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Introduction

The authors accomplished modeling PWR fuel

elements components under some reactor
operating condition that in needed for preliminary

designing. The principle possibility is shown and

examples of modeling are presented under MSC.
MARC 2005r3 for following problems:

» temperature fields in three—dimensional statement
(3D);

 simple force loading of fuel element plug fitting
in 3D statement;

 thermo mechanical multicontact interactions of
fuel pellets with fuel element plug fitting at non-
stationary operating modes (start-up and power
density peaking conditions);

* influence of cracked fuel fragments on stresses
and strains distribution;

* Dbehaviour of a fuel column clamp;

« development of a cladding shape out-of-
roundness under external pressure because of
creep.
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Modeling Temperature Fields of Bottom Pressure Seal
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Temperature fields in the bottom pressure seal of the PWR fuel element

at the linear heat generation rate (LHGR) of 175 w/cm

The results of simulating evidence that the maximal temperatures of the fuel and
the bottom pressure seal cap do not exceed 863 and 554 °C, respectively.
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Modeling Temperature Fields of Bottom Pressure Seal

The acquired initial values of the temperature fields in the pressure seal
containing crumbs (chips) are refined using the Global-local option to obtain more
accurate temperature values.

Crumbing rises the cladding temperature by not than 5 °C.

chip welding burrs

crumb
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crumb

Temperature tield (°C) in pressure seal area
containing fuel crumbs between welding burrs
and cladding

Temperature field (°C) in bottom pressure seal
having fuel crumbs
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Simulating Results for Bottom Pressure Seal as
Effected by Ordinary Force Loading

Simulating is accomplished using the mechanical option in the elastic statement
but it in also possible to account for ductility and its anisotropy according to Hill.

The results evidence that the maximal values of the axial stresses in the near to
burrs zone of the weldment make up ~ 100 MPa.

Distribution of axial stresses (MPa) in PWR fuel bottom pressure seal
upon axial loading (60 MPa)



Modeling Thermomechanical Multicontact Interaction
between Fuel Pellets and Pressure Seal under
Non-Stationary Operation Regimes

In modeling as an example consideration was given to a local area of the
bottom pressure seal of a fuel element with three pellets; its virtual model
was constructed using MSC.MARC Mental preprocessor in 3D coordinates.

Virtual image of VVER fuel bottom pressure seal



Start — up Conditions

Multicontact interaction was simulated using Coupled and Contact options with
account for the isotropic creep and plasticity of materials, temperature dependence
of material properties, changes in power density and boundary conditions VS time.
With account for the wedging of the third pellet from the plug and the properties of
the materials under consideration is the behaviour of the bottom plug of the PWR
fuel element under the start-up conditions specific by the regulations up to power
level of 180 W/cm followed by holding at this power level for 30 hours.

Distribution of temperatures (°C) in bottom plug (pressure seal) upon reaching terminal hover



Start — up Conditions

Distribution of axial stresses (MPa) in bottom pressure seal upon reaching terminal power
and after 30 hour operation



Conditions of Power Density Peaking

It has been assumed that at the moment of power density peaking the radial fuel-
cladding gap as well as significant stresses in the plug cladding are not available
20% power risk from 180W/cm after 20 sec. in modeled at the values of the fuel-
clad gap heat transfer coefficient taken from the integral code START (VNIINM
development). First using Thermal option the temperature field in the bottom plug
(pressure seal) was simulated. Then using Coupled, Contact and Pre-State
options (to account for the obtained temperature values) the non-steady state
related thermomechanical multicontact problem was solved to investigate the
conditions of power density peaking.

Distributions of temperatures (°C) and axial stresses (MPa) in bottom plug (pressure seal)
at end of power density peaking



Conditions of Power Density Peaking

Temperature and stress values do not exceed the critical ones for the cladding
material.
Values of the tangential stresses at the pellet faints might increase by 10 MPa.

Tangential stresses (MPa) in plug and cladding at joints of fuel pellets



Influence of Fuel Fragment Cracking

To assess the influence of cracking the above presented procedure is used
however, for the plane-stress deforming of the feasible configurations of pellet
cracking two extreme cases were considered with a single radial crack that as a

rule has the most intensive influence on stresses and strains of a cladding and with
random by cracked fuel.

Likely configurations of fuel pellet cracking Tangegtiﬁélsetgiisir(]'\if'upe"i‘)p‘zﬁgfted by



Influence of Fuel Fragment Cracking

Tangential stresses (MPa) of cladding Tangential stresses (MPa) of cladding
opposite to radial crack in fuel with randomly located cracks in fuel
pellet

It is evident that under the considered conditions of power density peaking a radial
crack might increase tangential stresses by 20 MPa.

Cracks available in large quantities substantially lower down the cladding load.



Modeling Behaviour of Fuel Column Fixing Lock

PWR fuel rods make use of a spring lock for fixing a fuel column that has
compensating and fixing groups of coils.

fuel

cladding

compensating part of the fixing lock

fixing part of the fixing lock

Schematic presentation of fixing lock position in fuel element and virtual model of fixing
lock compensating part



Modeling Behaviour of Fuel Column Fixing Lock

Stresses and Strains of the coils in the compensating part of the fixing lock
was simulated for two loading stages:

«fixing lock positioning in fuel element at the total compression of 22 mm
followed by 3 hours increase of compression to 42 mm,;

scompression increase to 67 mm during 25000 hours with account for
creep of fixing lock material.

The behaviour of four coils with Solid type elements was modeled using
Mechanical option. At the bottom and of the fixing lock were not permitted to
relocate as well as turn in the longitudinal direction. The axial relocation was
specified depending on the coil compression value.



Modeling Behaviour of Fuel Column Fixing Lock

Distribution of tangential stresses (MPa) in compensating part of fixing lock coils after
power rise and after 25000 h operation

After 25000 h the maximal tangential stresses decrease by a factor of 3.

In this case the compression force increases to reach 30 N and the slowly goes
down to 15 N.



Modeling Technologic Process of Fixing Lock
Installation into Cladding

Modeling is implemented with a view of assessing the technical effect
produced by tension of the fixing part of the fixing lock coils during
installation into a cladding. The vyield stress of the fixing lock docs not
exceed 600 MPa and that of the cladding is not higher that 160 MPa.

The virtual model might be constructed using MSC.MARC&Mentat .

To model the process of introducing a fixing lock into a cladding use is
made of elements of Solid rigid for surface and Mechanical and

Contact-rigid-velocity  options.



Modeling Technologic Process of Fixing Lock
Installation into Cladding

fixing lock
cladding stem
stem o

fixing lock
cylinder
none

cladding

cylinder

Virtual image of technologic process of installing fixing lock into cladding



Modeling Technologic Process of Fixing Lock
Installation into Cladding

Tangential stress (MPa) distribution in fixing part of fixing lock and cladding at the moment
of fixing lock installation into cladding



Modeling Cladding Ovality Evolution
with Account for Creep

The problem arises when designing claddings having initial deviations from
the nominal dimensions when loaded with an external pressure the ovality of
such cladding progresses and might lead shape changes that are not
tolerable in further operation.

The ovality evolution was modeled for a cladding having the initial inner
surface oval (Dmax-Dmin) of 33 nm and free from outer surface ovality
during 400 000 hours at the outer pressure of 12 MPa.

Mechanical and creep options were used with no account of the cladding
material. The problem was solved in 3D geometry. The original oval was
readily introduced with MSC.MARC Mental for any configurations of the
cladding sections.



Modeling Cladding Ovality Evolution
with Account for Creep

initial
oval

Distribution of tangential stresses (MPa) in oval cladding at 40000 h operation at outer
pressure of 12 MPa with account for creep



Modeling Cladding Ovality Evolution
with Account for Creep

Oval variation (D,,.,- Diin) after straining oval cladding of fuel element at enter
pressure of 12 MPa for 40000 h with creep taken into account



Simulating of Research Reactor Fuel Elements
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Simulating of Research Reactor Fuel Elements

At high burnups a substantive U-Mo fuel — Al matrix interaction is observable
that leads to open porosity in central areas of fuel meat.

This gives rise to a change in the fuel loading schema effected by long-
length defects formed in fuel meat. With the resultant gas pressure induced
shape changes of fuel elements (pillowing) and sometimes its failure.

Example of fuel element cross-section in pillowing area



Simulating of Research Reactor Fuel Elements

Based on the results of studying the U-Mo fuel the simulating of the pillowing
process in the tubular fuels tested in the IVV-2 reactor was carried out.

The elastic-viscous-plastic straining problem was solved in the statement of
the generalized plane deformation using MSC.MARC&MENTAT.

cladding

fuel

The simulation schema



Simulating of Research Reactor Fuel Elements

Strained contour of defective FE face

The simulating results are in good agreement with the results of PIE
(in terms of the measured gas pressure in a defect cavity), which confirms
the conclusion on the significant release of fission gas products into meat
pores (up to the complete release of FGP available in the interaction layer
and the matrix).



Simulating of Research Reactor Fuel Elements
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Based on this dependence the “critical” gas pressure might be found from which a
noticeable shape change (~ 0.135 mm or 20 %) begins. For the considered cavity
length of 14 mm this value is ~ 0.8 MPa.



Simulating of Research Reactor Fuel Elements
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The data demonstrate the substantial dependence of the “critical” gas pressure
upon the defect size. This evidences that the pillowing of short length defects
(< 5 mm) is impossible which is in good agreement with the results of PIE.

Thus, the small size defects are capable of withstanding the high pressures of
FGP without substantial plastic strains or pillowing.



Simulating of Research Reactor Fuel Elements

Equivalent stresses (kg/mm?) in IVV-2M FE cross section

This figure illustrates the equivalent stress distribution at the moment when the
height of the cladding pillowing reached ~1 mm. It is evident from the figure that at
the specific points the stresses exceeded the CAB-1 alloy yield stress that was
assumed to equal s,,=12 kg/mm?2. Hence, the high amounts of pillowing are
induced by plastic deforming of cladding.



Simulating of Research Reactor Fuel Elements

Plastic strain in IVV-2M FE cross section

The plastic strains of the FE cladding having maximal pillowing may be 11 %.



Simulating of Research Reactor Fuel Elements

To access the influence effected by the design of a fuel element on its shape
changes under irradiation rod type fuels tested in MIR were considered.

The problem was solved using MSC.MARC&MENTAT in the same statement as
was used for tubular FE.

Distributions of equivalent strains in the

Distributions of equivalent stresses in the :
cross section of the rod type FE

cross section of the rod type FE

It might be seen from the figures that the values of stress and strain for rod type FE
are lower than tubular type FE ones.



» Conclusion

» The usage of MSC.MARC&MENTAT 2005R3 for
examined problems give the good agreement with
experimental results that was obtained after PIE.
Thus there is possibility to predict the behaviour of
very important designing units of PWR and research
reactors by means of MSC.MARC&MENTAT 2005.
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