Accepted Manuscript

JOURNAL OF
R MATERIALS

DIONISIO 3.0: Comprehensive 3D nuclear fuel simulation through PCMI cohesive
and PLENUM models

Goldberg Ezequiel, Loza Peralta Matias E, Soba Alejandro

PII: S0022-3115(19)30023-6
DOI: https://doi.org/10.1016/j.jnucmat.2019.06.005
Reference: NUMA 51662

To appearin:  Journal of Nuclear Materials

Received Date: 7 January 2019
Revised Date: 22 May 2019
Accepted Date: 2 June 2019

Please cite this article as: G. Ezequiel, L.P. Matias E, S. Alejandro, DIONISIO 3.0: Comprehensive
3D nuclear fuel simulation through PCMI cohesive and PLENUM models, Journal of Nuclear Materials
(2019), doi: https://doi.org/10.1016/j.jnucmat.2019.06.005.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


https://doi.org/10.1016/j.jnucmat.2019.06.005
https://doi.org/10.1016/j.jnucmat.2019.06.005

DIONISIO 3.0: comprehensive 3D nuclear fuel smulation through
PCMI cohesiveand PLENUM models

Goldberg EzequidP, Loza Peralta Matias ¥, Soba Alejandrs™

& Seccion Codigos y Modelos, Gerencia Ciclo del Castible Nuclear, Comision Nacional de Energia
Atémica, Buenos Aires, Argentina.

® Instituto de Tecnologia Sabato, UNSAM-CNEA.

“Consejo Nacional de Investigaciones Cientificaggriicas, Buenos Aires, Argentina.

Abstract
We present a new version of the DIONISIO code, reditey its capabilities to

three-dimensional domains. Adding to the functidpahat divides the rod in a user-
defined number of segments, the user can now cltbesgimensionality of the domain
in which a representative pellet-gap-cladding systesolved. To achieve this, we have
developed a new algorithm to simulate the contatween pellet and cladding based in
Cohesive Finite Elements, a natural mode to apprtas issue. We present our results
testing this kind of contact element in order tdidete the concept. Alongside the
contact algorithm, we have included a model ofglemum domain in three dimensions,
treated using an external FEM mesh created ad B8ONISIO reads this mesh
adapting it to the specific case to be simulatetisives the energy equation inside the
plenum following specific boundary conditions. Wengpare the new models to
selected experiments under irradiation, in nornmaazident conditions, for validation,

with results showing a high correlation with saigperiments.

Key words: PCMI, PLENUM, Cohesive Finite Elements, DIONISi@ee-dimensional
model.
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1. Introduction
1.1 DIONISIO

DIONISIO is a code that simulates most of the npienomena which take place
within a fuel rod during irradiation under normal accident operation of a nuclear
reactor. The code has more than fifty interconrteeteodels coupled in a modular
structure, predicting thermo-mechanical and thedamemical evolution of a fuel rod,
thermo-hydraulic behavior of the coolant channeluad the rod, plenum temperature
variation, liberation of different species genedaite the pellet and released to the free
volume in the rod, among other processes that @iem place in a nuclear fuel rod as
fracture and pellet cladding mechanical interacti®CMI). The modifications
introduced in the 2.0 version of DIONISIO have bekscribed in detail in previous
papers [[1]-[4]]. The finite element method is tin@in numerical tool used to solve the
pellet-gap-cladding system. Prior to the incorporatof the models presented here,
axial symmetry was assumed, and axisymmetric figléenents were used to discretize
the domain [[5], [6]]. This new version of the codows to choose between a two or
three-dimensional geometry of the domain. With dtfsgective of better simulate the
phenomena involved in a fuel rod, the rod is parteéd according to user preference.
These sections represent portions of the entiresulijlected to different linear power
histories, given the nonuniform longitudinal distriion of neutron flux in the reactor
and variable boundary conditions. Fig. 1 exhibits example division of the active
portion of a whole fuel rod. In each axial secepresenting a given number of pellets,
the differential equations (heat, stress, strare)solved in a representative pellet and
the corresponding cladding segment, discretizech iéxahedral and pentahedral
elements, as shown in Fig. 1c. The discretizatibthe portion corresponding to the
plenum is constructed with the geometry of a gentrel rod in mind. The last two
pellets, the plenum, the upper plug and the clagldmrresponding to those zones are
taken into consideration, as marked in the uppergoof the rod scheme in Fig. 1a. A
generic hexahedral FEM mesh was constructed asrslowig. 1b. This mesh is
mapped with the fuel measurements of the input tad®e simulated, entered by the
user.

In every time step, a complete description of ty&tesn variables is obtained for
each axial section beginning with the local valudslinear power and coolant
temperature. First of all, the thermohydraulic hetia of the coolant channel is

described [1], [6]. In this calculation, the therrhemical changes of the cladding are



analyzed, such as oxide layer growth, changes a@sehand hydrogen capture.
Secondly, the heat diffusion equation is solvedthe pellet-gap-cladding domain
considering Dirichlet boundary conditions deterndime the previous part. Afterwards,
the fission gas release (FGR), swelling and deradibn, predicted in the time step
under the thermal condition are evaluated [7]. Aftalculating the amount of gas
released by each domain of resolution, the gasgsetein the sector is evaluated and
finally, we integrate the solution of each sectoorder to obtain the total amount of gas
released over the entire rod. The composition ef gas mixture in the gap and its
thermal conductivity are calculated in every timeps Then, the general mechanical
equilibrium equation is solved considering the é&xrenacting over the system (thermal
expansion, swelling, densification, irradiation gtb for zircaloy, viscoplasticity and
creep) [1], [5], [6]. If high burnup is reached,veel models evaluate the different
mechanical and chemical variations in the pellet @vuple this part with the rest of the
code [3], [4].

In the plenum model (Fig. 1b), the thermal behawbthe accumulated gas is
calculated along with the internal rod pressurengighe ideal gas law with the total
number of gas atoms released, the entire free whithin the rod and the average of
gap temperatures in every segment.

The elongation of every individual pellet and th&responding cladding are
added up to obtain the total elongation of thegpeltack and the rod [4].

a) a

Plenum domain Sector 1 Sector N

Fig. 1 a) Scheme of the rod showing the plenuningpplugs and stack formed by several segment$, eae
containing a number of pellets. b) Plenum meshdupjug in green, rest in brown). ¢) Two half pedléreen) and
cladding (orange). d) Cohesive elements “filling”ligé-cladding and pellet-pellet interfaces.



Given the axial symmetry of the system, neither geemetry nor the surface
loading depends on the angular coordinate. Bothrtaleand hydraulic calculations in
the domain are solved considering thandz coordinates. The same occurs with the
mechanical behavior: displacements, strains aedsgs are functions oandz only.

Over the material system DIONISIO considers therexgansion, elastoplastic
deformation, creep, densification and swelling yofdr the pellet) and irradiation
growth (over the Zry cladding) [[1], [4]].

1.2 PCMI in DIONISIO 2D

One of the phenomena that report the greatest mmeahademand for the
cladding is the mechanical interaction with thelgielThe interaction is induced by a
higher temperature in the pellet with a higher tidrexpansion and swelling increase,
and the concomitant mechanical interaction of tlaelding due to creep by the high
external pressure. This phenomenon is relevarnitferent instances and under different
operating conditions. For low burnup and reactbeg tperate with collapsible sheath,
such as CANDU [8], PCMI is crucial from the firshstants of irradiation. In
PWR/BWR type reactors, the interaction may occuimduthe last portion of the life in
the reactor [9], especially during transient powamps [10]. PCMI is also pertinent in
high burnup (HB) scenarios, in which fuel contaasignificant amount of fission gas
atoms in the matrix and gas bubble formation induay thermally activated diffusion
of the gas atoms is capable of causing a considerabgnitude of fuel swelling and
pellet-cladding mechanical interaction [11]. Simifa PCMI plays an important role
during accident scenarios, especially in RIA, [1#jen the short power pulses can
cause severe damage through this mechanism.

Besides experimental, theoretical and analytiaadiss of this phenomena in the
past [13]-[19], there is a relatively high and c¢onbus production of relevant
investigation on this topic, and new experimentsl amulations provide different
points of view and alternative solutions. For exbampests are carried out on systems
that emulate PCMI conditions, obtaining data ofodefation and hoop stress in
idealized situations with high control and easenefasurement. In this type of analysis
without irradiation, high power ramps are emulai&®l], [20], or fuel pods (both Zry
and new materials for ATF) are subjected to théchlstress fields of PCMI [21]-[23],
obtaining valuable data with which it is feasilbevhlidate models and codes.



On the other hand, many more complex tests, gdpecalrried out under
irradiation, from which it is more difficult to obin detailed measurements in situ, are
performed continuously in different facilities [2[]8], [24]-[27].

Finally, some accident tolerant fuel cladding depetents need to consider the
kind of requirements to which a fuel will be suliget and analyze PCMI during these
conditions by performing experiments or numeridatwdations of its behavior [28],
[29].

1.3 DIONISIO 3D

There are numerous fuel codes that, among manyr gihgsical-chemical
phenomena, are devoted to simulating the problefaG¥I. Many of them use axial
symmetry in the pellet-gap-cladding domain, tregtthe rod in different heights to
contemplate different points of thermo-mechanioatraction (1.5D [30]-[34] and 2D
axisymmetric [35]-[38]). The use of coupled codsteyns is quite frequent too, using
FEM packages to simulate the thermo-mechanicaraot®n, linking them to fuel
codes. Examples of that can be found in severateates [9], [33], [35], [38], [39].

In the last years, some full 3D codes have triethtikle the problem of PCMI
without the use of any symmetry. To name a few, PRAON-3.4 developed a 3D
module dedicated to PCMI simulation [40]; the BIS©dtle works in 3D and treats the
interaction explicitly [41].

While it is true that two-dimensional treatmentspend to most of the thermo-
mechanical effects produced by PCMI, there areamedsymmetries for which these
models cannot provide an answer. The eccentridityhe pellet and cladding, the
asymmetry in temperature distribution due to thesigmn of a rod in a bundle,
especially in accident conditions, or the presefce defect in the pellet, among others,
are situations in which having a full 3D code cod#liver results that better represent
the experiments than a two-dimensional one.

In this sense, we have developed version 3.0 of NDBIO, in which we have
included a full 3D plenum description (as explainedection 1.1) and a new three-
dimensional contact algorithm for the pellet-cladpiand the pellet-pellet interfaces.
The contact algorithm, directly related to PCMIoise of the most complex issues to
solve in order to move from the 2D axisymmetric si@n to an entirely three-
dimensional domain. In the previous version of DISKD we used the Lagrange

multipliers algorithm [6] which required the assdenbf a variable system adding new



equations when contact occurs. The added contaetiegs change the system’s matrix
properties, making it non-diagonally dominant onfsymmetric if rows are swapped
(see end of section 2.1 Lagrange multipliers metl@o@symmetric system). Besides,
the error introduced in the successive iterationtd teaching convergence, rendered the
problem unstable and expensive from a computatipo@alt of view. That is why in the
3D version we have developed an algorithm basedobesive elements, with a linear
contact law that does not alter the system's résalmatrix, making it simpler to solve
and easier to parallelize. This method has a rmierdisadvantage which is that the
problem must be explicitly integrated in time, whiés problematic in terms of
calculation time involved in comparison to statignanethods [42], [43].

With respect to the three-dimensional plenum modelthe moment it is only
thermal due to the low mechanical stress this gfaitte rod has. The model allowed us
to analyze the influence of different parameterstlum temperature, such as volume,
mesh density, cooling rate and the boundary canditused. The domain includes the
last two pellets of the stack (to evaluate theuimfice of the high pellet temperature in
this specific part of the rod), the Zry claddingdaihe plug of the same material, the
containment spring and the internal gas of the Mth this system, the plenum
temperature variation as a function of the distatocéhe heat source (the pellets) is
studied and the average value is compared to thlamotemperature. The boundary
conditions offered to the user can be selected fmorariety of options, one of which is
the temperature distribution in the plenum (se¢@e@.2 Boundary conditions).

In this paper, we present a brief description ef tbhesive elements method, its
calculation advantages and some test results t@uofgnate its numerical effectiveness
by comparing it with the Lagrange multipliers algfom in 2D test cases. The three-
dimensional test is compared to problems solvedthgr commercial FEM packages.
Additionally, we show the 3D treatments of the plen the main assumptions used in
the models and some FEM particularities neededherimplementation. Finally, we
present the algorithms working in the DIONISIO 3@de reproducing power histories
of experiments under irradiation, demonstratingeksellent performance compared
with the previous version of DIONISIO and experitaresults. The last part of the

paper presents some brief conclusions.



2. Numerical treatment of contact problems
2.1 Lagrange multipliers method: axisymmetric system

The PCMI problem in two-dimensional domains in DEONSIO 2.0 code is
treated numerically in the FEM formulation usingtreetion equations, which do not
allow the interpenetration of the surfaces [6]. ¢éach material, an irreducible
formulation is applied into the displacement andjdamge multipliers are used for the
treatment of the contact forces over the surfaaen@aries. The entire formulation is
derived from the virtual work principle with the position of continuity for the
displacement at the frontiers [44]-[46].

The main algorithm used for these simulations kenafrom reference [47] in
which a general contact formulation is used to $ateuproblems in plane strain and
axial symmetries with or without friction betweehet domains. At the contact
boundary, the surface traction is evaluated frotera=lly applied forces, nodal point
equivalent forces (in the virtual works sense) #mel magnitude of these tractions is
used in the decision of nodal contact or separafibe number of equations is variable,
depending on whether contact is present or not [47]

Where contact is produced, force contact is deeeldgetween the contactor and
the receptor, which are responsible for the elitnomaof the numeric superposition
between the surfaces. These forces are equal initndg and have opposite directions;
the normal forces are compressive, while tangefdrales must satisfy the friction law
used. The contact conditions are added to themystequations in which each node of
the receptor boundary has a new contribution tcstifflmess matrix for each dimension
of the system. In the same way, each contactordeoymode has new components too.
As for the independent vector, the new unknows Wl the contact forces in each
component (see reference [47] for a detailed expiam). In a general problem, the
contact forces and the displacements will be indd@n of sticking contact, sliding
contact or released depending on the coefficieriietween the materials and their
separation [47].

Treating the contact using Lagrange multiplierssprés some problems regarding
the matrix. Firstly, each new contact pair of catiareceptor nodes adds n-dimension
equations to the system. Secondly, these new raldedato the matrix break the
properties of the FEM matrixes, i.e.: they are diagonally dominant anymore; in fact,

each new added row has a zero in the diagonal., Tieen solvers based on biconjugate



gradient or similar [48] need to be applied, ugsiogy changes to reorder the system to
be solved. These inconveniences escalate whenea-dimensional domain is used,
where the finite elements in contact become twoedlisional surfaces. Moreover, the
Lagrange multipliers method introduces severediffies with respect to the directions
of the forces, the slips and tension direction e transversal and longitudinal

directions.

2.2 Cohesive Zone Methods (CZM)

In order to overcome these difficulties, we develba new method, based in the
called cohesive finite elements. The Cohesive Zmreept was initially developed to
treat discontinuities that evolve within the contim, such as cracks, and was
conceived by Barenblatt (1962) [49], Dugdale (19@8)], Rice (1968) [51]. These
early developments considered the fracture asaugrghenomenon in which there is a
separation between two adjacent virtual surfacesgabn extension of the end of the
crack (cohesive zone) and is resisted by the pecesehcohesive forces. These forces
are embodied in tensile-separation laws and lirk riiechanism of micro structural
failure to the deformation field of the continuuxvhile a conventional crack does not
have stress transmission between the corresposdifigces of the fissure, the "virtual
fissure”, as it is described by the cohesive zamen active field of interactive stress
between a pair of virtual surfaces. The fractuicess is seen as the progressive decay
of the force of the material along adjacent virtsiaifaces.

The cohesive tractions between the potential ceactaces work as resistance to
the propagation of the crack. When subjected teraat pressures, the atomic structure
of the material is modified and reflected as vasia in cohesive traction. Up to a
certain separation of the virtual surfaces, theesofe traction follows a growing
tendency [52]. After reaching the critical sepamafithe cohesive traction decreases
toward zero. When the tractions between surfacesndih, the cohesive surfaces
separate, defining the formation of a macroscogisufe. The state of stress between
the cohesive surfaces evolves according to a oestdtening law of the material, called
cohesive law or law of tension-separation. Whenctiteesive traction decreases to zero,
the actual end of the fissure is defined.

Similarly, but in the opposite direction, a regbaeation between two surfaces can
be treated as a virtual separation. The curve ibefithe traction-separation involves a

particular law that has no effect while the surfa@@e separated, determines the



moment in which the bodies begin to experienceamirand defines the evolution of the
contact force in relation to the interpenetratiastahce [52]. Considering both normal
and tangential traction as linear with respect nterpenetration distance, we can
calculate them as follows:

T, = ®§, T, = ®S,p (1)
where @ is obtained from the Young Modulus of the matsridl, represents the
interpenetration distancé, is the sliding distance (when in contact) gmnds the
friction coefficient between both surfaces. The toarous parts of the material are
modeled as usual, by classical constitutive eqoafitor example, Von Mises plasticity
with large deformations [48], [51], [52]. In Fig. &d Fig. 3 we use an instructive
example [53], [54], [55]] in which a rigid half-sphical shell presses on an elastic semi-
space as a consequence of being pushed by a feecehe center of the half-space, to
provide an illustration of the cohesive elementd #re traction-separation law applied.

The objective of this problem is to exhibit the esive elements between both bodies

and their behavior, as intended with the tractam. |

AN A\

Contact Force (kPa)
. ¥ -10s+01 10 20 30 40 580401

Fig. 2 Example mesh for the Hertz problem. Leftnptete mesh. Middle: spherical shell and semi-sgdements.
Right: cohesive elements, color represents theacbfidrce.

Fig. 2 shows a coarse example of the mesh, withlaedinite elements used for
the shell and the semi-space and cohesive elenmeh&tween, with color representing
the contact force applied by each element. It camliiserved that dark blue cohesive
elements are not exerting any force given that gr@ynot experiencing contact. This
case is only used to explain to the reader howctiesive elements are meshed and
their expected behavior. In Fig. 3 we show the tiiécal traction-separation law and
the behavior of the contact force of the cohesiements undergoing contact, with a
much finer mesh used, as the problem requires. &md c, we can see the various
contact force magnitudes which depend on the pritxiof the element to the center.
As can be seen on image c, even though some elemerduce contact force while

having a positive normal displacement, the value/ltath traction begins is below 10



um. This effect is due to integrating the force roma element in which only some

nodes are experiencing interpenetration.
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Fig. 3 a) theoretical traction-separation law andhasive elements results for Hertz problem.
b) zoom-in on center elements. ¢) zoom-in on elenaglyacent to the center ones.

As explained above in section 1.1, among the maputi parameters of the
DIONISIO code, the user can opt to solve a pelégi-gladding domain with a half-
pellet only or with two half-pellets. We show amaexple mesh in Fig. 1c, where it can
be observed that the half-pellets in green havensstmc dishings with a pellet-cladding
gap of 70 microns in that case. In Fig. 1d, we sbaly the cohesive elements used for
the pellet-cladding and pellet-pellet interfaces.

This type of methodology is optimal to be usedha framework of the finite
element method. In fact, the founding works of éhesethods arise from observing the
limitations of the FEM itself along with classidileories of mechanical fracture [48],
[56]. To this end, variants of the so-called digommous Galerkin methods are used,
with a generalization of weak formulations, allogidiscontinuities of the unknowns
within the domain of the problem. To do this, imgn is restricted to each sub-

domain, naturally generating integral boundary &efar the interfaces that imply jump



discontinuities. It can be observed that the rdléhese terms is to enforce consistency
and continuity of the unknown problem in a weakrpwhen appropriate [57].
In general, the equations of two bodies in contaatbe expressed as follows:

2
V-a+fﬂ=i71; for Q
n-o=t or I,
f t (2)
u=1u for T,

ny-o=tlr;ngj-oa=t; forly

where o is the stress tensom, the displacement field anfi® represents volumetric
forces whilet represents fixed stresses over the domain or tbeordinuity (c).
Regarding the domaing, stands for the representative volume &rfdr the surface of

the volume. In the weak form, the equation is asdednas follows:

f(poii +6:Vu)dQ + fllulchdFC = ff“ﬁdﬂ + f tudl' + R 3)
Q 20, Q r

where ||u|| represents the jump in discontinudy, = I'., — I, andT, is the stress
function of the cohesive element.
This formulation has several characteristics ttaugd be highlighted to clarify

concepts:

* It expresses a dynamic equilibrium equation, whieeedouble derivative of the
displacement vector in time multiplied by the mappears in the first integral
of the first member of the equation.

* The second integral of the first member is onlyleated for the cohesive
elements and adds a term to the system that ascéemthe behavior of the
discontinuity. The rest of the equation is ideritita the one used in the
continuous case.

e The analyticall; function has a variable value, which will depemdtioe type of
physics we wish to treat, whether it is a brit8&][or ductile [59] material or we
are considering large displacements [48], to napmeesexamples. In general, a
battery of functions can be found in the literatéwe this function [51], [52],
[57]-[62].



Following the above explanation, cohesive eleméntsontact problems present
us with several advantages over the Lagrange riafspmethod: no new equations
need to be added to the system and the matrice®tdose any of the properties that
they have in the FEM; all modifications to the cade introduced when calculating the
local contribution of each cohesive element; no mewles need to be added to the
system, since cohesive elements are formed froeadyr existing nodes on the gap
boundaries between cladding and fuel pellet or betwtwo pellet surfaces in contact.
Lastly, the CZM provides a natural response in ¢hsecontact surfaces are separated
after contact, and the contact and separation @ahebe performed as many times as
necessary.

It is a given that the method possesses some distalyes. Firstly, the method
possesses severe difficulties for its applicatiortases where there is large tangential
displacement (sliding) between contact surfacesh®rcontact pair of element faces is
not previously known. In addition, it is requirddht the meshes on both contact surface
match, which might not be suitable for general geims. As explained in the
Introduction, DIONISIO divides the rod in secticasd takes a representative pellet for
the pellet-gap-cladding system of each sector. fHuoe that this scenario does not
require special studying (as the pellets neardpeot the rod would) and the geometry
both the pellet and the cladding present, make goad candidate for the small
displacements and small strains consideration.adyreapplied in the previous 2D
axisymmetric models, which reduces significantlg ghossible shortcomings of the
method. Another disadvantage of the CZM is the ewes of non-physical
interpenetration between contact surfaces. Usirdyraamic relaxation scheme with
pseudo time-stepping (separate from the real tifmdned power history) provides the
possibility to integrate the system explicitly arehch the solution smoothly with the
desired precision. On this last point, it is neaeg$o clarify that any of the intermediate
steps is considered unphysical and we only keeitia¢ stationary [42], [43], [59]
[63], [64]. This approach results to be more denrandn terms of calculation time
compared to stationary methods, but it allows usdbieve small increments in the
displacements, which in turn limit the interpengtna to a minimum (less than 3% of
the cladding thickness) while remaining stable ansuring convergence.

While the method might not be suitable in certanmcwmnstances or for certain
specific areas of the rod, we have found that torsimulations the disadvantages of the

CZM are far outweighed by the advantages over ggrdnge Multipliers approach.



2.3 Test cases
In order to show the reliability of the CZM in tipeediction of contact situations,
in this section we present and compare resultsetdcted test cases to analytical

solutions, finite elements commercial software argerimental results.

2.3.1 Circular Flat Punch

The problem consists of a rigid, flat and circuligr of radiusa pressing on the
surface of an elastic semi-space, under the aofienforceP. The analytical solutions
for this problem are taken from reference [53] vehitre expressions for displacements
and stresses in the infinite semi-plane are predenh addition to some particular
solutions for the surfaces of the half-plame=(0) and the central axis of symmetry<
0).

The displacement vector takes the form:

_ P rzvu (1-2v)a z
2pur(r,2) = 2a\ a?s(1+u) r (1 Bl a\/ﬂ)
P z2 1
2uu,(r,z) = %(azs\/ﬂ +2(1—-v)tan ﬁ) (4)

s= (/) + Clay — 1) + 4G/

u=05("/)*+ (#/)*—1+5)
and stresses over the entire domain have the form:

- 1 oNe1/2 1 2y\1/2
;—mz_z((l_p) /—(1—21/)’0—2(1_(1_.0)/))
1 1
o _§<2v(1 —p)V -2 (1- (- Pz)m)) X
Ozz 1 2\—1/2
p—m——z((l_p ) /)

wherepm is the average pressure exerted.
In particular, in the center of the contact zoihe, tadial and tangential stresses are
equal, while the stress mis equal to half the average presspme The z component of

stress and displacements take the form:

1
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The case of a flat tip can be treated in axial swtnyn in which case it will

uz(pr 0) =

correspond to a problem of circular indentationjrosymmetry of plane strain, in which
case it will be a tip of widtla, infinite in the direction of symmetry.

In Fig. 4 we present the results of the cohesiveezmodel for radial and axial
displacements for the = 0 plane (contact surface) and the axial stress em thO axis
(axis of symmetry), compared to the analytical soiu and the Lagrange multipliers
model. While for the displacement in the axial diren (central figure) both numerical
methods produce results with a similar uncertaratyge, a better prediction by the CZM
for the radial displacement (left figure) is obsaty especially in the effective contact
surface of both bodies &€ a), due to the calculation of tangential forces tua natural
within the solution of the model. The errors in #wdution corresponding to the Lagrange
Multipliers Method are a result of the several ggaéion parameters applied for every
direction that displacements can occur (normalepagation and tangential or sliding), a
frequent case when dealing with contact problentk siich an approach which is quite
difficult to avoid [65].

For similar reasons, the CZM presents results ttmatespond more with the
analytical curve with respect to the stresses ékial ones are shown in Fig. 4, on the
right).
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2.3.2 Thermo-mechanical behavior of SiC composite

In reference [22], a nuclear grade silicon carlfider (SiG) reinforced silicon
carbide matrix (SiG) composite is studied under a high temperatureligm as a
candidate material for accident tolerant fuel clagd They compare experimental
results to a FEM model built using commercial saftev COMSOL (Stockholm,
Sweden). In the experimental setup, a solid suteoglumina tube is placed within the
SiC sample and bonded using a ceramic adhesivewhbte setup is heated from the
center thus exerting pressure as a result of #gentl expansion. Given that the aim of
our model is to study the mechanical interactiomirgducontact of the surfaces, our
model excludes the ceramic adhesive given tharites as a strain and stress buffer. In
Fig. 5, we show the initial and final states regagddisplacements and temperature of
the sample. Radial displacements have been inct€&smes making them simpler to
observe, which causes the interpenetration sedgheinmage on the right to appear
bigger when actual values lie in the range of uwitsmicrons (0.5% of cladding

thickness).
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Fig. 5 Left: initial geometry. Middle and Rightnél status of the domain (radial displacements x25)

As can be seen in Fig. 6, both the hoop and radialponent of mechanical strain
and total strain (mechanical plus thermal) corecha¢ry well with the model [22],
excluding the bond layer (from 0.9 mm to 1.2 mmfrthe center), which absorbs most
of the radial strain given that it's elasticity mubgls is assumed to be 0.05 times that of
the alumina surrogate. The stress values alondetigth of the sample present very
similar values as shown in Fig. 7, as do the stuadges along the thickness of the

setup, with the exception of the step producechbyadhesive.
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3. Numerical treatment of PLENUM

3.1 Conductivities

As explained in section 1.1, the plenum domain cans the last two pellets of
the stack, the Zry cladding and the plug of the esanaterial, the containment spring
and the internal gas of the rod, each of which @esss a thermal conductivity. Given
this domain, we solved the energy balance equatmms to obtain the temperature

distribution, taking into consideration the volum@power source from the pellets and

the heat conduction in all the materials involved.

In addition to depending on the material, the tredraonductivity presents strong

nonlinearities with respect to temperature, poyoaitd burnup. For the Upellet the

following thermal conductivity function is consiael [66]:

k=(1—p2/3)[

1

D
+(1- CGdWGd)m exp

E

7

A+BT+C TZ + [aGdWGd(bGd - T)] + hD (T, Bu)

w

)lzee

(7)



where p is the porosity,Bu the burnup in MWd/kg, w;, is the weight fraction of
Gadolinium,T the temperatureéd, B, C, D, E, a4, bgq andc;, are adjustment constants
andh, is a function that takes into account the effec¢tsurnup. On the other hand, the
conductivity of all the Zry components [5] and tk&inless-steel spring [67] are
calculated with polynomial adjustment curves asrecfion of temperature.

DIONISIO can calculate the weight fraction of ditfat gases (filling and/or due
to fission in the fuel [68], [69]) in the free vahe of the rod. These fractions are then
used to calculate the conductivity of the total etixgas in the plenum, according to a
gas mixture law, which requires a weighted averegeductivity for each gas as a
function of the temperature (T) according to thpanential law [70]:

k=A, TP (8)

whereA, andB, are specific constants for each gas.

3.2 Boundary conditions

The boundary conditions of the problem are estichéitem a thermo-hydraulic
calculation of the cladding external temperatune,doolant temperature and the quality
and velocity of the coolant. This calculation isndoby sectors, as described in the
Introduction, from which only the sector closesthie plenum is taken into account. As
a user input value, the temperature distributiam loa constant along the plenum sector
of the core or it can follow a cosine law, in césere is a large temperature variation as
is the case in accident conditions. For the lattex,cladding temperature in that sector
(Tsec) 1s defined as the cladding boundary temperatuithe lower area of the plenum
domain, and, using said cosine form as a functibrthe heightz, the boundary

conditions of the rest of the domain take the form:

Tpc(2) = Tsoe + ar (cos <L7TZ ) - 1) 9)

ext

wherelL.,, is the extended length of the domain in the axiaation (typically 1.2 times

the original length), and is a variable that depends on the difference batWeg,,

and the outlet temperature of the coolant.

4. DIONISIO 3D Results
For the purpose of showing the behavior of the nevsion of DIONISIO, we
selected a few experiments under irradiation widime particularities, to demonstrate

the PCMI code response. These cases have beeteddlerove the accuracy of our



model when compared to experiments and show thgErforms better than or at least
as good as previous 2D axisymmetric models. Faréuvork, we plan to compare our
code to experiments that do not present symmetiitons and that cannot be
simulated with models that are not three-dimengiohdew examples requiring three-

dimensional domains include asymmetrical oblatidnthe cladding, asymmetrical

heating conditions for the rod due to its positiorihe reactor core, superficial defects
of the pellet produced in the assembly of the klements, such as chips, and LOCA
scenarios which involve ballooning of the claddihgreference to the plenum model,
we chose two experiments, one under normal operatnol the other one for accident

conditions, that show how the model works acroesetttire range of requirements.

4.1 The MOX experiments[71]:

The first set of experimental data used to comfia@ecode results to, comes from
the irradiation of the first Argentine prototypelsMOX fuels for PHWR reactors. They
were built in the Alpha facility of CNEA and two afiem, labeled A.1.2 and A.1.3,
were irradiated in the high flux reactor of Pettéiglland, from January 1989 to
October 1991. Both bars, consisting of 21 pelletste submitted to a nearly constant
power rate and rod A.1.3 was afterwards subjeated power ramp [71]. The post
irradiation examinations were performed at the ¢&lmwagszentrum, Karlsruhe,
Germany in 1993 and included visual inspections.Nate focused on rod A.1.3, being
the most demanding in terms of rod behavior.

The most remarkable feature is the presence oésiag the external surface of
the cladding accompanying the pellets’ distributidngeneral radius increase can be
seen, with the rod presenting a deformation of %.%% the belt. The effect is even more
significant at the crests, where the deformatioof i5% approximately. Fig. 8 shows the
average diameter of each of the five sectors tdewas divided into (with 4.2 pellets
per sector), as it varies with the burnup, whertasel is the closest to the bottom and
sector 5 is the closest to the top of the rod. @tweer history varies among the different
sectors, with sector 5 being the one with highiestar power. The final values of each

sector are in good correspondence with the onasda® by the experiments.
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In Fig. 9 the evolution of the central and superadii of cladding are shown for
sector 5 (highest burnup) and the entire rod awerbagaddition, the difference of this
measures (the ridge) is compared to the experimealizes at end of life for the A.1.3
rod. We observe a good coincidence of these resitlishe predicted ones.
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Left: sector 5 (highest burnup). Right: rod average

In Fig. 10 we present the radial evolution of tleatact surfaces (i.e. pellets and

cladding inner radius) and hoop stress plotteduastions of the burnup to show the

variation from increasing values when in contaaiécreasing values when surfaces are



not pushing on each other. In said figure, somerp@netration can be noted mainly
because both radii are averaged from the entireummiference, but on a closer
inspection, values are below and up to 2 micromsghvis to be expected (especially in
a three-dimensional domain) given how the CZM penfothe numerical solution for

contact, as explained in section 2.2 of this paper.
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4.2 The Contact Experiment [16], [17], [18]:

The CONTACT series of experiments used short radZret cladding UQ
pellets of typical PWR 17x17 design. The purposé¢hefexperiments was to improve
the understanding of fuel rod performance. The ndse irradiated in a pressurized
water loop at almost constant power. CONTACT 1 wialiated at a constant power
level close to 40 kW/m to a discharge burnup of M&/d/kgy. CONTACT 2 was
irradiated at a constant power of ~25 kW/m andrdarnal helium pressure between
0.1-0.2 MPa. The rod was discharged early becatisefailure at a burnup of ~5.5
MWd/kgy and replaced with the identical design rod CONTAZBIS. CONTACT 2bis
had a burnup of 12.4 MWd/kg All the experiments were designed to analyze the
performance of the fuels, and the cladding defoonatvas measured along other
valuable results.

Measurement of cladding diameter for CONTACT 1 afurction of burnup
showed an initial reduction due to creep down fe#éd by a gradual expansion after
fuel-to-cladding contact and closed gap. The ewatubf diameter versus burnup for
CONTACT 2bis showed an initial increase in diameteer the first 3 cycles of
irradiation but there was not an explanation fds tincrease, as it is followed by a

progressive decrease (by irradiation creep) toganlibrium diameter of approximately
30 microns smaller than the initial.



In general, we can observe a higher power histo@ONTACT 1, which leads to
PCMI deforming the cladding with more intensity th@ONTACT 2bis (Fig. 11). The
numeric predictions of this experiment are in goodelation to the real values, which

have a somewhat considerable dispersion.
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Fig. 11 Cladding deformation through burnup for Cacttl and Contact 2bis.

Fig. 12 presents the radius of the cladding (irgBrand pellet and the hoop stress
as functions of the burnup. As in the case of tf@Xvexperiments (section 4.1), in this
figure, it is possible to see the increase in hstwpss when contact occurs. It is also
possible to note that the hoop stress has a lomensity than in the PHWR MOX
experiments, which is to be expected since theeeeasentially different values of

thermal requirements and design conditions of tieé dlements.
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4.3 |RDMR Experiment (ABS, ACA):

The experiments referred to as IRDMR (In-Reactoaneter Measuring RIG
[72]) consisted of two cases, Exp-FIO-118 which pased two single-element
irradiations (ABS and ABH) and Exp-FIO-119, compris five single-element
irradiations (ACH, ACA, ACC, ACK and ACG). For outumerical simulations we
have considered elements ABS which had the purpbswestigating the effect of fuel
density on the fuel element dimensional respongeoteer changes, and ACA, which
was involved in a power ramp irradiation. The expents were conducted at AECL’s
Chalk River Laboratories in the NRX PHWR betweer78%nd 1983. The fuel
elements were assembled using enriched (3.5 wt%3J#2 U) UQ fuel pellets and a
Zr-4 cladding, with a coating of graphite over theer surface of the sheath. Diametral
changes of single fuel elements were measured vetilpower. Both elements had
irradiation histories consisting of several steptailed in the experiment.

In Fig. 13 it can be observed that diameter anderidalculations are in good
correlation with experimental measurements, as thegease and decrease with each
power ramp. In addition to being pre-irradiatedaapower of 30 kW/m, the ACA
element was irradiated with a lower ramp rate tABS, and it can be seen on the right

of the figure that it presents a lower ridge.
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Fig. 13 Left: calculated and measured maximum amdmum diameter for ABS element through irradiattone.
Right: calculated and measured ridge for ABS and A@#nents through time.

In Fig. 14 we show colormaps of the domain at tast ramp of the ABS
experiment, when performing a simulation with dedbase (two half-pellets). On the
left, the Von Mises stress distribution can be se#h a maximum in the middle of the
pellets and decreasing along the axial and radiettions. The values reached are quite

high since the model does not account for micrdesae creep in the pellet. However,



it does include a viscoplastic term that leadsttess relaxation in time. Additionally,

radial displacements have been increased 25 tioreghém be easier to see, which
allows us to show the bamboo effect on the cladowey both pellets. On the right, a
temperature profile can be seen where the higkegpdrature lies in the center of the

stack and decreases radially.
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Fig. 14 ABS domain colormap at the last power rasipwing two half-pellets and cladding.
Left: Von Mises stress (radial displacements xBi)th: temperature.

4.4 OSIRIS Experiment (G0O7, H09)

The Osiris experiments consisted of 4 PWR EDF/FRAMME/CEA rods
irradiated in EDF commercial reactors. Two of thesas, identified as GO7 [73] and
HO9 [74], were irradiated in the EDF Graveline 3 R\Wér 864 days and the EDF Cruas
2 PWR for 1182 days, respectively and differenapaaters were measured, including
the temperature of the cladding. For practical pses we consider the cladding
temperature equal to the plenum temperature.

Fig. 15 shows the plenum temperature for the 2D aDdsimulations and the
linear power as functions of time for rods GO7 &#@d. Fig. 15 shows a good fit
between the calculated and experimental tempemtwiéh a difference of around 2%
with respect to the measured values, except forfithe four points, for which this
difference is closer to 4%. For rod H09, Fig. 1blowss a difference of less than 2%
with respect to the experimental temperature. Bp#aphs show that the results for two

and three dimensions overlap.



The inset images in Fig. 15 show the evolutionhef plenum temperature as the
power history and time for the experiments progresk can be seen that the pellet and
plenum temperature increase gradually, producthef tarefaction of the internal
atmosphere due to the increase in temperatureeopéhiet. In the inset image of Fig.
15a, it can be noted that the first four image% (to bottom) correspond to the
temperature during the power ramp at the beginntngm the fifth image (7 days)
onward, the distribution reaches the stationaryellet around 125 days, a slight
increase in the pellet central temperature is oesedue to the modification of its
conductivity as a consequence of burnup among ofhetors. In the images
corresponding to 400 and 600 days, increases ih ptgnum and pellet central
temperatures are observed due to slight increasth® ioperating power and a variation
in the pellet and plenum conductivity. In the lastage (600 days), the highest
temperature reached in the whole experiment isrebdan the pellet center. A similar
behavior can be followed for the OSIRIS HO9 expeninn the inset of Fig. 15b.
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4.5 IFA-650.1 and .2 Experiment:
The IFA-650 (Instrumented Fuel Assembly, 650 sgriesperiments had the

objective of analyzing safety criteria for LOCA aents. New designs and materials as

well as an inclination to burnup extension regulatde necessity of suitable



measurements. These tests were comprehensiveeistpilies under emulated LOCA
conditions, such as abrupt pressure drop and lavanb flow. Thermo-physical and

thermo-chemical aspects like relocation of therfragted pellet, cladding temperature,
ballooning, cladding hydriding and oxidation weramined. All of this was performed

at the Halden Reactor (Norway), using fuel rods clwhhad been irradiated in

commercial PWR or BWR reactors reaching intermedathigh burnup [75].

In these tests, a rod was located in the centesnofnsulated standard high-
pressure flask, which was connected to a high-predseavy water loop and a blow-
down system. The fuel rod was surrounded by a Heffdey separator and the flask.
The rods were 50 cm long with an external diamefe®.5 mm, composed of a Zr-4
cladding 0.57 mm thick containing WOpellets. The difference between both
experiments lies primarily in the base irradiatioistories, the rate of pressure and
coolant mass flow drop, the thermocouples locadind the filling pressure of He (2 and
40 bar, respectively) [76]-[78].

These experiments were used to compare claddingetature and internal
pressure to DIONISIO accident subroutines for LOEAnditions, published in
reference [75]In this paper, we focus solely on the results far plenum temperature
while fully simulating the accident conditions. $hould be highlighted that in the
experiment, the plenum temperature was not measxplicitly. We compare to the
outlet temperature of the coolant, with the pleni@mperature expected to be a little

higher due to its proximity to the source of powed heat.

4.5.1IFA-650.1

In the IFA-650.1, linear power presents plateauogsrand increments by stepped
jumps between those plateaus. Six pressure drdlpsvénl by stationary periods take
place in between. No burst occurs during the erpani.

Fig. 16 presents the comparison between plenum eeye obtained with
DIONISIO in green and the coolant outlet tempemt{irOA, temperature at outlet in
average) in red, along with power and pressurettiest of the experiment. In general,
the difference in temperature values does not ek&8é except for the last pressure

drop, where it is close to 15%.
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Fig. 16 IFA-650.1 measured coolant outlet tempeaeand calculated plenum temperature.
4.5.2 IFA-650.2

This experiment consists in subjecting a fuel rodatpressure of about 70 bars
and a linear power of 23.5 W/cm. While power staymstant, coolant pressure
decreases suddenly to simulate accident conditidfier 450 seconds, when scram
happens, power diminishes to almost zero.

In Fig. 17, plenum temperature evolution calculateth DIONISIO is observed
and compared to coolant outlet average temperglé) of IFA-650.2 experiment.
During the first 40 seconds of the accident, plenemperature decreases progressively
towards 165 °C. This is due to an increase in reabval produced by the nucleation
of boiling bubbles. As time progresses, temperainceeases up to 265 °C. Finally,
after scram, a final plenum temperature decreasbssrved, as can also be seen in the

inset of Fig. 17.
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5. Conclusions

The new version of DIONISIO, iteration 3.0, hasarporated full 3D models in
the pellet-gap-cladding domain by sector and ingleemum domain. For the first one,
we needed to develop a new contact algorithm base&dohesive Zone methods, a
framework included in FEM concepts, developed afiii to treat fracture mechanics
and problems involving cracks. Despite the limgas discussed at the end of section
2.2, this new contact algorithm shows a betterquarénce in comparison to previously
implemented methods regarding scenarios from pnoblgom the literature that have
analytical solution. Furthermore, we compared #eently incorporated algorithms to
experimental tests developed to emulate PCMI witlerg good correlation. The use of
the algorithm inside the code, considering irradratand the interplay with the other
models included in DIONISIO, exhibits an acceptgtdeformance in the prediction of
“bamboo effects” and radial cladding deformatione Bhow here just a few results in
selected experiments such as CNEA-MOX rod experispghe Contact Experiment
and IRDMR experiments.



The plenum model shows an acceptable behaviorl ithaltested experimental
ranges, described in the results we have presenthd. OSIRIS and IFA-650
experimental series let us use the model in a ag$@rtment of situations showing very
good results with errors in temperature betweerl3%- in the cases with the largest
variation. It is worth noting that this model doest yet take into account heat radiation,
even though its contribution is below the ordef@f% than the energy delivered to the
free volume of the plenum by thermal conduction.

In a future publication we will present the gendsahavior of DIONISIO 3.0,
showing the integral performance of the code agaimsplete sets of experimental data
to which we have access, so as to validate the ledengode in its full three-
dimensional version.
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