1.02 5.99 1.04 16.9 0.81
average 0.75 0.94 0.96 0.82
2.B 25.6 0.73 13.9 0.83 11.2 0.83 317 0.79
2.A 13.6 0.75 6.86 0.90 5.54 0.90 15.7 0.71
2.E 14.1 0.79 7.43 0.99 6.01 1.05 17.0 0.77
average 0.76 0.90 0.93 0.76

Figure 6.19. Comparison of the calculated gamma dose rate ratios to the measured values for fuel
bundles 1A, 2A, 2B and 2D in the Morris experiments
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7.Experi ment alTuwvlaéy edeirmtme nt

This chapter is aummaryof the different contributions.
7.1.Introduction

This chapter summarises the outcome of the validation benchmark exercise undertaken by
various institutes using their computer tools and approaches for predicting the delayed
gamma dose rate distribution around a spéntExperimental data on dose ratethieair,

carried out in the 1980s using irradiatedl of the Turkey Point Unit 3 reactor, were used

for comparisoragainstthe calculated dose rates.

The Turkey Point Unit 3 is a conventionalddp PWR, designed by Westinghouse Electric
Corp. and operatl by Florida Power and Light Co. The study focuses on two &pent
serial numbers B03 and D04, respectivalischarged from the reactor core after an
irradiation period of, respectively, 827 and 8&fective full power daysEFPD$ and
under cooling priods of 3.7 and 1.8 years.

Eight institutes have contributed to this study, namely:
1 ANL (United States;

CIEMAT (Spain)

CEA (France)

ENEA (ltaly);

KIT(Germany)

ORANOTN (France)

SCK CEN (Belgium)

1 VTT (Finland).

ANL, CIEMAT, CEA, ORANO-TN, ENEA, KIT and VTT contributed to the case of D04
spentFA while only three (ANL, ENEA and SCK CENpntributed tahe BO3 case. This
chapter attempts to summarise the contributions from various participahéscomputer
tools validating exercise based the abovenentioned casedt will also highlight the
impact of the modelling tools and approaches adopted by participants.

= =4 =4 -4 - -2

Factors such as the material impurities in the structure materials (mainly cobalt in4nconel
718 spacer grids, in fuel clad arfdel pellet) have been considered. The various
components of delayed photon source were also investigated to analyse the calculated
result.

7.2.Description of the Turkey Point Unit 3 core andFAs

The design and operating parameters providing the key relevaaracteristics of the

reactor coreFA and fuel rod configurations have been compiled from the literatudé [1

[6]. The most relevanbnesare provided inTable 7.1 Many missing specifications are

taken from the documentation on Surry Unit 1 PY/8R Tuk ey Poi nt ds cont empc
reactor having an identical design. The fuel of the Surry Unit 1 and Turkey Point Unit 3

was fabricated at the same time in the same plant. Thbadeétpicture inFigure 7.1

showing the core configuration and giving the radialahsionsis of Surry 1.
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Each square box in the picture represents an assembly position. The reactor core consists
of a 3batch loading pattern as depicted in the Hgduhdpicturein the figure. In the first

reactor cycleFAs having the highest enrictent are placed in the periphery of the core;
those with lower enrichment are mixed in the central region of the core in a cheekboard
like pattern whichyields the most uniform power distributions.

Figure 7.1.Turkey Point Unit 3 Core (left) and core loadng map (right)
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SourceBowman, S.M. et al., 1998eft); Radulescu, G.et al., 201fght).

A representativé-A of the Turkey Point PWR is depicted kigure 7.2 featuring spacer
grid positions anthefuel rod array. Th&A design is based on a 15x15 square lattice, with
21 positions containing control reénd instrumentation guide tubes. The radiahvietv
(right-side picture) shows the positions of tha lattice, namely the fuel rod, the guide
thimbles and the instrumgai tube.

The fuel rods consist of 0.428ch diameterZircaloy cladding around uranium oxide
pellets. The fuel square lattice pitch (eertb-cente distance) is 0.563 inches. The active

fuel length is nominally 144 inches. The fuel rods are lateralhsitained by a series of
seven grids located along the length of the rods. HAés 161.3 inches long (prior to
irradiation) with a square crosection having a maximum distance across flats of 8.426
inches (including grids). The overall length is mageof a top nozzle, the fuel rodsd

the bottom nozzle. There are only slight differences in the design of the BO3 as compared
to the DO4FAs, namely the dimensions of the nozzles, the overall length and the initial
uranium content.
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Table 7.1.Core and FA design data for Turkey Point Unit 3 PWR

Component Item (unit) Data
Core
#FAs 157
Region #1 52
Region #2 53
Region #3 52
Loading pattern Threduelenrichment regions
Corelattice type Square
Core lattice pitch (in.) 8.445
FA
Designer Westinghouse Electric
Array type 15x15
EIA assembly code W1515WL
Version LOPAR
Overall FA lendth.) 159.765
Transverse dimension (in.) 8.426
Fuelrods
Number 204
Fuel rod pitch (in.) 0.563
Fuel rod clad thickness (in.) 0.0243
Fuel rod clad material Zrcaloy
Fuel rodength (in.) 152.06
Fuel pellet
Activduellength (in.) 144
Material ue
Region #1
Enrichment3fU wt %) 1.85
Pellet density (% TD) 93.8
Diametral gap, cold (in.) 0.0075
Pellet outer diameter (in.) 0.3659
Region #2
Enrichmert3U wt %) 2.56
Uranium mass per assembly (kg) 448
Pelledensity (% TD) 92.8
Diametral gap, cold (in.) 0.0075
Pellet outer diameter (in.) 0.3659
Region #3
Enrichmeff3U wt %) 3.1
Pellet density (% TD) 92
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Table 7.1.Core and FA design data for Turkey Point Unit 3 PWR(Continued)

Component Item(unit) Data
Diametrical gap, cold (in.) 0.0085
Pellet outer diameter (in.) 0.3649
Gasplenum
Filling gas Helium
Plenum spring volum® (in 0.43
Workindength (in.) 6.83
Spring material (in.) Incone¥18
Lower end plug Length (in.) 0.688
Top end plug Length (in.) 0.688
Spacer grid
Grids/Assembly 7
Spacer height (in.) 15
Spacer weight (gram)) 675
Grid material Inconer18
Guide and
instrumentation tubes
#CGuide tubes per assembly 20
#instrumentation tubes per assembly| 1
Tube material Zrcaloy
Tube inner diameter (in.) 0.512
Tube outer diameter (in.) 0.546
FA endings
Lower end fitting material 304 SS
Lower end fitting height (in.) 3.188
Upper end fitting material ggg SS + IncoAds Hnconel
Uppeend fitting height (in.) 3.48

7.3. Description of the experimental data

Five FAs (serial numbers B02, B03, B17, B41 and B43) burnt inside Turkey Point Unit 3

core during the first two operation cycles (frdidJanuary 1972 t@5 November 1975),

aggregating27 EFPDswhile theFA, serial number D04, was irradiated during cycles 2

through4 (from 12 December 1974 t@4 November 1977), accounting for 88FPDs.

Figure 73 ndi cates the | ocations of fuel BO0s assem
secondcycle of operation. The location of the D04 assembly is unknown. The available

reactor operating details for the first two cycles are summaristeabile 7.2 [13] [5].
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Figure 7. 3. Il rradiati on
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Source:Davis, R.B., 1980.

Table 7.2. Turkey Point Unit 3 core operating data

ocat

Reactor operation data BO3 D04
Core average thermal power (MWth/assembly) 13.96 14.26
Irradiation time (EFPD) 827 851
Cooling time (years) 3.7 1.8
(Calculated) Caneeragdurnup(GWdAMTIHIN 25.665 28.430
(Calculated) Cqxeakburrup(GWdAMTHMN) 28.564 -
Initiabranium loading (kg) 448 457
Effective temperature (K) 922
Clad temperature (K) 595
Inlet temperature (K) 559
Outlet temperature (K) 611
Average moderator temperature (K) 570
Moderator density (gato)let temperature 0.7311
Soluble boron, cyaleraggppm) 450

ons

The B03 and D04 spent assemblies have been thoroughly examined (in the air) in a hot cell

at BattelleColumbus Laboratorigd] for gamma activityThermoluminescent dosimeters

(TLD) were used in this experiment to measure gamma exposure rates. Capsules containing
five TLDs were stacked side by side, wrapped in tissue paper and then in foil to minimise

contamination. The TLD capsules were divided iditmr groups of 13 for axial
measurements and, for the radial dose rate measurements, @igét cdpsules for BO3

assembly andine capsules for the D04 FA. Each group of capsules was placed inside an

aluminium tube with a 30.48m (1 foot) distance Iieen adjacent capsules, axially from
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the bottom to the top end of the FA active height and radially from the surface of the FA
upwards.Figure 7.4shows the locations of dosimeter tube holders for gamma dose
measurements of BO3 spent FA. Two of the tulbese exposed within the FA in a guide
tube and an instrument tube. Another aluminium tube contaliibg was exposed resting

on theFA surface, and the fourth was exposed 30.48 cm (1 foot) abovEAth&he
dosimeter holder tubes for radial dose rate mneasents were seip perpendiculato the
surface at the miglane of theFA. The same was done for the D04 assembly, but with
dosimeters located only outside. All measurements were carried out inside a hot cell room
about which no specificatiorsgeprovided regarding the size and wall material. The spent
FA was resting horizontally on a table. The available experimental dose ratesain
measured through the holder tubes disposed radially above theFéseante gathered in
Table 7.3and the data thuah the tubes disposed axiadlyein Tables 7.4 and 7.5.

According to[1], experimental data imables 7.3, 7.4 and 7d&e exposure rates in umit

of Roentgen/h. In a contemporary survey study refadron the discrepancies between
calculated and measad radiation dose rates tihe air from commercial PWR spent fuel
elements, the same above experiment data are quotedsofurit/h and, throughout the
document, exposure rates and dose rates are sometimes used interchangeably.

Exposure rate istheamunt of i onising radiation per hour
dose rate is the biological effect on the body from exposure to that radiation. The exposure

rate is measured theUS unit of Roentgen per hour (R/ndthe ISunit of Gray (Gy) in

airor Rad in tissue. On the other sidéhe dose raten theUS unit of Roentgen equivalent

man per hour (Rem/h) dhe International System unif sievert per hour (Sv/h), with

1 Rem/h =0.01 Sv/h. For gamma rays, there is approximately d@oeaeratio between

exposure rate and dose rate, since one roentgen depositsaeDi@®iological soft tissue

[51].

Figure 7.4. Live picture showing the BO3 FA inside the hot cell and schematic view
showing the positions of TLDs holder tubes
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SourceDavis,R.B., 1980.
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Table 7.3. BO3 FA: dose rates experimental data for TLDs inside the vertical holder tube

BO3 D04
Vertical distance from| Exposure rates 110 Exposurerates | 10
assembly surface
(foot) (RIh) (%) (RIh) (%)
0 5.88E+04 3 6.30E+04
1 1.55E+04 7 1.86E+04
2 7.99E+03 3 9.88E+03
3 4.62E+03 4 6.81E+03
4 3.37E+03 5 4.91E+03 <
5 2.55E+03 5 3.92E+03 =
6 1.90E+03 6 3.34E+03
7 1.56E+03 4 2.85E+03
8 2.24E+03

Table 7.4. BO3 FA: dose rates experimental data for TLDs inside axial holder tubes

Instrumentatitube Guide tube (holde| On surface (holder 4 Above surface (holder #
(holder #4) #3)
Distance from o Exposure o Exposure o o
bottom dtielled | Exposure rates 1 U 14 140 Exposure rates | 1 U
rates rates
assembly part

(foot = 30.48 cm| (R/h) (%) | (R/h) (%) (R/h) (%) (R/h) (%)
0 3.87E+04 10 1.75E+05 |7 1.32E+03 | 12 1.74E+03 6
1 1.33E+05 3 1.79E+05 | 4 3.26E+03 | 3 3.25E+03 4
2 1.74E+05 5 1.69E+05 |2 2.24E+04 | 4 6.02E+03 8
3 1.80E+05 4 1.67E+05 |7 3.81E+04 | 3 8.39E+03 6
4 1.81E+05 4 1.74E+05 | 4 4.29E+04 | 3 8.03E+03 9
5 1.71E+05 4 1.65E+05 4 5.67E+04 5 1.18E+04 3
6 1.68E+05 9 1.72E+05 8 5.88E+04 3 1.23E+04 4
7 1.68E+05 8 1.76E+05 5 4.86E+04 5 1.20E+04 5
8 1.72E+05 8 1.65E+05 | 3 6.33E+04 | 5 1.24E+04 2
9 1.67E+05 4 1.25E+05 | 4 6.23E+04 | 7 1.31E+04 5
10 1.63E+05 2 4.77E+04 6 6.57E+04 4 1.29E+04 8
11 1.27E+05 6 7.18E+03 5 6.26E+04 3 1.17E+04 5
12 6.29E+04 8 1.16E+03 |5 5.79E+04 | 4 1.03E+04 4
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Axial direction distributions

§ e g 5 ré‘ - On assembly surface (tube { One foot above surface (tub
552388 . .
5~°38 2 9 Exposure rates 1u Exposure rates 1u
(foot) (R/h) (%) (R/h) (%)
0 8.81E+04 7.42E+03

1 8.91E+04 1.21E+04

2 9.30E+04 1.49E+04

3 6.57E+04 1.62E+04

4 9.25E+04 1.62E+04

5 9.00E+04 < 1.71E+04 <
6 9.52E+04 > 1.63E+04 >
7 9.37E+04 1.58E+04

8 9.27E+04 1.61E+04

9 8.25E+04 1.54E+04

10 5.48E+04 1.42E+04

11 1.29E+04 1.10E+04

12 2.75E+03 7.29E+03

Figure 7.5. Axial power profile in one assembly of th&urry Unit 1 reactor
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SourceCarlson, R.W., 1979.

The footprint of Inconel 18 spacegrids is visible inFigure 7.5showing an axial power

profile in an irradiated assembly from the Surry Unit 1 PWR. The dotted power profile
curve was obtained usingdata analysis computer program written by Westinghouse to
process data obtained bydore instrumentation.

In addition, five fuel rods from the BO3 spdi were selected to undergo an axidCs
activity gamma scanning. The positions of the investigated fuel rods and the plots of the
gamma scanning are shownRigure 7.6 The latter curves exhibit the expected delayed
gamma source axial profile in line with the axial shape fuebrod-up, featring activity

depressions at pellet interfaces at spacer grid locations.
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Figure 7.6. Location of investigated fuel rods (top left) and replots of gamma scan traces
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7.4.Numerical simulation approaches by the variouparticipants

7.4.1.Generic approach

The generic approach to camg out numerical calculations of dose rates inducea by
delayed gamma sour¢mstwo steps. First is thedetermiration ofthe delayed radiation
source term, which is eventually used in a fisedrce steadystate photon transport
simulation using an appropriate computer code along with nuclear data. To this end, a
computational modetnust be built thaencompasssthe system geometry, the various
material zones material specification, the delgyeoton source distribution and fluence
to-dose rate conversion functions.
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An accurate estimation of the delayed gamma source term should take into account the
various reactor core components (fuel pellet & hardware) and the different
mechanisms of gton-production processes, mainly:

1 gamma rays and-rays from delayed radioactive decay;
1 Bremsstrahlung from (beta decay) positron and electron deceleration.

The distance travelled by a photon and the type of interatttarihe photomvill undergo
aredetermined by its energy and by the material through which it is travelling.

For dose rate calculatisithe major characteristics of the delayed photon source are:
1 its intensity, which is the normalisation factor for computed tallies;
9 its energy distributins (spectrum); and
9 its spatial (axial and radial) distribution.

The above characteristics are dependent on parameters such as reactor geometry, material
compositions, material temperatures, material csessions reactor power level, reactor
operatinghistory and problem boundary conditions. Dedicated computer toolsatied

Adepl eti ond durnupde vcoolduetsi,o mwdi lolr ifistatet@mnsmort bet we en
calculation (which uses either deterministic or stochastic methods) and -&yzaare

material evolution through a deterministic solver of the Bateman equations. In this case,

the material compositions in every one of those zones are considered spatially constant

when determining the particle flux in the steatigte transport calculati@and the particle

flux (and the associated spectrum) is assumed constant in space and time during a time step

in the evolution calculation.

To accurately calculate the dose rate distribution in the dp&nthe simulation model
must include the burnop-dependent axial variation of the source term. The latter is derived
by axially segmenting the calculation model to approximate the axially varying isotopic
concentrations, which correspond to the bupnin each axial segment. The fuel cross
sectionsvary with burnrup because of changi@ nuclide concentration and because of the
resulting shift in the energy spectrum of the neutron flux. The neutrdefetion
procedure is applied repeatedly to produce esession libraries for the irradiation
intervals equested by the user.

At the beginning of life, a PWRA will be exposed to a neaosine axialshaped flux,
which will deplete fuel near the axial cemat a greater rate than at the ends. As the reactor
continues to operate, the cosine flux shape Veiftdn because of the fuel depletion &l
build-up that occurs near the cemtNear theFA ends, burrup is suppressed due to
leakage. Consequently, the majority of PWR speghave similar axiaburnup profiles

(or shapesj relatively flat in the gial mid-section (with peak burnp of ~1.1 times the
assemblyaveraged burup) and significantly unddourrt fuel at the ends (with burap

of ~0.5 times the assembéyveraged burup). PWR axial burtup profile databases have
been developed 6,37] enmmpassing most of the PWR fuel designs and contain sufficient
data to provide reliable statistics. Such databases are often used to avoid modelling
complexity.

The computational model should aim at capturing the features relevant to the estimation of
the dbse rates. Next to the geometry model, one should pay attention to the implementation
of the delayed gamma source and the positions of the various detectors.

Another ingredient, at this level, is the fluericedose function. Three sets of fluerice
doseconversion factors have been proposed since the beginning of the present Taskforce
on theDelayedgammainducedDose Rate Calculation, namelythe American National
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Standard 6.1.1, 1977the ANSI/ANS6.1.1 (1977 [45] and its 1991 update
ANS/ANS-6.1.1(1991)[46], and one introduced b§CK CEN, the photon ambient dose
equivalent H*(10mm) ICRP (1996)21], considered the worldwide standard.

Both ANSI/ANSstandards dose functions were specified in units of Rem/h/flux. The used
ICRP (1996) photon ambiedbse equivalent H{10mm) coefficients are in ursbf sievert

by photon fluence™f w & 8The three dose functions are depictedFigure 7.7 in unifs

off "Yo d.

Figure 7.7.Fluenceto-dose functions for photons
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Source: NEA EGAFCS, 2020using data fromANSI/ANS (1977) ANSI/ANS (1991)and ICRP (1996)

The 1977 version of the standard was based on the maximum dose equivalentin a 30
(diameter) x 6&cm (height) tissuequivalent cylinder. ThANSI/ANS (1991) version was

based on the qu#ty recommended inthe ICRP Publication 26 for the effective dose
equivalent. This latter source bases the effective dose equivalent on the sum of weighted
organ dose equivalents for an anthropomorphic representation of the human body. The
ANSI/ANS-6.1.1(1977) standard was superseded by its ANSI/A8l1$.1(199]) revision

that, however, was formally withdrawn in 2001 and is now designated as a historical
standard because the ANS working group failed to issue a revision within 1(J3@ars
According to tke literature, the two ANSI/ANS standards are known to differ by about
25%,with the 1991 version yielding the lowest dose rate values.

7.4.2.ANL approach

This section iseproduced courtesy @¢fNL from Y. Cao and B. Feng (2019),Val i dat i on
of Gamma Dose Rate atulation Methodology using the Morris and Turkey Point
Measur eme#906.0, ANL

The delayed gamma source characteristics were analysed using the SERPENT 2.1.26 code
[23] and the zergnoint ORIGENS code[38]. The SERPENT Mont€arlo code, along

with continuous nuclear data from the ENDFRBI.O library [39], was used to perform the

fuel depletion and structural material activation usir@baFA model assumed to be an
element of an infinite lattice€flective boundaries conditions being assigned irdteral
directions) to match the average core buwm specified in the experimenfsonemete-

thick water layer was assumed as an axial reflector, both at the bottom and the top of the
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FA, with vacuum boundary conditions. The full height of the fuelepellas burhas a
single axial segment yielding an overall spent FA inventory and an assawdrhged
burnup. The UQfuel and theZircaloy-4 clad materialsvere assumed to bear a negligible
amount of impurities, contrary to the assembly spacer gridttandjas plenum spring,
which both consist of Incongl18.

Based orf22], the chemical composition of Inconel 718 with cobalt impurity content of
0.91 wt% was used in the present delayed gamma source calculation. The model assumed
a 3.8%cm height spacer grid with a total mass of 675 gr@hat axial positions specified

in [13]. The total mass of the gas plenum spring was assumed to be 11.34iKRg¢Rall

the FA. It was smeared with a reduced density of 4.555 %giftside the gas plenum
chamber.

Monte Carlo fuel burrup analyses were performed to simulate the fuel deplend the
irradiation of *Co impurities. Separate buup regions were assigned for the seven
spacers and the spring, respectively. The Monte Carlo fuel-lyoroalculations were
performed continuously with no reactor outage time simulated.

The gamma ra sources released from the spent fuel #&n the activategpacers and

the activatedspring were all calculated separately using the material compositions
generated from the SERPENT code. The default 18 energy group structure in the ©RIGEN
S code, as ditedin Table 7.6 was used to tally the delayed gamma source spectrum.
Figure 7.8 shows the calculated gamma ray sources from the fuel zone, from the spacers
and the spring, respectively. Overall, the major gamma sources are contributed by the
decay of FPaggregated mainly within group #8, with a centroid energy value equal to 0.65
MeV. The®Co gamma rays, particularly those released from the irradiated spacers, are
one of the main contributof§5%, as shown ifigure 6.18 to the overall gamma source

in the energy range from 0.9 MeV to 1.35 MeV.

The total gamma source intensity dbtd from the calculations is 4.74E+15 photons/s
from the BO3 FA after about 3.8 yehos decay and 1.36E+16 photons/s from the D04 FA
after about 1.8 years of decay.

3 3.8 years used in the calculation, instead of 3.7 years specified, meaning ~36 days overburning.
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Figure 7.8. BO3 FA: Calculated gamma source spectra featuring rajne from %°Co decay
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SourceCao, Y.andB. Feng, 2019.

Table 7.6. Default 18energy group structures for gamma spectra in ORIGENS code

Upper boundary Source intensity share (%)
#group energy (MeV) D04 BO3
1 0.035 15.12 13.0
2 0.050 10.97 7.6
3 0.075 7.53 5.5
4 0.125 9.59 7.2
5 0.175 6.94 3.7
6 0.250 3.12 2.2
7 0.400 4.60 3.0
8 0.900 39.70 55.4
9 1.35 1.54 1.6
10 1.80 0.54 0.5
11 2.20 0.32 0.1
12 2.60 0.03 0.0
13 3.00 0.00 0.0
14 3.50 0.00 0.0
15 4.00 0.00 0.0
16 4.50 0.00 0.0
17 5.00 0.00 0.0
18 10.0 0.00 0.0
Total (photon/s) 1.337E+16 4.520E+15
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The gamma sources obtained from ORIGENave been used as external souices
photon steadgtate transport simulations using the MCNP6 code. Given the lack of
assembly power history, the adopted approach does not provide a podgendent axial
burnup profile, meaning no delayed gamma source axial distribution was calculated
bridge this gap, a PWR buup axial profile from the literature database, namely the
Wagner fuel burrup distribution[16], plotted in Figue 6.16wasused for sampling the

axial distribution of the gamma source. A single spectrum was used for sampling the
delayed gamma source over the full height of the FA. Radially, all fuel pins were assumed
to have the same distributioihe gamma radiation sourceofn the spacer grids wadso
assumed to be uniformithin each of the spacers with total source strength distributed
among the seven spacers calculated, based on its axial location, in line with the Wagner
burnrup axial distributionsThe gamma sourcesleased fronf°Co in the spring zone were
assumed to be evenly distributed inside the spring zone for simplicity.

The geometry sap has considered the spent FA inside a hot cell, which lies down on the
25 cm thick concrete floor as shownhigure 7.9 Theother concrete walls of the hot cell
weretwometesaway from the FA. The TLD detectors were modelled as LiF cylinders that
have the same radius as the fuel pellet and a height of 4.6 cm. The aluminium tubes holding
the TLD detectors were modelled wiktetinner and outer radii equal to those of the fuel

pin cladding.To fit all the aluminium holder tubes within the geometry motthe vertical
aluminium tube was slightly shifted aside to avoid overlapping with the two axial
aluminium holder tubes.

For each of the (BO3 and D04) FA®ree separate radiation transport simulations were
performed using the gamma sources from the fuel, the spacer and the spring, respectively.
The calculated contributions the gamma dose rates at each detector locati@ne
summed up later orThe dose rates reported hereafter were obtained using conversion
factors from the ANSI/ANS (1991).

Figure 7.9. MCNP model of the Turkey Point Unit 3 experiments showing the horizontal
aluminium tube and the detectors (right) transversaliew (left)

Source: NEA EGAFC%ata 2020.

7.4.3.VTT approach

The fuel depletion and structural material (namely the spgdd) activation were
simulated using the SERPENT Mor@arlo code, version 2.1.493], along with cross
section data from the JEF3:1.2 library[40] and fission yield and decay data from the
JEFF3.1.1 libraries. Cuviews of the geometry model are presented in Figut@ All
the fuel rods in the assembly weretloé same type and the assembly containkdvater
tubes.
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The geometry model consisted of a 66cb2 height segment of ti#eA applying reflective
boundary conditions in the radial direction and black boundary conditions in the axial
direction, i.e. the axial segment of thA was modelled in an fimite lattice in the radial
direction. Thevertical cutview in Figure 7.10features a spacerid across the assembly
segment migplane. The spacgrid wasmodelledas a 5.44€m height and 3.95Am thick
square wall between the fuel pins with a mas&30fg, atthemid-plane of thé=A segment.
Following [22], the chemical composition of Incorgl8 with cobalt impurity content of
0.91 wt% has been used in the present delayed gamma source calculation. ARAh8onel
composition with a lower content in localt impurity, namely 0.47 wt%d 0] has also been
used for the sake afsensibility study. The Ugfuel andtheZircaloy-4 cladmaterials were
assumedo be clean. The gas plenum spring, in Inceri8, was not considered in the
model.

Figure 7.10. Cutviews of 3D assembly segment geometry model for the buap calculation
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Source:Raty, A.andS. Héakkinen, 2018

The Monte Carlo fuel burap calculations were carried outdi burrtup steps to achieve
the specified assembly average bumof 28.43GWd/MTIHM . A cooling time of 657
days(1.8 yearg following irradiationwas considered

For illustrative purposes, the gamma source energy distribution, in the case with 0.47%
cobalt impurity in the Inconel spacers, is describedldhle 7.7using a 19%nergygroup
structure. The top ten radionuclides feeding the source term are also provided.
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Table 7.7. Gamma source energy distribution and major contributing radionuclides

Upper s
boundary >ource - -
energy |(r;/:3n5|ty Radionuclide (So/tl);:lre
(MeV)
1 0.0482 11.07 1 Cs134 39.39
2 0.0713 0.20 2 Cs137/Bd37m 20.59
3 0.106 1.01 3 Ru106/RH.06 13.11
4 0.156 6.73 4 Cel44 12.28
5 0.231 0.15 5 Co60 5.16
6 0.342 0.10 6 Sk125 2.62
7 0.507 1.15 7 Eul54 2.22
8 0.75 57.16 8 Prl44 1.27
9 1.25 20.60 9 NBb95 0.62
10 1.75 1.32 10 Tel25m 0.58
11 2.25 0.46 Total 97.84
12 2.75 0.03
13 3.50 0.00
14 4.50 0.00
15 5.50 0.00
16 6.50 0.00
17 7.50 0.00
18 8.65 0.00
19 20.0 0.00
Total (photon/s) 6.64E+15

The dose rate distribution around the sgeAtwas carried out by using the radioactive
decay source capability of SERPENT 2.1.29. In this source mode, decay gammas will be
created based on unstable nuclides in material inventories, obtained frompbarn
activation calculation, located inside the source cell. Photon emission spectra, read from
ENDF format radioactive decay data files, are used to sample the delayed gamma source,
including thebremsstrahlung generated by beta radiation fréta

In the dose rate calculation, the entire assembly was modelled, namely a Westinghouse
15x15 fuel bundle, which consists of 365.7 cm height active fuel rodsZencdloy-filled

plugs (length 10.2 cm) at the ends of the assembly. The assembly containegigszign

placed 5.44m height Inconel spacersh& ptal length of the assembly was 385cr8.

The assembly was surrounded by dry air with natural composition. The spent fuel
composition corresponding to the average core-oprwas assigned ovireentire length,
entailing a uniform axial distribution of the delayed gamma source. The same goes for the
seven spacegrids.

The photorinduced doseates were tallied inside Ifn x 1cm x10cm size vacuum cells
representing the TLD detectors at varioustans around the spent FA (degure 7.1).

The photon flux computed using th@acklength estimator was converted to dose rates
with the ANSI(1977) and ANSI(1991]) standard fluencéo-dose rate conversion functions.
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Figure 7.11.Geometry model of thespent FA for gamma dose rates calculation
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Source:Raty, A.andS. Hakkinen, 2018.

7.4.4.KIT approach

The spent fuel inventory and the photon emissi
were calculated by using the ORIGENZ2[25] and ORIGENARP [27] codes. Neither
spacegrid/plenum springnor Zircaloy-4 dadding wasconsidered in this study.

For the BOFA, the ORIGENZ2.2 code was applied using 40 irradiation siteps of 20.67
EFPDs which yields a delayed gamma radiation source intensity of 6 ®ghdtons/s.

Forthe DO4 sperfA, t he intensities of delayed 29 source
(18 groups) and ORIGEMRP (19 groups) codes were 1.6e+1
respectively, including bremsstrahlung gammas. The structure of the erertgs

provided inTable 7.8alongside the energy distribution obtained using ORIGEN2.2 for the

D04 FA. From the data in the latter table and its histogram plot displayed in

Figure 7.12 one observes that the first energy group (photons with energy Bél keV)

is the dominant one, with a share of 32.5% of the total source intensity, with photons with

energy below 100 keV (i.e. first five energy groups) accounting for ~58% of the total source

intensity. For the BOBA, aggregated group #9 takes thalledth 32.5%, closely followed

by group #1 (28.1%), with photons with energy below 100 keV accounting for 50.1%.

The dose rate calculatiomgere investigated using the MCNPX 2.7.0 code verdidf,
based oma 3D geometry model of the FA located ithe air. For the model, the fuel
composition and the source after decaywereuniformly spread axially and radially. The
transport of photons and electramas considered in the calculation, FNDL-2014 and
mcplib04 nuclear data librari¢28] being used.

Fi nal Iflyx,wasttdatlied foo each selected position and the dosevaeomputed by
using the fluxto-dose rate conversion facsofrom both the ANSI/ANS.1.1 (977 and
ANSI/ANS-6.1.1 (L991).
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Figure 7.12. D04 FA: Delayed gamma sourcgpectrum obtained with ORIGENZ2.2

6 lel5

Photon Rate {ph/s]
w

0
1072

107!

10°

Energy (MeV)

107

Source: NEA EGAFCS8atag 2020.

Table 7.8. Energy group structure for the delayed gammas spectrum description

ORIGEN2.2 Gamma source for D04 f Gamma source for BO3 H
Upper boundary Photons/s Sharg(%) Photons/s | Share (%)
group # (MeV)

1 0.02 5.10E+15 32.5 1.69E+15 28.1
2 0.03 1.09E+15 6.9 3.68E+14 6.1
3 0.05 1.24E+15 7.9 3.88E+14 6.4
4 0.07 9.35E+14 6.0 3.43E+14 5.7
5 0.10 7.09E+14 4.5 2.26E+14 3.8
6 0.15 9.70E+14 6.2 2.26E+14 3.8
7 0.30 6.71E+14 4.3 1.95E+14 3.2
8 0.45 3.45E+14 2.2 1.01E+14 1.7
9 0.70 3.37E+15 21.5 1.96E+15 325
10 1.00 1.04E+15 6.6 4.44E+14 7.4
11 1.50 1.70E+14 1.1 7.03E+13 1.2
12 2.00 1.99E+13 0.1 4.05E+12 0.1
13 2.50 2.65E+13 0.2 5.32E+12 0.1
14 3.00 5.05E+11 0.0 1.25E+11 0.0
15 4.00 4.57E+10 0.0 1.58E+10 0.0
16 6.00 3.93E+06 0.0 2.53E+06 0.0
17 8.00 4.53E+05 0.0 2.92E+05 0.0
18 11.00 5.21E+04 0.0 3.35E+04 0.0

Total (photons/s) 1.57E+16 100 6.02E+15 100

7.4.5.ENEA approach

The decay and photon emission phase masstigated using the ORIGES point
depletion cod¢38]. The same code was previously used in the-bprand depletion phase
in which the decay between the intermediate cycles of 58 and 62 days was taken into
account. The delayed gamma source specinaiuding bremsstrahlung due to decay only,
was obtained using an 18 enetigyns structuregee Table 7)9 Given the importance of
the energybins structure for a dose rate calculation, this structure was checked through an
optimisedd structure in whichthe most important isotopes with emissions above 0.4 MeV,
such ag®Rh,*"MBa,**4Cs, and**Pr, are used to create groups narrow andeson their
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main emission energies. Above 0.4 MeV, i.e. at the emission energies rédahenstudy,
the energydistribution is dominated by photons in grou#® and #10 representing
approximately 29% of the total photon emission.

Table 7.9. Energy group structures for the delayed gammas spectrum description

ORIGEN2.2 Gamma source for D04 FA

Group # Upperboundary [MeV] Photon/s Share (%)
1 0.02 5.66E+15 32.15
2 0.03 1.24E+15 7.01
3 0.05 1.74E+15 9.85
4 0.07 6.98E+14 3.96
5 0.10 7.82E+14 4.44
6 0.15 1.06E+15 6.02
7 0.30 7.48E+14 4.25
8 0.45 3.96E+14 2.25
9 0.70 3.86E+15 21.92
10 1.00 1.19E+15 6.73
11 1.50 1.99E+14 1.13
12 2.00 2.29E+13 0.13
13 2.50 2.85E+13 0.16
14 3.00 5.82E+11 0.00
15 4.00 5.28E+10 0.00
16 6.00 5.43E+06 0.00
17 8.00 6.25E+05 0.00
18 11.00 7.19E+04 0.00
Total 1.762E+16 100

The steadystate gamma transport calculation wagried out with the MCNPX 2.7.0 code
version[24]. The companion MCLIB04p photon transport cresstion library was used.

A norruniform gamma source within each fuel pin was modelled radially and axially. As
for the axial direction, the gamma source gampled using a PWR typical burrup
distribution corresponding to an average bunmof between 26and 30 GWd/MTIHM

[16]. As for the radial direction, the gamma source was assumed to be proportional to the
radial concentration in the fuel pellet of tmest relevant gamma emitters above 0.4 MeV,

i.e. 1%Rh,134Cs,®*"MBaand*Pr. As a source,-&0° primary photons, corresponding to one
standard deviation on the dose rate of about 3%, are used. Bremsstrahlung due to secondary
electrons is included witthe Thick-Target Model. The photon flux was computed using
MCNP F4 tally typeover 5x5x0.5cn?® rectangularboxes cemed on the measurement
points. The applied dose multiplier was of tyfgeontamination factdor flux-to-dose rate
conversion. The two ewersion factor models used are from the ANSI/A(S77) and

the ANSI/ANS(1991).
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7.4.6.CEA approach

The delayed photon source term was analysed astogputational scheme that couples
the APOLLG2.8 [34] with the DARWIN2.3[36] codes. APOLLGE2.8 performs the
neutron flux calculation in the assembly with a mglbup crosssection library,
CEA2005V4, derived from the JEFF3.1.1 [5] evaluation and considering a Pij calculation
scheme. The code provides neutronics data-¢bédlded crossections and neutron
spectra) in a dedicated database referred to, internally, as SAPHTOOL.

The calculated geometry i 2D assemblygeometry model and the neutron flux is
calculated in a 281 energyoup structureheso-called SHEM schem@3]. To better take
the Rim effectinto account, the fuel rod is dividedtind concentric rings (respectively
representing 50%, 80%, 95% and 106Pthe total fuel rod volume).

The fuel depletion calculation was performed using the geometry and materials of the
15x15 UOX (used for the vification benchmark) with 208 fuel pins and 17 guide tubes
per assembly, except for thFéU and***U enrichmentswhich were set to 0.19% and 2.55%
respectively. The specific power was also set t&V34. Nevertheless, as the assembly
moderation radii arel.91 and 1.95 for the benchmark assembly and the experiment
assembly respectivelit,can beconsideedthatneitherthe neutron flux spectrumor the
macroscopic “group crosssectionswere greatly impacted by this assumption. The
depletion calculation is thus considered representative of the real assembly one.

The lefthand picture inFigure 7.13shows the assembly geometry model used for the
source term calculation while the rigidndpicture dsplays the actual design of the D04
assembly used in the TRIPOA® code[35] for the dose rate calculations.

Regarding the depleted fuel inventory calculation, the depletion chain is the standard so
called CEA2005V4 chain including around 160 isotopé® hain contains 135Psand

26 actinides. It is important to note that the irradiation shutdown is not considered in the
irradiation history.

DARWIN2.3 is the French reference package for fuel cycle calculations. The code re
calculates the composition§the discharge#A based on the se#fhieldedcrosssections

in the SAPHTOOL database and with a more detailed depletion chain. The chain includes
3027 isotopes, witkPs heavy nuclides and activation isotopes, and is consistent with the
CEA2005V4 one.

The depletion calculation was performed until 28A8d/MTIHM and a 1.8/ear cooling

time was taken into account. DARWIN calculated agt®@up and an explicit ralgy-ray
(19127 rays) delayed gamma source spectrum from this calculation step. The explicit
gamma source is used for sensitivity analyses.

Table 7.10provides the total number of emitted gamma and the gamma spectrum in the
19-group energy structure for an initial mass ebine uranium. To take into account the
bremsstrahlung contribution, DARWE.3 provides also a betanission spectrum in a 61
group energy structure.
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Figure 7.13.15x15 UOX FA used in APOLLO-2 (left) and in Tripoli-4 (right)
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Source: NEA EGAFC8atg 2020.

Table 7.10.Gamma spectrum in a 19energy group structure

Upperoundary Photon/s Share
group # [MeV] (%)
1 0.0482 6.70E+14 10.67
2 0.0713 1.27E+13 0.20
3 0.1055 6.38E+13 1.02
4 0.1562 4.23E+14 6.74
5 0.2312 7.63E+12 0.12
6 0.3423 6.70E+12 0.11
7 0.5066 6.13E+13 0.98
8 0.7500 3.61E+15 57.50
9 1.2500 1.31E+15 20.85
10 1.7500 8.40E+13 1.34
11 2.2500 2.87E+13 0.46
12 2.7500 1.81E+12 0.03
13 3.5000 1.14E+11 0.00
14 4.5000 5.22E+05 0.00
15 5.5000 9.15E+04 0.00
16 6.5000 2.92E+04 0.00
17 7.5000 3.91E+02 0.00
18 8.6538 0.00E+00 0.00
19 20.000 0.00E+00 0.00
Total 6.28E+15 100
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Figure 7.14.Axial burn -up profile used for the dose rate calculation
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Source: NEA EGAFC8atg 2020.

The dose rate distribution was assessed with the TRHAQUdnte Carlo code using the
EPDL-97 photoatomic data library and the EADL atomic relaxation datadhégamma
source axial profile, a typical PWRurnup profile [33] was used as shown in
Figure7.14anddesigned for fuel burnp below 30 GWMTIHM.

The fluenceto-dose functions from the ANSI/AN$L977) report and the ANSI/ANS

(1997 were used for this study. For calculations using the TRIPAR.lcode[35], an
additional builtin response functioi*(10), based on ICRF4 recommendationsyas

used. The dose rates at various detector locations were assessed using point flux estimators

7.4.7.0RANOTN approach

The delayed gamma source spectrum, including bremsstrahlung due to decay, was obtained
with ORIGEN-ARP [41] using a 62 energpins structure for the clean fuel pellet and the
cladding material. It is detailed Figure 7.15
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Figure 7.15. D04 total spectrum [9o/ s
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Source: NEA EGAFCS8atg 2020.

The dose rate simulation was carried out usingTiRE°OLI-4.7 Monte Carlo cod@3],
based ora 3D homogenise#A model. Photoatomic data from the CEA V5.0 library,
mainly based on the JEF3:1.1 evaluatiopwere used.

Figure 7.16resents also the global 3D TRIPOLI model used to take into accountebe eff

on the dose rates of the gamma backscattering considering the measurement conditions. A
built-in six-node axialburnup profile, shown inFigure 7.17 was used foithe axial
distribution of the gamma source. The ANSI/ANS (1991) flueiedose conversin

factors were used.

Figure 7.16. Schematic view geometry model showing the FA inside the hotcell

Sourceleger, V.andA. Dalesme, 2020
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Figure 7.17. Burnup profile used in the TRIPOLI-4 model
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SourcelLeger, V.andA. Dalesme, 2020

7.4.8.CIEMAT approach

The EVOLCODE 2.0 systef29], which isbased oithe Monte Carlo codeICNP (version
6.1.1b[30]) for theneutrontransport simulation anithe ACAB code[31] for theBateman
depletion calculationsvas used to estimate the bwup evolution of thd=A. A singleFA
wasmodelledto represent the whole reactor core. It consisteahatlement of an infinite
lattice,wherereflective boundary conditionsereconsidered fothe lateral directions’ he
model for @ch rodincluded concentric geometry faellet, gapand cladding The
moderator and guide tubegrealsotaken into account. Ngpacergrid, plenum springand
axial or radial subdivision of the fuelereconsidered in this work.

The model for the burrup consideredl9 irradiation steps of cotat power,but no
intermediate decay periodgeretaken into account for refuelling purposatso, theboron
concentration in water waonsidered a variable for the 19 irradiation stéfise decay
period after irradiatiomwassimulatedvith ACAB. The JEF3.2 data library32] was used

for the calculationamaking use oflecay data, photon production, branching ratios, fission
yields and crossections.Figure 7.18shows the gamma line spectrum obtained using a
fine energy grid of BOOenergy intervals;onsidering the emission of each isotope. In this
way, the photon energy fromKeV until 20MeV was sampledyielding a nearly rajines
spectrum, as depicted ithe figure The top six contributors to the delayed gamma
emission, accounting for 96.2% thfe total source intensitare presented imable 7.11

for the clean U@fuel pellet.

BENCHMARK ON DOSE RATE CALCULATIONS FORIRRADIATED ASSEMBLY



116| NEA/NSC/R(2023)8

Figure 7.18. Gamma line spectrum of the delayed gamma source
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Source: NEA EGAFC%ata 2020.

Table 7.11. Top contributors to delayed gamma source and main gamniaes

Main
Share (%)
0,
Isotope Share (A’.) OT gamma |- gamma| Responsible isotope
gamma emission lines emission
(keV)
13¢Cs 44.4 661.0 22.3% 13Cst3"Ba
13Cs13MBa 22.0 604.0 19.5% 13Cs
10RufORh 15.3 796.0 17.1% 13¢Cs
14Ce 10.0 512.0 9.4% 10RUIORh
1255p 2.8 134.0 7.4% 14Ce
15€u 1.7 622.0 4.6% 10RUIORh
569.0 3.1% 13¢Cs
801.0 1.7% 13Cs
564.0 1.7% 13¢Cs
428.0 1.0% 1255p

The transport of the photon radiatisas performed with MCNP code, version 6.1/.3®).

The FA was considered suspendedheopen air, so no water is maintained in the design
now. The reflecting boundariesere removed to place the detector cells at the proper
distances.

The photon sourcevas randomly generated from the800 different energy growsp
providedby ACAB. The F4 trackength flux estimatowas used to estimate the photon
flux at the detector locations. Two fldg-dose rate conversion factorereused in this
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work: the 1977 ANSI/ANS report and its 1991 update, both with a LOGLIN inteipo
factor. The detectonseremodelled as spheres @b-cm radius to calculate the dose rate.

7.4.9.SCKCEN approach

A detailed 3D fulcore geometry modelas developed for fuel depletion and structural
material activation calculation, including the fubhd and the spacer gridsigure 7.19
depicts the radial and axial euews of the core model. Axially, the BO3 Rias divided

into 48 axial segments of equal length. The first ring neighbour assemblies are divided into
six axial segments while assemislien the second ring are subdivided ithi@esegments.
Assemblies inouter rings are modelled as a single fuel segment. Likewise, the fuel rod
cladding of the B03 assembly is divided into 16 axial segments: one segment over the gas
plenum and 15 segmerdsequal length along the active fuel zone.

The fuel rod is modelled radially in three separate zones, namely: the fuel pellet, the gas
plenum gap and the clad. As showrFigure 7.20Q the spacer grid elements are modelled
asa square wall around evenyin, guide and instrumental tube. The wall thickness is
determined such as to preserve the grid mass (675mggmrovided the heighis equal

to 3.81lcm. The total mass of each grid is shared equally among fuel pins and
guide/instrumentation tubes. Thiepum gas spring was modelled as a layer on the inner
face of the gas plenum room with the thickness calculated to preserve the amount
(53.684g per pin) of the spring material (s€égure 7.2). The seven spacearids are
modelled and irradiated, sepatgtet their axial actual location alongside &, as read

in Figure 7.4

Due toalack of information concerning control rod insertion, it is assumed that the guide
tubes in assemblies were vacant (filled by the coolakgwise, the SS 304 sleeves around
guide thimble tubes (shown Kigure 7.21as from[13]) are not modelled. The top end of

the guide thimble is fastened to a tubular sleeve by three expansion swages. The sleeve fits
into and is welded to the top nozzlgapter plate. The lower end of the guide thimble is
fitted with an end plug that is then fastened into the bottom nozzle by dogktt screw,

which penetrates through the nozzle and mates with an inside fitting in each guide tube.

The bottom nozzle is laox-like structure that serves as a bottom structural element of the
FA and directs the coolant flow distribution to the assembly. The square nozzle is fabricated
from 304 stainless steel and consists of a perforated plate arahiglerlegs with bearing
plates. The top nozzle assembly functions as the upper structural element. It consists of an
adapter plate, enclosure, top plate, khadavn springs, clampandpads. The springs are
Inconel 718 and the bolts are Inco®@l0; the other components are 30taislless steel.

The bottom nozzle zone has been modelled as a mixtureval%@Oborated cold water and

40% SS304 (density ~3.64/cc) while the top nozzle zone mixture consisted 0¥a1%

borated hot water, 20% S3®4 and 10% void (density ~2¢gdcc). The two zones were not

taken into account for the delayed gamma source.
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Figure 7.19.Radial and axial cutview of the core model

SourceMalambu, E., 2019.

Figure 7.20. Modelling the spacer grids and the gas plenum spring
= il
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Soure: Malambu, E., 2019.
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Figure 7.21. Not modellecjuide thimble-to-grid bulge joint
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SourceWeihermiller, W.B.andG.S. Allison, 1979.

The fuel depletion and structural material activatimere carried out using the ALEPH2
depletion cod¢l18], which has beeander development at SCK CEN since 2004. ALEPH
v2 couples a steaestate MCNP/MCNPX particle transport with aleterministio
depletion equationsd sol ver -Katmmméthod/threeg Rad au
stages, accuracy order 5) as implemented in RBB solver[19]. A typical step of the
ALEPH2 simulation consists ohdMCNP steadystate calculation to obtain the transported
particle fluxes and spectra that are used to prepare speatenage data to be eventually
used in a deterministic depletionhser to update the material compositions for the next
irradiation step. For the present study, the stestdte calculationwerecarried out using
the MCNP 6.2 code versighi7]. Amongst the key features of the ALEPIS2he full data
consistency betweesteadystate Monte Carlo and tirdependent depletion calculations.
The continuous pointwise nuclear data from JBEF[44] were used, not only for the
steadystate calculation yielding the neutron spectrum but eigarepae the spectrum
averaged crossections used in the material evolution routine.

The nuclide depletion calculation was carried out in a-thigigh job run for the various
core zones (89 fuel zones, including 48 axial segments for the=BP36 clad zones,

7 spacer grids and for thegplenum spring) at constant core full power of 2191 M26
(13.96MW/FA x 157 FAs), continuously during an irradiation period of 827 EFPDs. To
reduce the number of zones, Bis loaded insymmetric positions were burnt as a single
zone. Such was the cafes the assemblies B03, B02, B17 and B41 (Sigare 7.5. The
irradiation history was subdivided into timteps of 30 or 35 EFPDs, updating the neutron
spectrunm(steadystate MCNP run), to take into account the change flux profile due to fuel
depletion.A partial core reshuffling was simulatg@nericallyafter 367 EFPDs and 587
EFPDs iradiation times, to keep the core critical. The output of the calculation includes, at
various irradiation and decay tinsteps and for various depleted matariaimongothers:

{1 the radionuclide inventory (in g/chand in atom/barn*cm);
9 various delayed radiation activity inventory;

9 the power released in each material zone.
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The normalisation factor of the radiation source for subsequent calculations was
determinedusing ony the above data (i.atradiation time, 827 EFPDs and operation
power, 2191.726 MWth).

A part of the raw output of the ALEPH2 depletion calculatisnthe burnup in
GWdJ/MTIHMM for every burnt fuel zone as a function of irradiation time (the time bins
being defined by the timsteps used to model the irradiation history). Collecting and
averaging over the full core yields an averagetup of 25.367GWd/MTIHM for the full
core, which is very close to 25.668Vd/MTIHM, the specified calculated coreaverage
burnrup. The calculation yields an averagernup of 27.85 GWd/MTIHM for BO3
assembly and its companions (B02, B17 and B41).

Figure 7.22. Calculated burrup and gamma source axial profile along the BO3 assembly
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Source: NEA EGAFC%ata 2020.

The axial distribution of the fuel pellburnupis plotted inFigure 7.22alongside the axial
distribution of the gamma source from fuel, featuring the characteristic flat shape with dips
at the spacegrid locations, in good agreemenith the experimental shapes shown in
Figure 7.5

The intensities ofhedelayed photon source due to various components investigated in this
study are summarised Trable 7.13 As regards the intensity, the spent fuel pef&gnd
actinides) dominates the source term: both the spgrigr(Inconet718 material with

0.47 wt% cobalt impurity) and the claddindircaloy-4 with 10-ppmweight cobalt
impurity) account for only ~5%.

As can be noticed ifable 7.12only seven radiortlides deliver more than one percent to
the source intensity, the leading contributors being'#@s nuclide and**’Cg**"VBa
generator with, respectively ~%iand ~386. The 75ppmweight **Co impurity content
in the UQ fuel pellet makse®°Co become théourth major contributor with a share of 5%.

The ALEPH2burrtup code retrieves photon spectra from the basic radioactive decay
library and aggregates the individual (discrete) gamma lines and the continuous spectra, if
available, using an energyid striwcture consisting of-keV gap from keV to 1MeV and

a 5keV gap above MeV. Such fine grid structure allows identifying discrete gamma lines

of most decaying nuclides yielding gamma ilmeline spectrum as is depicted in
Figure 7.23assigning to rajines the energy of the group centroids, shown to be so close
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to the actual line energy from literature or MCNP database, as highlighteblia 7.12
(bottom part, column #2 and #3).

Figure 7.23. Delayed gamma spectrum of clean Y@pent fuel in BO3 assembly
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Source Malambu, E., 2019.

The source term spectrum is dominated by the 661.7 keV gdimerfaom the'*'Cs**"VBa
generator, 34% of the overall intensity, followed by tW(Cs signature ray lines at
604.7 keV and 796 keV, ith ~18% and ~16% share respectivéfCo, an activation
product of the°Coimpurity, plays a nomegligible role due to its two higénergy rays at
1.1725 and 1.3325 MeV, respectively.

Table 7.12. Major radionuclides and gamma lines feeding the sourterm

Intensity share (%)
Radionuclide UQWnirr]n;i:i)tsm @0 Clean Up

1 3Cs 38.64 40.90
2 13Csl¥"Ba 35.51 37.60
3 10RuFRN 6.82 7.23
4 60Co 5.44

5 14Ce 4.19 4.43
6 15€u 3.79 4.01
7 1255h 2.80 2.93
8 15%¢u 0.84 0.89
9 125mTe 0.66 0.69
10 14pr 0.46 0.48
11 241Am 0.27 0.28
12 11omng 0.12 0.11
13 23y 0.12 0.12
14 144npy 0.09 0.09
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Table 7.12. Major radionuclides and gamma lines feeding the source ter(@ontinued)

Intensity share (%)
Radionuclide §]e) W|tir;1;ir?§m () Clean UD

15 24¢Cm 0.08 0.08

16 119n8n 0.06 0.05

Total 99.87 99.90

Gamma line energy (keV) iicsuv:ilttire]s Clean U
Nuclide ID
E-bin centroid actual Intensity share (%)

1 661.50 661.66 13Cs13"Ba 3251 34.42
2 604.50 604.70 13Cs 16.86 17.85
3 795.50 795.85 13Cs 14.76 15.62
4 511.50 511.84 10RuFORN 4.09 4.33

5 1332.50 1332.50 | %Co 2.72

6 1172.50 1173.20 | %%Co 2.72
7 569.50 569.31 13Cs 2.65 2.81
8 133.50 133.54 14Ce 2.01 2.13
9 621.50 621.94 10RuMRN 1.97 2.08
10 801.50 801.93 13Cs 1.50 1.59
11 32.50 1.45 1.54
12 563.50 563.24 13Cs 1.44 1.52
13 36.50 1.35 1.43
14 27.50 1.19 1.25
15 31.50 1.06 1.12
16 123.50 123.07 15€u 0.77 0.82
17 1272.50 1274.43 | 5Eu 0.67 0.70
18 427.50 427.00 1255h 0.58 0.61
19 42.50 0.57 0.60
20 35.50 35.80 5¢Eu 0.56 0.60
21 1367.50 0.52 0.55
Total 91.95 91.57

Table 7.13.Delayed gamma source for various material compositions

Source

Material intensity
(photon/s)

Spent fuel (clebi?) 3.27E+15
Spent fuel (+metallic impurities; Avgight cobalt) 3.44E+15
Spacer grid+spring (0.91 wt% Cobalt) 2.76E+14
Spacer grid+spring (0.47 wt% Cobalt) 1.39E+14
Clad (with impurities; 10+ppight cobalt) 1.95E+13
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The dose rate distributions around the B03 spent FA were analysed using the MCNP6.2
code[17] version along with the statef-the art EPRDATA14 photoatomic data library,
released within the MCNP6.2 package. The BO3 assembly, isolated in open dry air, was
modelled with the same level of detail as for the depletion calculation step. As displayed in
Figure 7.24the assembly is modelled lying on ac20thick concrete table insidesd0cm

x 500 cm x 500 cnhot cell room with a wall consisting of a &fh thicklayer of lead and

a 30cm thick layer of concretefigure 7.25shows the dosimeter holders in aluminium,
explicitly modelled by dmm+thick, 5>mm+inner radius tubewith TLD detectors modelled

as airfilled 0.8-cm-diameter, icm-height cylindrical cells. fie vertical dosimeter can
stand up in the middle of the assemblyds fl at
foot above the flat) are slightly shifted laterally, &b away, to avoid overlapping with

the vertical can.

Simulations were carried ogeparately for each component of the delayed gamma source
term described iable 7.13For each component, the delayed photon source was sampled
in the same volume where it dhdbeen obtained in the previous calculation step. For
instance, the delayed gam source due to the spent fugls sampled inside each one of

the 48pin pellet axial segments, thereby accounting for thestédfiding effect of the

pellet and the shielding due to the fuel pin clad, with a different spectrum for each segment.
Radiallythe source is the same for all fuel pins of a given assembly segment.

The gamma radiation sources from the spacer grids and plenum spring were also sampled
using different spectra in the seven spacers and plenum chamber. The same went for the 16
axial sgments alonghe Zircaloy-4 clad.

Figure 7.24.Geometry model for dose rates calculation

SourceMalambu, E., 2019.

The dose rate due to bremsstrahlung gammaesscarried out only for the fuel pellet, using
the spontaneous betkecay source capabilitgf the MCNP6.2 code. The code samples
each betamitter radionuclide contained in the source cell, using abif®®etadecay
spectrum from a specific companion library.

For each code rum 1t (per batch op 1) source particlesveretracked to achieve Vo
statistical errors (< 3%) in all tallying cells. The MCNP F4 trltgth flux estimator was
used to tally the cethveraged photon flux at the various dosimeter locations. The stochastic
dose rate distributionsere obtained by folding the above gamnmaxfwith an energy
dependent fluto-dose response function.
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Hence,the MCNP tracKength tally yields a result in units of sievert per photon source
particle. Upon multiplication by the photon source intensity (normalisation factor), by
3 600s/h and byl00 rad/sievert, a dose rate in Rad/h (or Rem/h since one rad is equal to
one rem for photonis found The ANSI/ANS dose conversion factors being in units of
Rem/hr/Flux,the MCNP raw tally value needs only to be folded by the photon source
intensity.

Figure 7.25. Modelling details featuring dosimeter tube holders and tallying cells

I[

ii

SourceMalambu, E., 2019.
7.5.Results analysis
7.5.1.Analysis of key features used for calculating the dose rates

Influence of the fluene®-dose response function

The photon fluencéo-dose conversion tables (ICRP or ANSI) are used to calculate the
biological dose (equivalent or effective). Since this involves biological weight factors
yielding different dose rate valueBable 7.14highlights the discrepancy in dosates, as
calculated by SCK CEN for the BOBA at the various detector locations, using
simultaneously in the same MCNP simulation dose conversion factors frorr6ANIS
(1977), ANS6.1.1 (1991) and ICRP (1996Jhep m T # %] %like metric is used,
whereE stands for ANS.1.1 (1991) and C for either ANG1.1 (1977) or ICRP (1996).

The dose rate values calculated using the ANIS1 (1977) conversion function are-24
25% higher compared to values obtained with the ANIS1(1991). The dose rates
calculatons by ENEA, for the D04 assembly, exhibit a discrepancy of 24.7% between
values derived by ANS.1.1 (1977), in perfect agreemevith SCK CEN for B03, which
confirms the statement quoted from the literature. The Hi{® ICRP (1996) dose
function yieldsvalues about 14% higher compared to A6l$.1 (1991) and, hencabout

9% lower compared to the ANG1.1 (1977).

In Figure 7.26the shares of the total dose rate at a given location, calculated by SCK CEN
for the BO3FA, have been plotted asfunction of scoring photon energy intervals. It is
worth notng that dose rates induced by phat@banenergy below 100 keV barely reach
0.4%for ICRP (1996) and ANSI/ANS (1991) and 0.586 ANSI/ANS (1977), which is
roughly half ofthe 41 uncer t ai kvalye (wotma shaneef ~p586p0ccurring in

the energy range from 600 keV to 800 keV wherein are the major contributors to the gamma
source. Hence, the difference in dose function curves at low energy has no impact.
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Table 7.14. Percentage discrepancy inode rates: ICRP(1996) andANSI/ANS (1977) vs.

ANSI/ANS (1991)
Axial distribution Vertical
distribution
Instrumental . On the| 1 foot aboveg
Guide tube

tube surface surface

2% | 28
5 c §% 53| 20l Kal 90l cal x| Kol 23| Ko
59 2o a0 99| 99| 39| 99| 39| | J3D 2D
el Az | 2| g2 S gl S g2 22 g 22
23| XX | Z<| g Q| g QD] gO| DD gB ©OD
88| © < CZ| 22| 52| 22| 52| 22|52 22

- = <] =] ] =] L] = €K
0 14.1| 24.5 14.1 | 244 | 140 | 240 | 14.1 | 243 | 14.0| 23.6
1 14.1| 24.0 14.1 | 241|140 | 23.7 | 14.1 | 241 | 14.1| 24.2
2 14.1| 23.9 141 | 240 | 140 | 23.6 | 141 | 24.0 | 14.1| 24.4
3 14.1| 23.9 14.1 | 240|140 | 23.6 | 14.1 | 241 | 14.2| 24.8
4 14.1| 24.0 14.1 | 241 | 140 | 23.7 | 14.1 | 24.2 | 14.2| 24.7
5 14.1| 24.0 14.1 | 241 | 140 | 23.7 | 14.1 | 241 | 14.2| 24.8
6 14.1| 24.0 141 | 24.1 | 140 | 23.7 | 141 | 242 | 14.2| 25.4
7 14.1| 24.0 14.1 | 240 | 140 | 23.7 | 14.1 | 243 | 14.2| 251
8 14.1| 24.0 14.1 | 241 | 140 | 23.7 | 14.1 | 241
9 14.1| 24.0 141 | 240 | 140 | 23.6 | 141 | 24.1
10 14.1| 23.9 14.1 | 240 | 140 | 23.6 | 14.1 | 24.2
11 14.1| 24.0 141 | 24.0 | 140 | 23.6 | 14.1 | 24.2
12 14.1| 24.3 14.1 | 243 | 140 | 23.8 | 14.1 | 24.3

Figure 7.26.Dose rates fraction as a function of the photon energy
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Influence of the hotcell wall backscattering

Another item likely to influence the dose rate calculation is the radiation backscattering
due to various structural materials surrounding the experimental setup, mainly the hotcell
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wall and theFA support table. Calculations were carried ousbgne partiipants, namely
ORANOTN for D04 and SCK CEN for BOBAs. The results obtained for the BB2 are
reported inTable 7.15n terms of the (€E)/E-like metrics, where E stands for the model
accounting for the backscattering. The impact of backscatteringai®esr noticeably
moving away from the spent fuel surfaemd getting closer to the hotcell walls. The
backscattering contribution varies from 2.5% to 7%.

Table 7.15.Impact of radiation backscattering inside the assumed B03 hotcell

- 0E0OOQI Mo 0'Ql QEQ
2 Shoal booobi DED
o
g— Axial dosimetry tubes
3]
Q
g ] On assembly Vertical
Instrumental tube  Guide tube surface Above surface
0 0.2 0.1 0.2 -3.6 0.0
1 0.0 0.0 0.0 2.2 2.5
2 0.0 0.0 0.0 2.1 4.3
3 0.0 0.0 0.0 2.4 5.4
4 0.0 0.0 0.0 2.4 5.5
5 0.0 0.0 0.0 2.4 6.4
6 0.0 0.0 0.1 2.7 7.3
7 0.0 0.0 0.0 2.7 6.7
8 0.0 0.0 0.0 2.5
9 0.0 0.0 0.0 2.3
10 0.0 0.0 0.0 2.1
11 0.0 0.0 0.0 2.7
12 0.0 0.0 0.1 -3.5

Dose rate induced biyre various source term components

Three componentsvere thoroughly investigated by the participants this validating
benchmark exercise regarding the delayed gamma source term, namely foelpéllet,
theZircaloy-4 cladding and the Incon@ll8 spaer grids/plenum springs. The contribution
of the above source term componewts compiled inTable 7.16by SCK CEN for the
B03 spent FA, considering metallic impurities including cobaltg@&weight in the UG,
10ppmw in the Zrcaloy-4 and 0.47 wt% irthe Incone}718, respectively The share of
the cladding to the dose rates is constant at all detector locations, amounting to ~0.6%.

For the spacegrids, the contribution to the dose rates depends much more on the distance
to the detectors: below 6%rfdetectors close to tHeA, but with spikes for detectors near

the core active heighup to 58% at the bottom angb to 80% at the top with the
contribution from the spring. Away from tHeA surface, the contribution of the spacer
grids and spring reachealues up to 14% of the total detector dose rate. Inside and on the
surface of thé&-A, the delayeggamma radiation from the spent fuel pelatesponsible for
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up to 99% of the dose rates. Outside the assembly and near gpdse¢he share of the

spern fuel pellet decreases.

Table 7.16.Share of various components of the dose rate

Share of total dose rate from the various gamma source components (%)

5 c Axial distribution Vertical distribution
8 8| Instrumental tube Guide tube On thesurface 1 foot above surfac
g'@ Fuel| Clad | Grids/ | Fuel | Clad | Grids/ | Fuel | Clad | Grids/ | Fuel | Clad | Grids/ | Fuel | Clad | Grids/

= spring spring spring spring spring
0 42.0/ 05 | 575 |[415|04 |580 |51.8|(05 |47.7 |894|06 |101 |976|05 |19
1 99.2|1 0.6 | 0.2 99.2|1 06 |0.2 99.2| 05 |03 93.2| 05 |6.3 92.0|05 |75
2 76.6/ 05 [ 229 |765[04 |231 |799|04 |19.7 |914|05 |8.1 90.7| 0.6 | 8.7
3 99.2| 0.6 | 0.2 99.2| 06 |03 99.1/05 |04 93.1({05 | 6.4 89.5( 0.6 | 10.0
4 93.4| 06 | 6.0 93405 |61 933| 05 |6.2 91.7| 05 |78 88.4| 06 | 11.0
5 99.0/ 0.6 |04 99.0|/ 06 |04 98.9| 05 | 0.6 92.8| 05 | 6.7 874|106 | 120
6 97.7/ 0.6 | 1.7 97.7/06 | 1.8 975| 05 | 2.0 92105 |74 86.7| 0.6 | 12.7
7 98.4| 0.6 | 1.0 984|106 |11 98.2| 05 |13 921|105 |74 85.2| 0.6 | 14.2
8 98.8/ 0.6 | 0.6 98.7| 0.6 | 0.7 98.6| 0.5 | 0.9 922|105 |73
9 96.4| 0.6 | 3.0 96.3| 06 |31 96.1| 05 | 3.3 91.3| 05 | 8.2
10 99.2| 0.6 | 0.2 99.2|1 06 |03 99.1| 05 |04 91.1| 05 |84
11 86.0/ 0.6 | 134 |[859|06 |136 |867|05 |128 |814|05 |18.1
12 19.0{ 0.3 | 80.7 |195|03 |80.2 |205|03 |79.2 |537|04 |459

Figure 7.27. Axial profiles of dose rates induced by gammas frofael and clad in BO3 assembly
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Figure 7.28. Axial profiles of dose rates including gammas
from spacergrids/spring in BO3 assembly
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The axial profiles of the dose rates, aggregating the contributions from the pellet and the
cladding are featured ifrigure 7.27 They exhibit a smooth shape, in line with the shape

of the source term shown Figure 7.22 The shapes of the dose rate egrincluding the
contribution of gamma from the spacgids and plenum springreshown inFigure 7.28

featuring the eddies due to located grids source term.

7.5.2.Dose rate curves comparison

A critical review of the experimental data
Figure 7.29 showthe experimental datalottedfrom Table 7.4regarding the BO3 spent
FA from Turkey Point Unit 3. At first glancéhe strange shapes of three of the dose rate
distribution curvesan be noticedThey are presented in the figur®nly the dose rates
throuch the instrumental (central) tube exhibits the expected profile, in line with both the
experimental burup and the gamma source scan profileFigure 7.6and Figure 7.5,
respectively. While the instrumental tube and the guide tube are only ~6 cmraplaaive
the same structure, the shape of the dose rate curves through the two tubeeripoks

different.
Figure 7.30 showthe axial dose rates on the surface (left picture) afubtlaway (right

picture) for both BO3 and DOBAs. The two assemblies asémilar in design and were

irradiated inside the same core in nearly similar conditions. Here, éigaiaxial dose rate
profiles are significantly different. For the D04 assembly, the dose rate ctioet dway

from the surface exhibits the expected shddowever, there is a lack of consistency
between the shapes of the various axial curves either for curves of th&AafB03 or

D04), at different tube positions, or for the homologous curves from B03 and D&4, at
similar position.Surprisingly, theseoddities are not mentionea ithe found literature
reporting on these experimental. As an exception to the concern raised above, the radial

distribution curves of dose rates around both BO3 and BEX®lare consistenfas can be

seen inFigure 7.31
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Figure 7.29. Experimental axial distributions of the dose rates for the BO3 FA
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Figure 7.30. Experimental dose rate curves on and awdsom the
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Figure 7.31.Radial distribution at the FA mid-plane

100
&
x
\
N
N
W
N
LY
\
AR
A
“
R
£ Y
H AN —e -D04
£ SN
I \\ - & -B03
a10 hl
N S
g s
a e ~
-~
~
S ~ e
= - \"“—_
. T~ a— -
~—— —
. -
ey
1
o 1 2 3 T 8

Detector location: distrance (in foot) from fuel assembly flat surface

Source: NEA EGAFC8atg 2020.

Outcome of thealidation benchmark exercise

Figures 7.32, 7.34 and 7.36 shome tdose rate distributions computed by the various
participants to the D04 validation caseéhile the dscrepancy trends between calculation
and experiment data are depictedrigures 7.33 and 7.35.

Figure 7.32. Calculated versus experimental dose rates inside the vertical
holder tube at the mid-plane of the D04 assembly
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Figure 7.33.Calculated-to-experiment data discrepancy
along the vertical axis for the D04 assembly

10 | I
0 rk
20

wANL
=0 NCIEMAT

ORANO_TN

-40 mENEA

aKIT
50

Source: NEA EGAFCS8atg 2020.

assempl
c

discrepancy for dose distribution along vertical axis of the D04 Fuel

(C-EVE [%]

Figure 7.34. Calculated versus experimental dose rates inside the axial
holder tube 1 foot away from the surface of th&04 assembly
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Figure 7.35. Calculatedto-experiment data discrepancy through the axial
tube 30.48 cm away from the D04 FA
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Figure 7.36.Calculated versus experimental dose rates inside tlaxial
holder tube on the surface of the D04 assembly

Source: NEA EGAFC8ata 2020.

In the following, as an additional metric, the mean discrepancy dddaied will be used

A P 6 ©
o =
Qi U

(0]
Where

1 O standdor the calculatd dose rate at a given detector location;
1 O, the experimental data;

1 0 the number of point values
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