http://dx.doi.org/10.5516/NET.2011.43.6.489

DEVELOPMENT OF THE ENIGMA FUEL PERFORMANCE
CODE FOR WHOLE CORE ANALYSIS AND DRY STORAGE
ASSESSMENTS

GLYN ROSSITER®

Fuel Cycle Solutions, UK National Nuclear Laboratory (NNL)
Springfields site, Salwick, Preston, Lancashire, PR4 0XJ, United Kingdom
“Corresponding author. E-mail : glyn.d.rossiter@nnl.co.uk

Received November 16, 2011

UK National Nuclear Laboratory’s (NNL’s) version of the ENIGMA fuel performance code is described, including
details of the development history, the system modelled, the key assumptions, the thermo-mechanical solution scheme, and
the various incorporated models. The recent development of ENIGMA in the areas of whole core analysis and dry storage
applications is then discussed. With respect to the former, the NEXUS code has been developed by NNL to automate whole
core fuel performance modelling for an LWR core, using ENIGMA as the underlying fuel performance engine. NEXUS runs
on NNL’s GEMSTONE high performance computing cluster and utilises 3-D core power distribution data obtained from the
output of Studsvik Scandpower’s SIMULATE code. With respect to the latter, ENIGMA has been developed such that it can
model the thermo-mechanical behaviour of a given LWR fuel rod during irradiation, pond cooling, drying, and dry storage
— this involved: (a) incorporating an out-of-pile clad creep model for irradiated Zircaloy-4; (b) including the ability to
simulate annealing out of the clad irradiation damage; (c) writing of additional post-irradiation output; (d) several other

minor modifications to allow modelling of post-irradiation conditions.
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1. INTRODUCTION

This paper discusses the recent development of NNL’s
version of the ENIGMA fuel performance code, which
has focussed on whole core analysis and dry storage
applications. ENIGMA as a whole is first described.

2. DESCRIPTION OF ENIGMA

ENIGMA [1-6] is the primary UK computer code for
thermal reactor fuel performance analysis. It calculates
the thermo-mechanical behaviour of a light water reactor
(LWR) or advanced gas-cooled reactor (AGR) fuel rod in
both steady-state and transient conditions. Further discussion
below pertains to NNL’s version of the code for LWR
applications (henceforward simply referred to as ENIGMA).

UO., mixed oxide (MOX), (U,Gd)O, and yttria-
stabilised zirconia inert matrix fuel types, and Zircaloy-2,
Zircaloy-4 and modern zirconium-based alloy clad types
can all be modelled. Stainless steel cladding has also
historically been simulated. ENIGMA is available under
licence from NNL, or through Studsvik Scandpower,
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where it can be sub-licensed in conjunction with their
Core Management System (CMS) code suite, which
includes the CASMO [7] and SIMULATE [8] neutronics
software.

ENIGMA is written in FORTRAN. The development
version runs on a Windows PC platform, while end-user
versions run on various Windows, Unix and Linux
platforms. The development version includes a screen
graphics capability whereby key calculated quantities
(together with corresponding measured data where available)
are plotted on the screen as the simulation proceeds, with
results retained at the end of the run as Portable Network
Graphics (PNG) files. An example of the screen graphics
output is reproduced as Fig. 1.

ENIGMA is validated against a large database of
LWR fuel rod irradiations in both commercial and test
reactors. In total, over 500 rod irradiations with burnups up
to 90 MWd/kgHM are included in the validation database.
The validation system is highly automated, facilitating
re-validation after any source code changes.

ENIGMA has been used for several design and
licensing assessments for both UO, and MOX fuel,
including licensing UO, and gadolinia-doped UQ:; in the

489



ROSSITER Development of the ENIGMA Fuel Performance Code for Whole Core Analysis and Dry Storage Assessments

M501-D10: Run QA and status

MS01-D10 (aka rod HS): SBR rod irradiated... 50

A. Rod average conditions versus rod average burnup

x-scale zero to 40 MWd/kgHM

2000

Al: RFd average rating l‘<W/m
H1 ENIGMA 7.8 version : : ;
H2 Case name
H34 Date initiated
H3B Time initiated
Key axial zone * 20

A2: Centreline temperature, degC s
! 1 !

A3: Fission gas release, percent

H5 User name
H6 Steps remaining

10 20 30 40

10 20 30 40 10 20 30 40
A5: Rod free volume, oo

o0 Ad: Rod internal pressure, MPa

H7 Run time, secands 50

HB Stepfsubstep/INHALF 0059/0101/00
501 Convergence status OK
502 Substep duration, s 144000 0

20 A4X:¥ Coolant EJrESSurE, ‘MPa 25

P} SN S S L

10 20 30 4
A6: Rod length change, mm

S03 Elapsed time, hours 47059
S04 Options index 0000103E 60 <

S0S Rating, kW/m *
506 Burnup, MWd/kgHM *
S07 Fluence, E24 nfm~2 *
S08 Diam gap, microns  *

10 20 30 A4 10 20 30 4
60 - A7: Stack length change, mm 30 . A8: Net helium inventory, cc@stp

S09 Gapcon, W/m~2/K %
510 Gas pressure, MPa
S11 FG release, percent *
512 He/Xe/Kr/N2/A/B, % * 06/
513 Rim BU, MWd/kgHM *
S14 Rim width, microns %
S15S Bore volume, cc *
S16 Gap volume, cc *

s0 B1: Zone local rating, k'W/m

x-scale zero to 40 MWd/kgHM

s B3; Fission gas release, percent

) —_/

517 Dish volume, cc * 10 20 30 4

518 Chamfer volume, cc *

20 30 4 10 20 30 4
BS: Clad hoop strain, /E4 B6: Clad hoop stress, MPa

B4: Diametral gap, microns

519 Crack volume, cc *
520 Upper plenum, cc

521 Lower plenum, cc
522 Crud layer, micrans  *

523 Clad hydrogen, ppm *

524 Oxide layer, microns +

10 20 30 40

10 20
B8: Helium release, percent 10
R .

525 He release, percent * 695 1 B7: Fuel pellet density, a/fcc
526 (vacant) 0.000 ! ! H
527 Substep diagnostics... of T Ve P
Job completed successfully 9 i + H
10 20 30 40

10 20 30 40 10 20 30 40

Fig. 1. Example of ENIGMA Screen Graphics Output (Red Lines Illustrate Code Predictions, while Blue Crosses show Measured Data)

UK Sizewell B PWR and the Finnish Loviisa VVER-440
reactor, and mixed oxide (MOX) fuel in the Swiss Beznau-1
PWR. ENIGMA is also used for analysis of experimental
and commercial irradiations [9-15], for assessment of fuel
behaviour during interim storage (see Section 4), to perform
feasibility studies for future irradiation scenarios [16], to
support fuel manufacturing [11,14,15], and to investigate
fuel failures or other fuel performance related problems [17].

2.1 Development History

The development of the ENIGMA code dates back to
1986, when work began at British Nuclear Fuels plc (BNFL)
on the construction of a new modular code framework to
act as a test bed for the development of sub-models. Around
the same time, work was underway at the UK Central
Electricity Generating Board (CEGB) on the creation of
new models for a number of important properties and
processes. The two strands came together in early 1988
when, with funding from the Sizewell B Project, a major
programme of work was initiated to develop, document,
verify and validate the code to a standard suitable for use
in support of the Sizewell B PWR pre-operational safety
report.

From this beginning, development of the code by both
NNL (formerly the R&D division of BNFL) and EDF
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Energy (formerly CEGB) has continued, initially in
collaboration, but since 1991 in parallel (BNFL ownership
of ENIGMA transferred to NNL in 2005). While EDF
Energy has developed the code for AGR use, NNL’s
developments have concentrated on LWR issues.

2.2 System Modelled

The active stack length region of the fuel rod is
represented by a series of axial zones. In each axial zone
the fuel is divided into radial annuli of equal thickness.
This is the so-called 1v-D representation. The free
volumes associated with the fuel-clad gap, pellet dishes
and chamfers, pellet cracks, the pellet bore, and upper
and lower plena are also modelled.

An isolated thermal-hydraulic subchannel can be
simulated to calculate rod surface temperature boundary
conditions where appropriate.

Out-of-pile conditions, rod re-fabrication, irradiation
in two or more different reactors and the presence of fuel
thermocouples can all be simulated.

2.3 Key Assumptions

Only radial, i.e. no axial or circumferential, heat flow
is assumed and the fuel annuli are all considered to be
subject to the same axial strain (the so-called plane strain
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assumption). The latter, in conjunction with an assumption
of axi-symmetry, allows shear stresses to be ignored, such
that only the normal stresses along the principal radial,
circumferential and axial directions are non-zero. However:
(a) the effects of shear stresses are approximated using
models for axial extrusion and for pellet wheatsheafing
which feed back calculated strain increments into the
main solution scheme [5]; (b) the azimuthal cladding
stress concentration over radial fuel cracks is calculated
using a parasitic model [2]. Thus, the key phenomena
which cannot be modelled with the 1-D plane axial strain
assumption employed in the code’s main solution scheme
are instead modelled by other means.

Coupling between the axial zones is restricted to the
coolant enthalpy, rod internal pressure and gas transport. Gas
mixing in the free volume is assumed to be instantaneous.

Pellet cracking is approximately modelled by a
directionally dependent fuel elastic modulus. The fuel
radial elastic strains are calculated assuming the true elastic
modulus. The fuel axial and circumferential elastic strains
are calculated assuming the true elastic modulus if the
corresponding stresses are compressive, but assuming a
reduced elastic modulus if the stresses are tensile.

The cladding is treated as a membrane (or thin shell),
i.e. thin wall equations are implemented.

2.4 Solution Scheme

The power history of each axial zone (heat generated,
in KW/m, versus time) and thermal-hydraulic conditions
at the bottom of the fuel stack are boundary conditions and
are provided as input. Starting from the as-manufactured
condition, ENIGMA then calculates the thermo-mechanical
state of the fuel rod at the end of each timestep. A finite
difference solution scheme is employed. The iteration
strategy involves an inner loop to determine the temperature,
stress and strain distributions for each axial zone using an
iterative marching procedure, and an outer loop to feed in
damped estimates of non-linear strain components (e.g.
creep) and gas release. Both steady-state and transient
heat transfer can be modelled.

If convergence fails during any particular timestep,
the timestep length is halved and the step is automatically
repeated. A stable solution is obtained, irrespective of
timestep length, by calculating the stress and temperature
distributions which, acting unchanged throughout the
timestep, are compatible both with the imposed strains
and with the fuel and clad stress-strain relationships.

The main calculations are performed at the pellet
waist (or mid-pellet) elevation. The stresses and strains at
the pellet end are then calculated parasitically.

2.5 Models

The models implemented for the fuel pellets include:
thermal expansion; elasticity; heat capacity and enthalpy;
radial power profile evolution [18]; thermal conductivity
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and its degradation with burnup; formation of high burnup
structure at pellet rim; creep (both irradiation induced
and thermal); densification (fuel temperature and grain
size dependence); fuel matrix fission product swelling
(including effects of solid, volatile and gaseous fission
products — swelling is reduced when volatile and gaseous
fission products accumulate in bubbles or are released
from the fuel); axial extrusion and dish filling; pellet
wheatsheafing; equi-axed grain growth (without grain
boundary sweeping).

The models implemented for the cladding include:
thermal expansion; elasticity; creep and instantaneous
plasticity; axial growth; waterside corrosion and hydrogen
pickup [38]; clad ridging (including stress concentration
over radial fuel cracks) [2]; stress-corrosion crack
growth; fatigue damage and ratchetting. Pellet-cladding
interaction (PCI) is simulated assuming no sliding (no
relative movement between pellets and cladding) in the
axial direction, while a stick/slip situation is modelled
azimuthally [2].

The models implemented for the various gases in the
fuel rod include: fission gas generation (including the
isotopics) [18]; (stable) fission gas release and gas bubble
swelling; **'I generation and release; helium generation
and release; helium adsorption and re-release; release of
chemically absorbed nitrogen; instantaneous axial gas
mixing; fuel-clad gap conductance (with conduction,
radiation and empirical components — the empirical
component takes account of pellet fragment relocation,
pellet-clad eccentricity, cladding ovality and pellet
wheatsheafing effects). Calculation of fission gas release
and gas bubble swelling is performed by an integrated,
highly mechanistic, model [15]. Both intra-granular and
inter-granular bubbles are explicitly simulated, with the
bubble modelling validated against scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM) images of irradiated fuel.

The models implemented for the isolated thermal-
hydraulic subchannel around the fuel rod include: axial
distribution of bulk coolant enthalpy; bulk coolant
temperature as function of enthalpy; film (rod surface to
bulk coolant) temperature drop in both forced convection
and nucleate or bulk boiling conditions; crud formation
and associated temperature drop.

3. DEVELOPMENT OF ENIGMA FOR WHOLE CORE
ANALYSIS

Historically, fuel design and licensing was generally
performed by evaluating the thermo-mechanical behaviour
of the limiting rod in the core with respect to each design
criterion. A hypothetical bounding power history was also
generally assumed, such that the power versus burnup
curve for the limiting rod was an upper bound to all
equivalent rod specific curves. This allowed modelling
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only a single rod for each design criterion analysis, and so
had the advantage of minimal computation time. However,
the results were subject to significant conservatism (thereby
limiting plant performance and operational flexibility),
the extent of which was often difficult to quantify, and
for certain design criteria it was often difficult to prove
that the approach taken was limiting.

The alternative of whole core fuel performance
modelling, where the thermo-mechanical behaviour of
every fuel rod in the core is simulated, is therefore becoming
more common. This approach has the advantages of reduced
conservatism (and hence more margin to design limits),
more easily quantifiable uncertainties, the straightforward
identification of limiting rods, and the possibility to
introduce more advanced methodologies. The main
disadvantage is the large amount of computing power
required. However, this disadvantage is becoming less of
a barrier as the available computing power inexorably
increases. In particular, use of modern clusters, with parallel
processing on multiple CPUs, is allowing calculations to
be made that were previously not viable [19,20].

The NEXUS code [21] has been developed by NNL
to automate whole core fuel performance modelling for
an LWR core, using ENIGMA as the underlying fuel
performance engine. NEXUS runs on NNL’s GEMSTONE
high performance computing cluster (comprising ~ 250
nodes, each of which has a dual core CPU and 8 GB or
more of RAM) and utilises 3-D core power distribution
data obtained from the output of Studsvik Scandpower’s
SIMULATE code [8]. NEXUS uses a master-slave
approach, whereby a thread running on a ‘master’ node
performs all the initial setup and distributes the ENIGMA
calculational workload across accessible GEMSTONE
‘slave’ nodes. The slaves ‘listen’ for calls from the master
node to begin an ENIGMA calculation. Once a call is made
and all the necessary data are passed, the slave performs
the ENIGMA calculation and when complete informs the
master by returning a success/error code. The master-slave
communication utilises the Message Passing Interface
(MPI) protocol.

In order to maximise the coupling between NEXUS
and ENIGMA (and therefore minimise communication in
the form of intermediate files or processes) the ENIGMA
source code was re-structured as a FORTRAN subroutine
within the NEXUS C++ main program. NEXUS run times
were further reduced by suppressing graphical output,
minimising ASCII output, and optimising compilation
options. A restart capability was also added to ENIGMA
such that the thermo-mechanical state of a given rod can
be saved at any point in the form of a ‘restart file’. This
‘restart file’ can then be used to restart the analysis from
the saved state, facilitating on-line, real time fuel
performance surveillance, and branch cases (which could
be, for example, a range of different transients from a
given initial steady state).

Visualisation of ENIGMAs rod-by-rod fuel performance
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parameter predictions is possible with a data viewing tool
specifically designed to deal with the vast amount of data
generated in a full core NEXUS assessment. The visualisation
tool generates pin-by-pin 2D maps of user-specified fuel
performance parameters on a total rod, rod average, user-
specified elevation, maximum local (peak node), or
minimum local basis (as appropriate for the parameter of
interest). Maps can be of either instantaneous, minimum
through-life, or maximum through-life values. An example
map of instantaneous rod internal pressure is illustrated
in Fig. 2.

Using only 24 nodes on the GEMSTONE cluster, a
NEXUS analysis of a 193 assembly (four loop) PWR core
of 17x17 fuel (~ 51,000 fuel rods) takes only ~ 10 minutes,
compared to more than 24 hours if the individual ENIGMA
runs were executed on a desktop PC.

NEXUS analyses have been performed as part of two
customer projects: plutonium disposition studies for the
UK Nuclear Decommissioning Authority (NDA) [16];
and analysis of an operational event in one of Southern
Nuclear Operating Company’s PWRs (in co-operation with
Studsvik Scandpower) [17]. In the first project NEXUS
was used in stand-alone mode, while in the second it was
used within the ONUS on-line fuel performance surveillance
framework [21].

A NEXUS whole core fuel performance assessment
can give the evolution with time (or burnup) of any fuel
performance parameter of interest at every axial elevation
(where applicable) for every rod in a given core. The
parameters of interest include fuel centreline temperature,
rod internal pressure, clad hoop strain, stress-corrosion
crack length and clad hoop stress. For any given cycle of
an operating reactor, a NEXUS analysis can be performed
prior to, during, or after the cycle, giving results pertinent
to fuel licensing or scenario assessment, on-line surveillance,
and (post-operation) analysis of irradiations (including
operational manoeuvres), respectively. A pre-cycle
analysis can also be performed for suggested cycles of
any proposed new reactor.

A basic NEXUS pre-cycle scenario assessment,
based on steady-state operation with best estimate input
parameters and best estimate models, can be performed
with NEXUS as is. More comprehensive assessments, where
the effects of transients, input parameter uncertainties,
and/or model uncertainties are taken into account can
also be performed, but would potentially require multiple
NEXUS runs, giving significant cumulative run times
and generating large quantities of data. A pre-cycle fuel
licensing assessment, which would be equivalent to a fully
comprehensive pre-cycle scenario assessment, would be
even more challenging. NEXUS and ENIGMA development
could make these latter two types of assessment more
tractable. Specific improvements would include: automating
SIMULATE modelling of the relevant transients (typically
start, middle and end of cycle) as branch cases; an automated
root mean square (RMS) or Monte Carlo treatment of
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Fig. 2. Sample Map of ENIGMA Predictions from Full Core NEXUS Assessment: Instantaneous Rod Internal Pressure (MPa) for
Every Rod in the Core

uncertainties for the limiting rods using ENIGMA;
automation in NEXUS of fuel licensing design criteria
analysis (coding of methodologies and design limits). This
is currently being addressed as part of NNL’s Signature
Research Programme (an internal R&D programme
whereby a fraction of NNL’s profits is fed back into the
business to stimulate innovation).

The results from a pre-cycle NEXUS assessment can
be used to indicate the margins to the fuel licensing design
limits (with the scope and accuracy dependent upon the
comprehensiveness of the assessment). Due to the relatively
short NEXUS run times, this enables a rapid, heavily
automated, fuel rod design assessment by the core designer.
Hence, proposed loading patterns which meet the core
design limits (on, for example, power peaking) but which
would fail one or more fuel rod design limits (on, for
example, rod internal pressure) can be identified at an
early stage, saving much time and effort in the overall
fuel licensing or scenario assessment process. A pre-cycle
assessment could also be used to investigate the fuel
performance implications of any planned operational
manoeuvres during the cycle. This could include a
sensitivity study of the effects of varying operational
parameters, such as the ramp rate during reactor start-up.

A NEXUS assessment performed during a given cycle
allows the comparison of evolving fuel performance
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parameters against operational (for example, PCI) or
licensing (for example, rod internal pressure) limits. This
can simply be done at discrete intervals during the cycle
(with SIMULATE output files generated for each of these
intervals) in a stand-alone manner. Alternatively, NEXUS
can be linked with Studsvik Scandpower’s CMSOps on-
line surveillance tool (the ONUS framework) to allow
continuous, real time monitoring to be performed [21].
Similarly, a sensitivity study for a given planned operational
manoeuvre, using the within cycle pre-manoeuvre statepoint
as a starting point can be performed. This could, for example,
enable the tolerable (with respect to PCI) insertion rates
and maximum insertion levels of a given control rod bank
during a control rod re-configuration to be determined.

A post-cycle NEXUS assessment allows the fuel
performance implications of an event that has occurred to
be determined. The event could be either an operational
manoeuvre or a fault. If the event was not predicted to
lead to any fuel rod failures, a sensitivity study could also
be performed to quantify how much more severe the
event would have had to have been to cause failure.

With respect to PCI assessments, the maximum local
clad hoop stress is a key indicator for predicting the
extent of pellet-clad interaction, which is a direct cause
of failed fuel. ENIGMA, with its modelling of pellet
wheatsheafing, clad ridging, and clad stress concentration
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over radial fuel cracks, is ideally suited to calculating this
indicator parameter. Furthermore, ENIGMA has a stress-
corrosion crack growth model which can be used to
directly predict whether or not PCI failure will occur for
a given rod. ENIGMA can also be used to calculate fuel
deconditioning and reconditioning rates, conditioned
powers, and/or cold fuel-clad gap sizes for use with
empirical PCI failure thresholds.

4. DEVELOPMENT OF ENIGMA FOR DRY STORAGE
ASSESSMENTS

There is an ongoing need for site licence companies
and utilities to develop and implement detailed plans for
the disposition of spent nuclear fuel, and for regulators to
approve these plans. The disposition could include
reprocessing, storage (both interim and long-term) and/or
final disposal. There are also handling and transport issues
associated with these options. With this in mind, NNL
have developed ENIGMA for modelling dry storage
scenarios (including analysis of the pre-storage drying
process). The ENIGMA modelling sits within a broader
NNL framework for dry storage simulation which includes:
calculation of previous irradiation history using CMS;
calculation of the decay heat output, and the actinide,
fission product and activation product inventory of the
spent fuel using the FISPIN code [22] with nuclear cross-
sections supplied by CASMO [7]; calculation of clad
temperatures during pond cooling, fuel assembly drying
and/or storage (in a cask, vault, silo or dry well) using in-
house and commercial thermal analysis / computational
fluid dynamics (CFD) codes (including the ANSYS
FLUENT software [23]).

The relatively high clad temperatures and high rod
internal pressures during drying and dry storage result in
permanent creep deformation of the cladding over time.
The creep strains can be enhanced in cladding with
substantial metal loss due to significant in-pile clad
oxidation. The dominant clad failure mechanism during
dry storage (at least for zirconium-alloy clad LWR fuel)
is therefore creep rupture. Severe embrittlement or delayed
hydride cracking as a result of the formation of radial
hydrides can also lead to clad failure, and are major
concerns. Hence, the primary aim of ENIGMA analysis
is to predict whether or not the cladding could fail via
these mechanisms. This is done by comparing the clad
hoop stresses, clad creep hoop strains and clad temperatures
that are predicted during the post-irradiation operations
to safety limits, typically 90 or 120 MPa, 1%, and 370 to
570°C, respectively [24]. (Thus, radial hydride formation
is not modelled explicitly — instead the clad hoop stress
is shown to be maintained below a safety limit which
precludes the formation of radial hydrides.)

In order to achieve the above, ENIGMA has been
developed such that it can model the thermo-mechanical

494

behaviour of a given LWR fuel rod during irradiation,
pond cooling, drying, and dry storage (assuming the fuel
rod has not failed during irradiation). This involved: (a)
incorporating an out-of-pile clad creep model for irradiated
Zircaloy-4 (discussed further below); (b) including the
ability to simulate annealing out of the clad irradiation
damage; (c) writing of additional post-irradiation output;
(d) several other minor modifications to allow modelling
of post-irradiation conditions, including suppression of
clad corrosion modelling, optional use of in-pile or out-
of-pile clad creep correlations for the post-irradiation
operation, optional application of a multiplier to the
fission gas diffusion coefficient to facilitate investigating
the effects of uncertainties on fission gas release on post-
irradiation behaviour, and changes to the format of times
in the main output to cater for simulated operation over
100 years and more. The ability to vary the rod external
pressure from in-reactor conditions (typically 15.5 MPa
for a PWR, or 7.5 MPa for a BWR) to pond cooling
conditions (atmospheric plus a hydrostatic component),
to drying conditions (zero for vacuum drying), to dry storage
conditions (typically ~ 7 bar [25]) was adapted from the
already existing capability for modelling reactor changes.

The suppression of clad corrosion during pond cooling
(such that no corrosion is predicted) is consistent with the
conditions in spent fuel ponds — that is stagnant water,
clad temperatures of 50°C or less, and the absence of a
fast neutron flux — which mean that corrosion in this
environment will generally be negligible (primarily because
the corrosion rate is strongly temperature dependent).
The exception to this is if the oxidation is exacerbated by
dissolved salts or other solutes, but the controls on pond
chemistry should preclude this. Thus, the pond storage
should cause insignificant additional corrosion to that
which has already occurred under irradiation. This is
supported by general wet storage experience [26], and, in
particular, by the results of the IAEA’s BEFAST III co-
ordinated research programme [27].

The suppression of clad corrosion during drying and
dry storage (such that no corrosion is predicted) is consistent
with the short timescales of the drying procedure, the
thermal inertia of the spent fuel and any canister within
which it is dried, and the inert gas environment (generally
helium or nitrogen) during dry storage (or the low clad
temperatures with an air spent fuel cover gas). During
storage there will be some residual moisture, but the fuel
drying process is designed to limit this to a low level
(which is, in any case, required to maintain cask integrity
because of pressurisation concerns). This is supported by
Peehs and Fleisch [26].

Although ENIGMA continues to model diffusion-
driven fission gas and helium release in post-irradiation
conditions, the release of gas from the fuel pellets to the
rod free volume is negligible due to the lack of fission and
the relatively low fuel temperatures compared to those
during irradiation. There is, however, the potential of
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fission gas and/or helium release during post-irradiation
operations due to: (i) a diffusion enhancement caused by
self-irradiation damage (i.e. where alpha particles from
transuranic isotope decays either knock gas atoms from
their lattice positions or create damage which allows
diffusion to occur more readily); (ii) degradation of the fuel
matrix by the accumulation of helium; or (iii) fragmentation
of the fuel during handling or transport, all of which are
not modelled by ENIGMA (although ENIGMA does
model the helium accumulation itself, which is due to
alpha decay of transuranic isotopes [28]). Given the very
long timescales, (i) and (ii) have been studied in some
detail in the context of spent fuel geological disposal. In
this context, a review by Swedish researchers [29] concluded
that both self-irradiation damage and degradation of the
fuel matrix due to helium accumulation have negligible
effects on gas release. (The former is to be expected
given the fact that the alpha particle flux is orders of
magnitude lower than the in-pile fission fragment flux.)
Hence, the lack of modelling of self-irradiation damage
or helium-induced fuel matrix degradation is unimportant.
As for fragmentation of the fuel during handling or transport,
this is still in theory possible, but operational procedures
should preclude its occurrence (except during accidents
involving impacts, which are outside the scope of ENIGMA
modelling). Thus, the lack of modelling of fragmentation
of the fuel during handling or transport is also justified.
The out-of-pile clad creep model for irradiated
Zircaloy-4 that was implemented in ENIGMA is based
on the creep formulation developed by Bouffioux, Limon
et al [30,31], since this is cited by several independent
organisations as the best available model for dry storage
applications — see, for example, publications by CEA
[32], EPRI [33] and CIEMAT [34]. The creep formulation
relates hoop strain, ¢, to elapsed time, t, via the equation:

e = g fin(l+v.t) + kit D

where the first term represents primary (time-dependent)
creep and the second term represents secondary (steady
state) creep. The multipliers in the primary and secondary
creep terms (& and k, respectively) are each functions of
the hoop stress, o, and absolute temperature, T, as follows:

g = A, 0" exp(-Q,/T) )
and
k = A, (sinh(a,.0))™ exp(-Q»/T) ©)

The f and f« quantities represent irradiation hardening
of the primary and secondary creep strains, respectively,
and are expressed as functions of the fast neutron dose,
®, such that:

f =P + (1-P) exp(-0.®) 4
and

fk = S + (1-S) exp(-pD) 5)
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Overall, the creep law is a function of four independent
variables (time, hoop stress, temperature, and fast neutron
dose) and contains twelve empirically-derived constants
as follows (with hoop strain in %, time in hours, hoop stress
in MPa, temperature in K, and dose in nfcm?): v = 0.13244;
A =20867.2; n; = 1.986; Q, = 13748; A, = 1.386 x 10*;
n, = 1.715; Q. = 27628.7; a, = 0.01453; P = 0.0879; a =
5.722 x10%%; S = 0.00305; and = 3.246 x 10,

The out-of-pile creep model for irradiated Zircaloy-4
consists of the creep formulation above (after conversion
from a hoop strain versus hoop stress form to the generalised
strain versus generalised stress form employed in ENIGMA)
together with a strain-hardening assumption when applying
the creep law under conditions of varying stress and
temperature. Experimental tests have shown that the strain-
hardening approach is applicable to irradiated Zircaloy
cladding [35]. The strain-hardening approach works as
follows. After a period of straining at one stress and
temperature, an effective starting time is determined that
would give the same strain value at the new level of stress
and temperature. The strain increment for the new step is
then calculated using this effective starting time. The
effective time calculation requires the creep equation to
be inverted numerically, which ENIGMA accomplishes
using Newton-Raphson iteration with a starting guess
based on first order expansion of the logarithmic term.

ENIGMA dry storage assessments (for storage times
of up to 100 years) have been performed for spent UO,
and MOX fuel from both existing PWRs and new build
units. Sample output from one of these assessments (3.9
year cooled UO, fuel irradiated in a commercial PWR to
an assembly average burnup of 47 MWd/kgU) is illustrated
in Fig. 3, where, in this case, drying was ignored. The time
is the elapsed time since the start of irradiation.
‘Maximum’ is with respect to axial variations (not time).

The cladding was modelled as fully annealed during
the entire dry storage period (but not during the prior pond
cooling). This ensures conservative clad creep predictions
(since annealing removes the hardening effects of
irradiation damage). This is conservative for three reasons:
(a) it assumes full annealing of the irradiation damage;
(b) it assumes that the annealing occurs instantaneously
at the beginning of dry storage; (c) it ignores the known
hardening effect of the hydrogen absorbed by the cladding
during the in-pile oxidation process.

The maximum clad (surface) temperature (in red) is
between 350 and 370°C during irradiation, drops to 50°C
during pond cooling, and rises to just under 400°C at the
beginning of dry storage, after which it reduces as the
decay heat reduces.

The maximum clad oxide thickness (in green)
increases from zero to 53 um during the irradiation and
then stays constant at this value during pond cooling and
dry storage (since no out-of-pile oxidation is modelled).

The rod internal pressure (in magenta) increases from
the fill pressure to 7.0 MPa during the first ramp to power.
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Fig. 3. Sample Output from ENIGMA dry Storage Assessment (3.9 year Cooled UO, Fuel Irradiated in a Commercial PWR to an
Assembly Average Burnup of 47 MWd/kgU)

The pressure then increases as fission gas release occurs
to reach an at-power value of 11.1 MPa by the end of
irradiation. The pressure drops to a low value during the
end-of-irradiation shutdown and the subsequent pond
cooling. It increases sharply during the heat-up at the
start of dry storage, then reduces as the gas temperature
reduces with time.

The maximum clad hoop stress (in purple) is initially
negative (i.e. compressive) in the open fuel-clad gap
conditions early in life. The stress then becomes positive
(i.e. tensile) as PCMI occurs later in the irradiation. The
stress drops during the end-of-irradiation shutdown as PCMI
stops and the gas temperature reduces, but immediately
increases to 33 MPa in pond cooling conditions when the
external pressure is reduced from the reactor coolant
pressure to the hydrostatic pressure in the spent fuel pond
(conservatively modelled as atmospheric pressure). The
stress increases significantly to 61 MPa during the heat-
up at the start of dry storage (as the gas temperature
increases), then decays away as stress is relieved by clad
creep.

The maximum clad creep strain (in blue) reduces to
negative (i.e. compressive) values during the early period
of irradiation due to clad creepdown. There is a change in
gradient when PCMI occurs and the strain increases
towards positive (i.e. tensile) values. The creep strain
reaches a value of -0.07% by the end of irradiation, which
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is unchanged during pond cooling due to the low clad
temperatures. The creep strain increases rapidly during the
latter stages of the heat-up at the start of dry storage and
during the initial period of steady state operation. However,
due to the reducing clad temperature, the creep strain
levels off to the end of dry storage value of 0.32% after
approximately one year into the 100 year storage period.

5. SUMMARY

NNL’s version of the ENIGMA fuel performance
code for LWR applications is a state-of-the-art tool for
simulation of the thermo-mechanical behaviour of LWR
fuel. NNL are working with Studsvik Scandpower to allow
international access to ENIGMA via licence agreements.

The recent development of ENIGMA has focussed
on whole core analysis and dry storage applications. With
respect to the former, the NEXUS code has been developed
by NNL to automate whole core fuel performance modelling
for an LWR core, using ENIGMA as the underlying fuel
performance engine. With respect to the latter, ENIGMA
has been developed such that it can model the thermo-
mechanical behaviour of a given LWR fuel rod during
irradiation, pond cooling, drying, and dry storage.

The whole core analysis and dry storage applications
development is part of a broader ENIGMA maintenance
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and development programme at NNL; this broader
programme includes validation database updating, model
development and capability enhancement (in areas including
fuel design and licensing, whole core modelling, spent fuel
storage and final disposal applications, fuel surveillance,
and analysis of severe transients) and is informed by
customer feedback and participation in international
programmes (including the OECD Halden Reactor Project
[36] and the IAEA FUMEX-III co-ordinated research
project [37]). The ENIGMA development programme is
itself directed by NNL’s Signature Research Programme
for internally funded R&D.
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