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ABSTRACT

Compared to previous benchmarks and internatioctites, the Uncertainty
Analysis in Modeling (UAM) is the most compreheresiinitiative regarding
uncertainty analysis in nuclear engineering. Ligfdater Reactor (LWR)-UAM is
organized in three main Phases (I to Ill), withethexercises for each phase, and
several test cases for each exercise. This appieac¢he participants focus on
their own situation target, as VVER Steam Line BreaBoiling Water Reactor
(BWR) stability analysis for instance. The testesaare based on real plant data
for the three main types of LWR (i.e. BWR, Preszenli Water Reactor (PWR)
and VVER) and relevant experimental conditionsviaidation.

UAM Phase [, devoted to multi-scale static neutrsnis almost completed. This
first Phase already provides recommendations regardensitivity and
uncertainty analysis methods, and results to bé usé¢he next Phases, when
considering time effects (depletion and kinetics)d afeedbacks (fuel and
moderator). The paper focuses on the link betwe&R BPhase 1l to Phase Il i.e.
on the link between uncertainty propagation in Ermqghysics on local scale and
multi-physics uncertainty propagation on the carales Particularly we present
the consistency in uncertainty assessment betwdgherHfidelity models
implemented in fuel performance codes (in Exerdisg, dedicated to fuel
physics in steady state and transient conditians}, the rather simplified models
implemented in thermal-hydraulics codes, to be dsedoupling with neutronics
in Phase lll. Similarly, the uncertainty quantitice on thermal-hydraulic models
is established on a relatively small scale, i.€. mandles, in Exercise 1I-3, while
these results will be used in Phase Il at the coade, sometimes with different
codes or models (e.g. one-fluid versus two-fluid).

1. INTRODUCTION

Design and safety studies are now based on basta¢stapproaches rather than conservative
ones. Hence, multi-physics computation has beeeldped for about two decades in order to
improve the confidence and the quality of numergaiulation of nuclear reactors. In addition
to best-estimate methods, Sensitivity and Uncdstafnalysis (SA/UA) are necessary for
validation first, and then for industrial applicats. To answer this need, several exercises have
been included in OECD/NEA benchmarks such as thieSkze Fine Mesh Bundle Test (BFBT)
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benchmark [1]. Nevertheless, these first experierice SA/UA were limited to single-physics.
Based on this statement, the expert groups who bese involved in the previous OECD/NEA
benchmarks decided in 2006 to launch the Unceytamialysis in Modelling (UAM) project,

aimed at introducing SA/UA in coupled multi-physicalculations for Light Water Reactors
(LWR-UAM). Later a similar project for Sodium Fa’eactors (SFR-UAM) has been launched.

The objective of the LWR-UAM benchmark is to prawid general framework for LWR multi-
scale and multi-physics computation focused on miaicey propagation and analysis. The full
chain from multi-group lattice physics up to fullapt transient calculations is considered. A
step-by-step approach, fully consistent, is progase described in Section 2. Participants can
choose to propagate their own uncertainties fraep 8 step, or to use the data provided in the
benchmark specifications.

2. BENCHMARK STRUCTURE AND STATUS

The UAM benchmark covers three main topics of rarclengineering: neutronics, thermal-
hydraulics and fuel thermal and mechanical behayiand addresses the three main types of
LWRs: Pressurized Water Reactor (PWR) (includingn @8, Boiling Water Reactor (BWR)
and VVER.

2.1 Structure

As for previous benchmarks, a systematic step-by-stpproach is necessary to be able to
analyse the results obtained by the participantsotAl of ten steps (exercises), organized in
three phases, are defined:

— Phase |: stand-alone neutronics:

o Exercise I-1: cell physics. This exercise addreskesderivation of multi-group
cross-sections with neutron transport codes.

0 Exercise I-2: lattice physics. This exercise fosuge the derivation of few-group
homogenized parameters such as cross-sectionsnBlgsBiscontinuity Factors
(ADFs), etc.

o Exercise I-3: core physics. Finally three-dimensiorore calculations are
considered with fixed boundary conditions for feaclh parameters (e.g. fuel
temperature).

— Phase II: core models without coupling:

o Exercise II-1: fuel physics. This exercise dealgshwiuel thermal properties
relevant for steady-state and transient.

o0 Exercise II-2: time-dependent neutronics. This eiser addresses both fuel
depletion and kinetics (fast transients).

o Exercise 1I-3: fuel bundle thermal-hydraulics. Tlegercises focuses on stand-
alone fuel assembly calculations.

— Phase IlI: coupling and system:
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o Exercise llI-1: core. This exercise couples neut®nand thermal-hydraulic
models with fixed core boundary conditions (e.gedalet temperature).

o Exercise IlI-2: system. This exercise addressesfulieplant thermal-hydraulic
behaviour in steady-state and transient.

o Exercise l11I-3: core-system. This exercise couptée neutronics/thermal-
hydraulic core and the thermal-hydraulic system at&d

o Exercise IllI-4: conclusion. Finally, Best EstimaRus Uncertainty (BEPU)
approach is compared to conservative calculations.

For each exercise, several test problems are aresidn order to cover the different situation
targets: reactor types, normal operation conditen accidental transients.

The benchmark specifications are designed to aHopartial participation. For instance some
participants may be interested in BWR situationly,aor in one step only (e.g. fuel physics). For
this purpose, the uncertainties to be propagatad tine step to the next one are included in the
specifications [2][3][4].

2.2 Status

Currently the first Phase, devoted to multi-scéddic neutronics, is almost completed with many
participants. The experience gained on SA/UA andrass-section generation with uncertain
parameters is directly used for next Phases, whpseifications are not yet finalized in order to
include new test problems and to better ensuredhsistency between exercises.

2.3 Interactions between Phase |l and Phase |11

In Phase Il the other physics (fuel and moderafogyiding feedback in a LWR core, and time
dependent phenomena are considered. Phase llusefd®n uncertainty propagation in single
physics models which are components of the LWR amépled multi-physics calculations.
Phase Il is focused on propagation of multiple ertainties in coupled multi-physics steady-
state, cycle depletion, and transient calculatidine interactions between Phase Il and Phase llI
are shown in Figure 1.

3. FUEL PERFORMANCE MODELLING

The Exercise II-1 is dedicated to fuel physicsteady state and transient conditions. The focus
iS on consistency in uncertainty assessment betwieen models implemented in fuel
performance codes and the rather simplified modgiéemented in thermal-hydraulics codes, to
be used for coupling with neutronics tools in Phdise

Classical fuel performance codes are used to madeingle fuel rod, using detailed
technological and operation data (geometry, enrettirburn-up...) and high-fidelity models for
fission gas release, cladding corrosion, swellgtg, These codes will be used in Exercise II-1,
while low-fidelity models, embedded in thermal-hadlics codes, are usually preferred for full
core computation in Phase Ill.

Discussions during the benchmark workshops rapidiigierline the difficulty to consistently
propagate uncertainties on fuel modelling from RHaso IIl. This section presents the approach
used for the LWR-UAM specifications [3][4].
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Figure 1. Interactions of Phase Il and Phase IthefLWR UAM benchmark

3.1 Low-fidelity modelsfor Phaselll

The so-called Doppler temperature is the main fingisical quantity used in full core coupled
thermal-hydraulic/neutronics computations. The Depptemperature is a kind of “fuel
equivalent temperature” which is used to calcutageDoppler feedback. Several methods exist
to calculate it from the fuel pellet temperaturstalbution. A common method is to apply a
weighted average between the centreline temperatar¢he surface temperature.

Actually the fuel temperature is calculated eitferan average fuel rod at assembly (or nodal)
level, or for an individual rod in a pin-by-pin (oell-by-cell) calculation. In both cases, the fuel
temperature is a result of a one-dimension heatlwdion problem solution: typically, the
temperature is calculated for each node of the (}edistribution - radial and axial directions)
using tabulated fuel properties, the nuclear/thémpeoaver given by neutronics, and the local
thermal-hydraulic conditions as solved by the dbermal-hydraulics model. The rod-to-coolant
heat transfer coefficient is also given by therimadraulics or defined by the user as input
parameter.

The heat conduction problem is actually solvedwo different regions: the cladding (without
heat source) and the fuel pellet. The gap is meddlly a thermal resistance (or conductance),
directly provided as an input data by the usecadculated by a dedicated correlation. The fuel
and cladding specific thermal properties (densitgat capacity and conductivity) are also
provided, usually as functions of the temperatangl of the local burnup.
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3.2  High-fidelity modelsfor Phaselll

In a typical fuel performance code, a single roohadelled in a 1D, 2D or 3D scheme depending
on the code. The boundary conditions such as cbtdarperature or linear heat rate are given as
input data. The axial evolution of the coolant temgture can be modelled in some cases by a
simplified thermal-hydraulic module in the code.eTtadial distribution of power in the fuel
pellet can be also often modelled by a simplifiedtronics module or just fixed as input data.

The fuel temperature is calculated at each axidlradial node of the meshing of the fuel rod,
and the resolution of the thermal problem takes adcount all the possible physical phenomena
that affect the fuel geometry and thermal propsrtieuel thermal conductivity is affected by
burn-up (degradation) and porosity evolution (gaseswelling and as-fabricated porosity
densification at beginning of life). Pellet defortioa (thermal strain, swelling and creep) and
cladding deformation (thermal strain and creep) a@s® considered. The gap is modelled
explicitly and its thermal conductance takes intoaant the fission gas release from the fuel
pellet. Depending on the fuel performance codesidis gas behaviour models can be quite
simple (like correlations) or mechanistic (reprasendiffusion, gas trapping and resolution,
bubble precipitation). Very often, these modelsarepled to the High Burn-up Structure (HBS)
formation model. In summary, in a fuel performarce, fuel temperature field, fuel rod
geometry and gap conductance can be assessedtdilmyepropagation can be performed on
these quantities.

3.3  Uncertainty propagation

Due to the difference of models used in Phasesdl Hl, the expert group has to define
consistent uncertainties to be propagated. The difioulty is to account only once in the full-
core calculation for the uncertainty associateohpats for physical quantities having an impact
on the different fields of core multi-physics likael density for instance. The case of the
geometrical uncertainties is particularly importasince they affect: i) the neutronic
homogenized cross-section data (through modifinatibthe moderation ratio for instance); ii)
the thermal-hydraulic channel properties (hydradiemmeter or flow area for instance); iii) the
thermal and mechanical fuel behaviour. In orderatmid a double effect of the same
uncertainties, only the thermal uncertain pararnsedeg propagated from Phase Il to Phase lll. In
practice, the two main sensible parameters argdpeconductance and the thermal conductivity.

In order to cover the whole range of operating @t encountered in a full core, with roughly
fifty thousands of fuel rods, Phase Il will providesponse surfaces for the thermal parameters of
interest in Phase Ill. In practice, the two maid operating conditions to be considered as input
are the burn-up and the linear power. Using SA/U&hads, Phase Il will finally provide for the
gap conductance and for the fuel and claddingsrmaleconductivities: i) the mean value as a
function of the temperature, the burn-up and thedr power; ii) the standard deviation resulting
from the high-fidelity model uncertainties. Thesaadwill be computed for each type of fuel rod,
i.e. for each type of LWR fuel assembly of intereést usually in LWR-UAM, each participant
can derive its own uncertainties to be propagatech fPhase Il to Ill, or just use the data
provided in the benchmark specifications. An exampf the data generated using the
ALCYONE fuel performance code [5] in steady statenditions is given on Figure 2. To
summarize, the calculations performed within trenfework of Exercise II-1 with the higher
fidelity fuel performance code will help to develgmrameterized values and associated
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uncertainty bounds for these three parameters touded in the coupled multi-physics
calculations in Phase lII.
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Figure 2. Uncertainty on gap conductance in stasalg conditions (ALCYONE code) as a
function of burn-up (on left) and linear heat réda right).

4. CROS-SECTION MODELING

Exercise 1l-2 considers time-dependent neutronitenpmena — depletion (slow time
phenomena) and kinetics (fast time phenomena). &tescise develops also methodologies for
cross-section-modelling i.e. for generation of paeterized cross-section, kinetics and other
nodal parameters uncertainty libraries to be usedlilti-physics calculations in Phase Ill. Such
methodology developed using the Sampler/Polarisiesszp of SCALE 6.2.1 [6] is shown in
Figure 3.
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Figure 3. Process of generation of parameterizessesection libraries plus uncertainties

5. TWO-PHASE FLOW MODELLING

As for fuel thermal and mechanical behaviour, therght have different thermal-hydraulic
models used between Phases Il and Ill. The unogrtguantification on thermal-hydraulic
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models is established on a relatively small saate,rod bundles, in Exercise 1I-3, while these
results will be used in Phase Il at the core sdaétailed two-phase flow models, either at sub-
channel level or at Computational Fluid Dynamic&J level, can be used to model a single
fuel bundle in exercise 1I-3, while rather simg@di models at fuel assembly level are used for
full-core thermal-hydraulics in Phase Ill.

51 Par ameters of interest

Considering the feedback effect of thermal-hydiamubn core behaviour leads to identify three
main parameters of interest: the coolant tempezatund/or void fraction, and the cladding
temperature (i.e. boundary condition for heat catida problem in fuel rods) resulting from the
heat transfer coefficient between the fuel rod dredcoolant. These parameters highly depend
on the flow: single-phase turbulent flimucleate boiling or film boiling (post-CHF coridits).

Hence Phase Il should provide uncertainties onetlprameters, but also on the transition
criteria between the three flow regimes. As an glapone can explain the methodology for
Critical Heat Flux (or boiling transition) and feoid fraction.

5.2  Uncertainty on Critical Heat Flux

High-fidelity two-phase flow models are now based raulti-fluid or multi-field approaches,
whose final goal is to predict the occurrence op&&ure from Nucleate Boiling (DNB) or of
dry-out based on local parameters such as sub-leyérfraction (case of DNB) or liquid film
thickness (case of dry-out). Even if these appreace rather new and still under development,
it is necessary to assess the uncertainties orc&ldeat Flux (CHF) in Exercise II-3 even with
classical correlations as they are used in comeniddehydraulic calculations in Phase lII.

As for Exercise II-1, the propagated uncertaintyGiF prediction in Phase Ill can be quantified
with a design of numerical experiment where inpuatartain parameters are varied. It is
important to consider only once input uncertainbesCHF. For example, the spacer grid effect
(position and mixing) on CHF and the turbulent miare investigated in Exercise 1l-1 for each
type of fuel bundle (PWR, BWR or VVER). The resodfiuncertainty will be considered later in

Phase Ill in the overall uncertainty on CHF.

In addition to the propagated uncertainty on CHEdpmtion, several input uncertainties are
considered in full-core coupled calculations withsansible effect on CHF: the power
distribution provided by neutronics, the rod digglaent, the core inlet boundary conditions,
either provided by the thermal-hydraulic systencaktion for slow transients such as Steam
Line Break (SLB), or as input data for short transs such as Rod Ejection Accident (REA).

5.3  Uncertainty on void fraction

Due to the large range of available models for phase flow, the benchmark specification
cannot address input uncertainties to be considésedeach model and all closure laws.
Nevertheless the consistency between Phases llllasdould be verified by the participants
when different codes or models are used (four-égumtmodel versus two-fluid model for
instance). The methodology is the following: thedeliing uncertainties have to be tuned in
order to have the same effect on the void fraciibsub-channel level (for which it is possible to

! Laminar flow is not encountered in LWR core opieigiconditions.
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compare the computations to the measurements)x@mm@e, the obtained results of statistical
uncertainty analysis perfumed with sub-channel €®@@E coupled with DAKOTA [7] for BWR
bundle at normal operation conditions as part adrEse 111-3 is shown in Figure 4.
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Figure 4. Axial void fraction distribution for sefed internal sub-channel of a BWR bundle

When fine-scale models are used in exercise Ii48,possible to compare the computations with
local measurements of void fraction (512x512 pixXelsinstance in BFBT data), or to integrate
the void fraction at sub-channel level. Then ipassible to assess the uncertainty on modelling
parameters such ag Coefficient for the drift flux model which are ukkater in Phase Il
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6. CONCLUSIONSAND PERSPECTIVES

Using the experience gained on Phase |, a consiafproach is defined in Exercise II-2 to
assess the neutronics uncertainties to be proghffat® Phase Il to Ill. Exercises Il-1 and 1I-3
will be used to characterize the uncertaintiesighiidelity fuel and thermal-hydraulics models
regarding parameters of interest at core levelhsa® nodal Doppler temperature or void
fraction. These uncertainties are defined as fonstiof local operating conditions at core level
(pressure, burn-up...) in order to be propagatedhas® 11l with rather simplified models for
fuel behaviour and core thermal-hydraulics. Forttiree selected fuel physics quantities high-
to-low fidelity model information approach is apgdi and the obtained uncertainties will be
propagated in the core multi-physics calculatidg?tsenomena Identification and Ranking Table
(PIRT) analysis will be used for thermal-hydrawdantities where common cross-cutting input
have the strongest uncertainties impact for theisemed initial steady state and transient
applications It is only in those quantities that timcertainties will be only propagated for full-
core calculation. For such propagation the expeeeatcumulated in Exercise 1I-3 test problems
will be utilized. Finally exercises IlI-1 and 111-4®ill result in safety and design quantities sush a
DNB ratio with the best-estimate value and the alemcertainty.
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