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ABSTRACT
The fine mesh diffusion formulation is extended to deal with multigroup 3-D problems in
rectangular geometries. The formulation includes interface discontinuity factors per cell type, precalculated from transport solutions. The iterative scheme, aiming to an efficient parallel
implementation in memory distributed multi-processors, is based on domain decomposition in the
4 possible sets of 4 neighbor quarters of assemblies. The alternate dissections achieve convergence
to the exact boundary conditions, while attenuating high frequency noise. Whole core convergence
is accelerated in the long wavelength effects by a consistent high-order analytical nodal solution
performed by the ANDES solver. A neutronics - thermal-hydraulics iterative scheme is also
developed to compute best estimate results, by coupling at the detailed cell-subchannel scale the
COBAYA3 code with several TH subchannel codes. The numerical performance and convergence
rates are verified by computing pin-cell scale solutions for the OECD/NEA/USNRC PWR
MOX/UO2 Core Transient Benchmark in 8 energy groups and heterogeneous assemblies. The cellsubchannel scale neutronics and thermal-hydraulics coupling, allows the verification of the effects
of the detailed TH feedbacks on cross-sections and, thus, on fuel pin powers, calculated here for a
3D color-set of two different fuel types of the previous benchmark, using COBAYA3 and
COBRA-3C.
Key Words: fine mesh diffusion, multigroup, multiscale, multiphysics, domain decomposition.

1. INTRODUCTION
The fine mesh diffusion formulation was already developed and implemented in 2D and twogroups with extended use applied to the operating Spanish PWR NPPs. It included interface
discontinuity factors by cell type to correct for the transport and heterogeneity effects and it was
accelerated by a nodal solution [1]. Neutronics and thermal-hydraulics coupling was performed
at nodal/channel scale, with the possibility of off-line and non-iterative pin-cell/sub-channel
scale studies of isolated fuel assemblies [2]. Those methods were capable of 2D core calculations
in two energy groups at the fine mesh scale, and in 3D and two groups, or in one and a half
groups, at the nodal scale.
In this work we have pushed forward the improvement of the fine mesh method, at the pin-cell
scale, to include the third dimension and a higher number of energy groups, as well as the
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capability of iterative coupling with thermal-hydraulical calculations at the subchannel level,
including the feedbacks on the cross sections.
We present the very last results of this new implementation applying the method to the current
3D PWR MOX/UO2 Core Transient Benchmark designed to assess full core simulators using
fixed thermal-hydraulical conditions; and we show some first results on coupled simulations at
the pin-cell level for an isolated color-set from that benchmark.
2. THE FINE-MESH FINITE DIFFERENCES DIFFUSION METHOD
2.1. General equation discretization
Beginning from the k eigenvalue stationary diffusion equation which can be expressed as:

∇·(−Dg ·∇φ g ) + Σabsgp ·φ g + ∑Σscatgp→g ' ·φ g = ∑Σscatgp'→g ·φ g ' +
g'≠g

g'≠g

1
·∑νΣ fissgp'→g ·φ g ' (1)
keff ∀g '

The eigenvalue diffusion multigroup equations are discretized in fine-mesh cells by a centered
finite difference involving cell discontinuity factors, diffusion coefficients and mesh-size values
for the cells inside the local subdomain, as well as the current-to-flux ratios in the boundaries.
Moving most of the fission source to the left side, by applying a Wielandt shift represented by ω
[8], and using the following definitions:
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Here, delta terms represent the streaming discretization that couples the equation between the
node p and its, generally, six neighbours represented by index n. The term idf stands for the
interface discontinuity factors which account for transport and mesh discretization
approximations [1]. The streaming terms are developed giving:

J

g
p ,n

=

2·Dpg ·Dng
Dpg ·hn ·idf pg→n + Dng ·hp ·idfng→ p

·(±idfng→ p ·φpg m idf pg→n ·φng ) = ∆gn− p ·(±idfng→ p ·φpg m idf pg→n ·φng ) (3)

Where the first set of signs is for currents coming from a neighbour n > p, and vice versa. On the
other side, the interface currents for the boundary conditions are expressed:

Joint International Topical Meeting on Mathematics & Computation and
Supercomputing in Nuclear Applications (M&C + SNA 2007), Monterey, CA, 2007

2/13

“3D Whole Core Fine Mesh Multigroup Diffusion Calculations by Domain Decomposition thought Alternate Dissections”

J

g
p ,n

=

φ pg
idf pg→n
h
± pg
g
g
J p ,n φ p ,n 2·D p

(4)

Note that the expression for the current in a boundary depends only in the current to flux ratio
J pg,n φ pg,n on the interface, and geometrical and material properties of the cell besides that
boundary, so each subdomain can be solved independently from each other and the coupling
terms between them enter the linear system in the main diagonal. The general linear system of
equations takes the form:
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Resulting in a general heptadiagonal matrix where the main diagonal is composed by full blockmatrices which dimension is the number of energy groups, coupling inside each cell scattering
and fission events. The matrix has the structure of a Z-matrix, with non-positive non-diagonal
terms, non-symmetric as it includes interface discontinuity factors, and whose diagonal
dominance cannot be assured because of the boundary conditions of any sign in the diagonal
∆gn− p terms and the imbalance in scattering and fission reactions for the different energy groups
inside a cell. This structure is still adequate for certain preconditioning schemes and Krylov
methods, namely BICGSTAB or GMRES [7], where the full energy spectrum is computed
simultaneously in the domain avoiding, for instance, scattering rebalancing issues.
The previous system can be solved directly with the present subspace projection based iterative
solvers, and it is feasible to use domain decomposition and take advantage of parallelization
techniques. The chosen approach is to form the subdomains previously to the matrix system
formulation, and casting the mathematical relation between each of them by means of the
boundary conditions of each subdomain, which can be current to flux ratios on interfaces or
directly the interface absolute currents when there is not a fission source.
In previous works [6] it was realized that the current to flux ratios – J φ ratios from now on –
are the best boundary conditions to apply for the equation solving, as they are independent of the
normalization and dimensionless. For subdomains containing a fission source this will be the
condition to apply as the normalization comes from that source; whereas for subdomains
representing reflector regions, the normalization has to come from the boundary conditions
itselfs, so absolute currents have to be used if seeking the correct flux level corresponding to the
full core problem.
When J φ ratios are used they can appear decreasing the main diagonal value, thus producing
diagonal dominance loss; on the other hand, when currents are used they are passed to the right
hand side of the linear system making it heterogeneous and giving the possibility of solving it
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with the same iterative solvers. Diagonal dominance is a very desirable property of M-matrices
and permits to assure the existence of certain incomplete factorizations for preconditioning [7].
This dominance will depend on the subdomain formed, for instance, if it consisted in an
assembly where a control rod is inserted, J φ ratios would be large and inward, and as a result
the diagonal value could be decreased if it is accomplished that:

idf pg→n
J

g
p ,n

φ

g
p ,n

>

hp
2·D pg

(5)

The contrary can be observed for an assembly next to a control rod and the reflector, where the
diagonal dominance is always improved by these terms with outward currents.
The other source of diagonal dominance loss is the introduction of an spectral shift to accelerate
the inverse power iteration, this value always decreases the diagonal value, and also have a
negative effect on the iterative solver convergence, thus an equilibrium has to be found between
the amount of shift applied and the convergence deceleration, which can end up in a solver
failure for BiCGSTAB.
As a result, only GMRES iterative solver for general matrices can assure enough stability in most
situations. To use this solver is advisable to apply a preconditioner, given the matrix structure of
block diagonals it is guessed that a block diagonal Jacobi or ILU factorization could be
preconditioners good enough preconditioner to get acceptable convergence speeds.
In practice, only GMRES with ILU preconditioning and BiCGSTAB with simple Jacobi
preconditioning have been tested, and in this case BiCGSTAB results to be quite faster than the
preconditioned GMRES. In conclusion, BiCGSTAB is preferred whenever possible, and
GMRES remains as a second option that assures convergence in those subdomains where the
linear system has a worse behavior.
The power iteration used to solve the eigenvalue problem is accelerated by performing a one
group solution after each source iteration in multigroups, and both solution are further
accelerated by introducing a spectral shift. Moreover, the one group acceleration does not
represent a threat to the system stability, so it is always safer to accelerate the solution with this
method than with the spectral shift, and the computing time becomes comparable as the one
group collapsing balances the BiCGSTAB deceleration by the shift. All of them have been used
depending on the subdomain characteristics.
Going over the issue of convergence dependence on the cell size, the results show that taking 8
cells radially per fuel pin yields a very good numerical solution to the diffusion equation.
Nevertheless, in this method, only one cell per fuel pin will be considered as meshing effects are
supposed to be contained in the interface discontinuity factors obtained from transport solutions,
which also correct the heterogeneity and anisotropy effects not considered in diffusion theory.
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In the axial direction even 5 cm length cells are enough to get good results. Thought, care must
be taken if the problem considers control rods partially inserted or thermal-hydraulical grids to
improve mixing; again, interface discontinuity factors could be used if necessary.
2.2. Domain decomposition scheme through alternate core dissections

The solution scheme (Figure 1) for the whole core 3D fine-mesh problem is based on domain
decomposition in the radial directions, aiming also to an efficient parallel implementation in
memory distributed multi-processors.
The full axial direction is kept in the same domain in order to couple properly with thermalhydraulics and alternate dissections in the 4 possible sets of 4 neighbor quarters of assemblies are
required to accelerate the convergence to the exact boundary conditions of the subdomains, while
attenuating the high frequency noise. In this scheme, the boundary conditions for the next
dissection are computed on the centerplanes of the subdomain, thus reducing significantly the
numerical errors on the iteratively updated boundary conditions.
LWR Assembly

Semi-colorset 2

Semi-colorset 1

3D MG solution
over all the
subdomains for
the whole core

Colorset

In first instance, it can be considered that
the J φ ratios in the middle of each
assembly will be low and forming a simple
pattern because of the inherent symmetry;
however this ratios will be of importance in
the planes between different assemblies as
there can be no quarter symmetry at all so
the resulting pattern can be complex.
Therefore, fewer iterations will be needed to
converge to a good estimation of the
boundary conditions in the assembly
centerplanes, while a higher number of
iterations will be needed to get good values
in the centerplanes of colorsets.

Figure 1. Domain decomposition by alternate
dissections

The other two types of configurations called
semi-colorsets are also of importance,
because subdomain problems would not reach full convergence without including them. The
reason is that if only assemblies and colorsets configurations are considered, then for the next
iteration the borders of the same centerplanes are always mixed from two subdomains solved
separately, so if a perturbation is formed along these lines it will remain and even oscillate on
these extremes.
The core dissections in semicolorsets make possible to converge these borders as their solutions
are taken just in the center of the domain, thus yielding the best possible fine-mesh solution and
lowering those high frequency perturbations along the lines. As a conclusion, the four kinds of
dissections in subdomains are needed to get a fully converged solution since they complement
each other.
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In order to compute the J φ ratios in the centerplanes for the next iterations two levels of
approximation are taken. When the centerplane is in between to cells, the general second order
central difference can be taken, including the interface discontinuity factors if present.
Otherwise, the centerplane can be encountered in the middle of a cell, where the J φ ratio
cannot be computed with the same degree of accuracy, the chosen solution consists in a simple
averaging of the currents on the interfaces of the cell, so the approximation is linear of first
order.
This way of obtaining the boundary conditions have shown to reach convergence in the overall
method, although it could be possible to compute all the boundary conditions with second order
accuracy if needed, that would make necessary to duplicate the boundary conditions for
centerplanes in the middle of cells for assemblies of an odd number of pins. The convergence
behaviour is shown in Figure 2 across a face between elements for a problem of three by three
reflected assemblies, it is seen how the absolute difference from the reference value is gradually
decreased when the subdomains formed take this face inside their center.
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Figure 2. Convergence behavior of the boundary conditions for reflected assemblies

It is remarkable the appearance of discontinuities in the error, corresponding with the previously
mentioned extremes of the computed faces where the numerical perturbations can appear if not
performing the four decompositions. These extremes are marked with the vertical lines which
coincide with the divisions of the assemblies in two nodes.
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2.3. Whole core nodal acceleration

Whole core convergence is accelerated in the long wavelength effects by a consistent high-order
analytical nodal solution performed by the ANDES solver [3], after each sweep over all the 3D
subdomains. For a FMFD solver based in domain decomposition, a nodal acceleration is needed
because of two reasons.
Firstly, in the case of trying to compute the solution for a commercial PWR at a pin level,
numerical perturbations would take a huge number of iterations to travel from some part of the
reactor to the opposite one, so the behaviour of the fine mesh is not desirable for the long range
effects in the computed solution. Thus, it is useful to perform a solution in a coarser scale that
can transport long wavelength effects from one discrete node to other in a few number of faster
iterations.
Next, the solution of this coarse mesh iteration would be reflected in the next fine mesh iteration
by modifying the boundary conditions with the nodal solution and updating the reference fission
sources. In practice, the difference between the J φ ratio computed from the fine mesh solution
and the one obtained from de nodal solver is calculated for each node lateral face, afterwards this
difference is added over each cell face corresponding to that nodal faces without interpolation
and applying a damping to lower the values change.
When convergence is reached both solutions take the same values and the correction disappears,
actually the difference is neglected if its value is less than a fraction of the J φ ratio to avoid
numerical oscillations. The absence of polynomial interpolation has turned out to be enough to
accelerate the fine mesh solution in simple cases and it avoids changing the boundary conditions
detailed profile with the nodal solution which cannot represent that shape correctly.
Secondly, if we take into account that the neutronics solution has to be normalized to a
determined flux level or power level in the domain of interest; it is clear that the power level in
each subdomain is unknown in the beginning; as a result we do not know the power distribution
in the core. With independence of this point, the neutronic solution could be achieved without
normalization, as the boundary conditions are independent of the flux level, as they are ratios
between two magnitudes.
This is not the case when reflector is present in the problem, for the case of domains formed by
reflector material, there is not presence of a fission source and the linear system built for the
computation becomes homogeneous leading to an infinite number of solutions over the kernel of
the system.
In practice, is preferable to be able to compute a unique value with the same methods that are
being used with the subdomains containing fuel; so as to get an heterogeneous linear system, the
boundary condition in faces of the reflector subdomain corresponding to physical neighbours –
this means not being the boundary conditions of the overall problem as for instance J φ ratios
for void, reflective or infinite reflector boundary conditions – are taken like the boundary
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currents, and instead of being introduced in the main diagonal of the system matrix they are
taken to the right hand side of the system filling the independent term with not null values.
Following the previous explanation, it turns out that these new values are not independent of the
flux or power renormalization in the subdomains, so this must be consistent in the full problem.
Besides, it is necessary to take the system solution to the correct power level, moreover, when a
thermal-hydraulical coupling will be also considered in the near term.
1,E+0 0

No domain decomposition
Domain decomposition without
nodal acceleration

1,E-0 1

Fission source relative convergence

Next figure 3 compares the convergence of the
fission source for the same problem solved directly
without domain decomposition, applying the
domain decomposition but not accelerating with a
nodal solution, and improving the scheme with
nodal acceleration. This case is the best achievable
as it is almost symmetric and no complex patterns
of local boundary conditions are encountered.

Domain decomposition with
nodal acceleration

1,E-0 2

1,E-0 3

When the material composition includes situations
such as only one extracted control rod in the core,
the J φ ratios have an internal structure inside
each nodal face, current heterogeneity factors
applied to the nodal solver only consider flat
profiles in the face for the transversal leakages
currents. At this time more complex patterns of
Number of iterations
currents are being used to get heterogeneity factors
which do not have to contain a correction because Figure 3. Convergence of fission source
with domain decomposition
of the local interface currents profile, thus
improving the acceleration in difficult problems.
Until a better computation of the heterogeneity factors is available, a damping on the boundary
conditions interpolation is applied to avoid oscillations that do not permit full convergence for
these complex cases.
1,E-0 4

1,E-0 5

1,E-0 6

1 2 3

4

5 6

7

8 9 10 11 12 13 14 15 16 17 18 19 2 0

2.4. Coupling and feedback with thermal-hydraulics at the pin-cell subchannel scale

The thermal-hydraulics couplings and feedbacks are done at the fuel rods and subchannels scale
for each 3D subdomain of whole core height. The pin power solution is passed to the TH code,
which combines it with the geometrical and material descriptions of rods and subchannels and, in
the future, with the iteratively updated boundary conditions on each subdomain, namely the cross
flows between subchannels, to calculate the fuel, clad, and coolant thermodynamical state and to
pass it back to the neutronics until iteration convergence within each subdomain. Several
available TH subchannel codes, such as COBRA-3C, COBRA-TF and FLICA4 are being
interfaced for this coupling [4].
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Regarding a steady state calculation, the effect of
feedback over the inverse power iteration is in a
way similar to the effect of boundary conditions
updating in the domain decomposition. If we
express the inverse power iteration to perform like:

r
r
r
vi = A( vi −1 ) −1 ·λi −1 ·vi −1

(6)

1,E+00

Absolute value of reltive error between
iterations

Figure 4 shows convergence rates for a colorset
from the benchmark used to test the code,
reflective boundary conditions were used with 152
axial cells of around 2,5 cm in the axial direction
and 1,26 cm in the radial direction and 8 energy
groups. A damping in the variables has not been
used and all the problems converge to less than 1
W/cm3 per cell, though the rates are different,
depending on the use of a detailed thermalhydraulical solution, or an averaged one.
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Figure 4. Convergence of neutronics
and thermal-hydraulics coupling

Where i is the iteration index, and it has been made explicit the feedback effect of the cross
sections over the linear system matrix A. The iterative procedure assures that the values of λ and
r
v converge to the biggest eigenvalue and a vector contained in the subspace associated to that
value, which is the fission source distribution [8]. But each feedback iteration produces a change
in the spectrum of the matrix and in the associated subspaces so each feedback iteration changes
r
the direction in which v would converge, e.g. the fission source distribution.
This is a problem, as there is no way to assure that the linear system matrix will converge to the
one that minimizes these spectral changes when the iteration is non-linear and a damping is
applied over the thermalhydraulical conditions to accelerate convergence. Although in practice
that is the case, and it permits to get the true power and thermal-hydraulical distributions in the
assembly or colorset.
For the case of isolated assemblies and colorsets with reflective boundary condition with TH
feedback, a proper approach to the convergence criteria had to be programmed so as to get to the
solution in a few number of iterations. It was observed that there was an exponential
convergence of the cell power error, and a fission source iteration tolerance had to be adapted in
each step of the iteration, as very slow convergence would be obtained if computing a fully
converged fission source on each step.
This coupling opens the door to the application of threading in the feedback iteration over each
subdomain. The idea is to solve the problem in a dual core processor, as the neutronics are being
calculated with the last thermal-hydraulical solution available in one of the cores, the thermalhydraulical conditions are being recalculated with the last neutronics solution available, so we
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are converging over linear systems whose associated subspaces are closer and closer to the one
where the spectral distribution does not change at the end.
3. IMPLEMENTATION OF THE COBAYA-3 CODE

The method discussed above has been implemented in a new code, named COBAYA3, which
includes solvers of the LAPACK and SPARSKIT libraries for the linear discretized systems and
least-squares fitting problems. Code development is oriented to achieve the maximum degree of
parallelization in the simultaneous solution of the different subdomains in different processors,
with data inter-communication limited to a few neighbour nodes in a distributed memory
architecture. The OpenMPI library is being used for this purpose.
Since each subdomain can be solved independently, and the information stream can be carried
out in a decentralized manner to a neighbor processor for the next iteration, these characteristics
make it suitable for the use of networked computers where each one solves a different
subdomain simultaneously improving performance.
There are two ways of implementing the code parallelization, in case of the number of computers
available are a few, a master process must be present which receives and sends the different
solutions and boundary conditions to the different processors and computes the nodal
acceleration solution. If a big number of processors are available, around 300, it is possible to
perform a full iteration over all the core simultaneously and there is no need to send or receive
boundary conditions and initial guess fluxes from the master process, which now only computes
the nodal solution.
In this later case, the best advantages of the parallelization scheme are obtained, as the boundary
conditions and initial guesses are passed using MPI to the neighbour processors, thus minimizing
the information transitions and getting a faster solver. Even initial guesses can be omitted and
only the boundary conditions could be passed so the information transport to information
computed ratio becomes really low as a parallelized code demands.
The COBAYA3 code is memory consuming: for instance, a typical subdomain − formed by a
single PWR assembly of 17x17 pin-cells divided in 320 axial cubic elements with 8 energy
groups − requires 5.6 MB for the fine-mesh flux unknowns in double precision. The linear
system reduces to a sparse matrix with all the diagonal blocks of 8x8 energy groups and six
secondary diagonals, resulting in 79 MB of memory. And this amount is about doubled by the
cross sections feedback parameters, burnup, detailed concentrations of main isotopes,
geometrical values and auxiliary variables of the neutronics and TH problems. Finally, we have
to multiply this by the number of fuel and reflector assemblies in the whole core, which is around
220 in a PWR; so that the total memory required is about 35 GB, largely exceeding the
maximum available in desktop PC’s and workstations. This is one further reason, in addition to
the computing time, for the parallelization of the solver in a distributed, yet efficient, way among
several high-speed networked desktops or in massively parallel supercomputers with about 300
dedicated nodes of 2 processors and 1 GB memory.
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Although computational time could be of the same order independently of whether we performed
domain decomposition or we used a parallelized full solver for the system, this way of
computing the neutronics permits the explicit coupling with different subchannel TH codes.
Ideally, we would use the same number of computers as the maximum number of subdomains
that we could encounter forming a grid and sharing the information with their topological
neighbours.
4. NUMERICAL VERIFICATION

The COBAYA3 code performance has been tested by computing pin-cell scale solutions for
several 2D and 3D model problems, including assemblies, color-sets, multi-assemblies and minicores with pin-cell cross sections in 2 and 8 energy groups obtained from several NSCNEA/OECD Benchmarks. The first results obtained for the 2D steady states at HZP of the whole
core problems in the PWR MOX/UO2 Rod Ejection Transient Benchmark in 8 energy groups are
in quite good agreement with the reference published solutions [5]. These cases were chosen to
perform the numerical verification of the code as an assembly heterogeneous cross sections
library was presented in multigroups. It must be taken into account that heterogeneity factors
were not delivered with this library so the results are only qualitatively comparable with those of
the benchmark and only with the diffusion calculations.
To probe the method convergence for a full scale problem, the solution for the two-dimensional
problems with fixed thermal-hydraulical conditions have been computed and compared with the
provisional results obtained with PARCS and DeCART. Here we show for comparison the k
effective eigenvalue for the ARO state with different meshings.

Table I. Comparison for HZP ARO 2D state PWR MOX/UO2 Core Transient Benchmark

PARCS 2G DeCART MG
Keff
(difference PARCS)

1.06379

1.05852

COBAYA3 8G COBAYA3 8G
(1 cell / pin)
(2 cells / pin)
1.06256
1.06335
(123 pcm)
(43.2 pcm)

In the following figures radial peaking factors Fq are shown for a colorset formed by a UOX
assembly 4.2% enrichment and 35 GWd/tHM and a MOX assembly 4.3% 0.15 GWd/tHM from
that benchmark, this last one on the first and last quadrants; peaking factors are taken at the axial
level where the Fz reaches its maximum for each case. Materials are chosen to get a notable tilt in
the power and the thermal-hydraulical conditions are that of the nominal state with 18.43 MW
per assembly.
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Figures 5A and 5B. Power peaking factors Fq with detailed thermalhydraulics (A, left) and averaged thermal-hydraulics (B, right)

A comparison has been established between
the solution with detailed subchannels for the
COBRA-3C code and averaging the powers
and thermal-hydraulical conditions per node
for this solver, while maintaining the
neutronics heterogeneity. This figures probe
the importance of a detailed TH solution
accompanying
the
detailed
neutronics
calculation. Table II exposes the differences in
the most important values of both solutions.

Table II. Main differences between
averaged an detailed thermal-hydraulics

Fq
F∆H
Fz
Keff

Detailed
solution
1.898
1.423
1.459
1.04773

Averaged solution
(difference)
1.848 (0.050)
1.414 (0.009)
1.426 (0.033)
1.04979 (206 pcm)

5. CONCLUSIONS

The generalized fine-mesh diffusion formulation has been extended to multigroup 3-D problems
in rectangular geometries; a complete domain decomposition scheme in 4 alternate dissections
has been implemented, which has the potential for efficient parallel implementation in memory
distributed multi-processors.
The implementation in the new COBAYA3 code and its first proof-of-principle applications has
shown how the alternate dissections achieve quite effectively convergence to the exact boundary
conditions, and how a consistent analytical nodal solution, performed by the ANDES solver,
accelerates convergence to the whole core solution.
The developed of a neutronics and thermal-hydraulics coupling scheme, at the detailed cellsubchannel scale, allows the integration of COBAYA3 with several TH subchannel codes to
asses the effects of the detailed TH feedbacks.
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Ongoing work is to complete and test the effective parallelization of the COBAYA3 code in
distributed networks of desktops and in massively parallel supercomputers, for the practical
solution of whole 3D LWR core problems in multigroups and with coupled detailed thermalhydraulics; the generalization of the solver to include kinetics; the improvement of the
heterogeneity factors calculation for the nodal solver; and the generation of interface
discontinuity factors from transport solutions to test more asymmetries in the linear systems
formulation.
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