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ABSTRACT
DYN3D is a three-dimensional nodal diffusion code for steady-state and transient analyses
of Light-Water Reactors (LWRs) with square and hexagonal fuel assembly geometries.
Currently, several versions of the DYN3D code are available including a multi-group
diffusion and a simplified P3 (SP3 ) neutron transport option.
In this work, the multi-group SP3 method based on trigonal-z geometry was developed.
The method is applicable to the analysis of reactor cores with hexagonal fuel assemblies
and allows flexible mesh refinement, which is of particular importance for VVER-type
Pressurized Water Reactors (PWRs) as well as for innovative reactor concepts including
block type High-Temperature Reactors (HTRs) and Sodium Fast Reactors (SFRs).
In this paper, the theoretical background for the trigonal SP3 methodology is outlined and
the results of a preliminary verification analysis are presented by means of a simplified
VVER-440 core test example. The accordant cross sections and reference solutions were
produced by the Monte Carlo code SERPENT. The DYN3D results are in good agreement
with the reference solutions. The average deviation in the nodal power distribution is
about 1%.

1 INTRODUCTION
The reactor dynamics code DYN3D is a three-dimensional best-estimate tool for simulating
steady states and transients of LWRs, which has been developed at the Helmholtz-Zentrum
Dresden-Rossendorf∗ , Germany. It comprises a three-dimensional neutron-kinetic model
based on nodal expansion methods, a thermal-hydraulic core model including one-phase
or two-phase coolant flow modeling, and a fuel-rod model [8, 9]. Also burn-up and
poison-dynamic calculations can be performed with DYN3D.
The code is undergoing continuous development with respect to the improvement of the
physical models and the numerical methods. It was originally developed for Russian
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Figure 1: Hexagonal fuel assembly (a) with triangular subdivision (b) and refinement (c).
VVERs with hexagonal fuel element geometry, applying a two-group nodal neutron
diffusion method, and then extended to square-geometry western-type LWRs. A multigroup approach was implemented in order to improve the description of spectral effects,
which are increasingly important for mixed-oxide LWR loadings, but also for innovative
reactor concepts.
To improve the accuracy of DYN3D, the application of transport approximations higher
than diffusion theory was considered. Recently, a simplified P3 (SP3 ) neutron transport
approximation for square fuel assembly geometries was developed and implemented in the
code [2].
Recently, the DYN3D code was extended with the multi-group trigonal-z geometry SP3
solver for hexagonal fuel assemblies [4], since this geometry is of particular importance for
existing VVER-type PWRs as well as for innovative reactor concepts like HTRs and SFRs.
At the 20th Symposium of AER, some tentative single-assembly and mini-core test
calculations were presented to show the principal functional capability of the method [5].
In this paper, we provide again a short description of the trigonal SP3 methodology as well
as the results of a verification analysis using the example of a simplified VVER-440 core.

2 THE SP3 METHOD AND ITS TRIGONAL NODAL SOLUTION
APPROACH
The spherical harmonics (PN ) approximation of the neutron transport equation is obtained
by expanding the angular flux in spherical harmonic functions up to the order N . In
multi-dimensional geometries, a large number of complicated PN equations occur which
are coupled in a complex manner. Gelbard [7] therefore proposed a multi-dimensional
generalization of the planar geometry PN equations which avoids the complexities of the full
spherical harmonics approximation - the simplified PN (SPN ) equations. Although, unlike
PN , the SPN solution does not converge to the true transport solution as N approaches
infinity, it is more accurate than the diffusion theory results and still can be obtained
within acceptable computing times. Thus, it provides an expedient basis for a simulation
tool like DYN3D as Beckert and Grundmann have shown [1, 2]. The theoretical basis of
the numerical accuracy of the SPN method was established by Tomašević and Larsen [11]
for N = 2 and Brantley and Larsen [3] for N = 3, respectively.

The high cost of solving core dynamics problems forces the use of coarse mesh modeling. A
nodal solution method is implemented in the code DYN3D to represent the flux distribution
over a large region. The present work shows this approach for trigonal-z geometry. The
possibility of mesh refinement justifies the development of a nodal expansion method
for hexagonal geometry on a trigonal basis (see Figure 1). Accordingly, there are two
respective nodal orientations to be taken into account. In contrast to the square approach,
the positions of the node boundaries do not on either side coincide with the coordinate
axes. This fact additionally increases the complexity of the problem.
Within the SP3 approach, a pair of coupled diffusion-type equations is to be solved for
each node and for each energy group instead of one respective equation in diffusion theory.
The basic ideas are to decouple the three-dimensional SP3 equations into a two- and a
one-dimensional system of equations by introducing transversal leakages and to use nodal
expansion functions to approximate the neutron flux within the single nodes. The occurring
flux moments are described as a sum of a specific solution of the inhomogeneous SP3
equations and a general solution of the appropriate homogeneous equations (Helmholtz
equations). For the latter term, exponential functions are used, whereas polynomials of
maximum order two are chosen as the specific solution. The exponential functions are
particularly important to describe the flux behavior at nodal interfaces with different
material properties. The occurring source and leakage terms are sufficiently approximated
by only polynomials up to the order two. The nodal coupling is carried out via the
incoming and outgoing partial currents averaged over the sides of the node, so that finally
the node-averaged fluxes are calculated by the usual inner and outer iteration scheme. It
is important to note that, even though only node-averaged fluxes are needed in the end to
calculate the nodal power distribution, these node-averaged fluxes are determined more
accurately by considering the angular dependency of the neutron moving direction by the
SP3 transport approach.
For a detailed derivation of the SP3 method in trigonal geometry, see [4].
3 VERIFICATION ANALYSIS
To demonstrate the consistency of the implementation of the trigonal SP3 methodology,
test calculations were performed. In the following, a two-dimensional simplified VVER-440
core was considered as the reference hexagonal core. As shown in Figure 2, this reference
core was loaded with 127 fuel assemblies, 19 assemblies being 3% enriched UO2 and 108
assemblies being 4% enriched UO2. The assembly pitch is 14.3 cm, whereas the typical
VVER-440 assembly shroud was neglected in this test case. The core is surrounded by two
rows of reflector assemblies containing a homogeneous mixture of water and structural
materials. The reflector assemblies occupy 90 positions.
The verification analysis was performed according to the following steps. First, a fullcore reference solution was obtained using continuous energy Monte Carlo (MC) code
SERPENT [10, 6]. MC calculations were performed with 500 inactive and 5000 active
cycles and 200,000 neutron histories per cycle. Second, leakage-corrected two-group cross
sections were created using also the code SERPENT. Here, the B1 methodology with
critical buckling search was applied. And third, full-core DYN3D-SP3 calculations were
run to evaluate and compare the following parameters: the effective multiplication factor
keff , the radial core power distribution in a hexagonal mesh, and the power distribution
along a core diagonal in the trigonal mesh.

Figure 2: Simplified VVER-440 core with 3% and 4% enriched UO2 fuel assemblies and
two rows of reflector (mixture of water and structural materials).

Table 1: Comparison of the effective multiplication factors keff determined by the Monte
Carlo code SERPENT and the nodal code DYN3D-SP3 on trigonal geometry.
Multiplication factor keff
SERPENT
DYN3D-SP3

1.29908 ± 0.00003
1.29640

∆ρ (pcm)

-159

In Table 1, the good agreement in keff calculated by SERPENT and DYN3D-SP3 is
presented. The relative error in keff is about 150 pcm. Figure 3 shows the normalized
radial power distribution of a 60◦ sector of the considered simplified VVER-440 core
in hexagonal fuel assembly geometry. Also here, good agreement between DYN3D and
SERPENT was achieved with a maximum deviation of 2.2% and an average deviation of
about 1.0%. In Figure 4, the power distribution along a core diagonal in a trigonal mesh
is shown. It can be seen that there are power gradients also within the fuel assemblies.
These gradients match well with the SERPENT Monte Carlo reference solution along the
visualized core diagonal with an average error of about 1.4%.

4 CONCLUSIONS
A nodal SP3 method on the basis of a trigonal geometry implemented in the reactor
dynamics code DYN3D was outlined. Within this approach, a pair of coupled diffusiontype equations had to be solved for each node and energy group instead of one respective
equation in diffusion theory.
The methodological capability and the consistency of the implementation of the trigonal
DYN3D-SP3 method was demonstrated via a steady-state test calculation for a simplified
VVER-440 core. The results were compared to Monte Carlo reference solutions obtained
by the reactor physics code SERPENT and show good agreement in both power and keff .
The average deviation in the nodal power distribution is about 1%.
Further verification work will be performed. This includes further calculations of real-core
configurations. Also mesh refinement of the trigonal nodes up to quasi-pin level will be
introduced and tested.
It is foreseen to apply the developed method also to the analysis of innovative reactor
systems with hexagonal fuel assembly geometry like HTRs and SFRs.
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Figure 3: Radial power distribution of a 60◦ sector of the simplified VVER-440 core
calculated with the reference Monte Carlo code SERPENT (first value) as well
as the respective deviations from the DYN3D-SP3 solution (second value).

Figure 4: Normalized nodal (trigonal) power distribution along a diagonal of the simplified
VVER-440 core calculated with the Monte Carlo code SERPENT (reference)
and DYN3D-SP3 .
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