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3. Code or Program Applied:

DYN3D/ATHLET - external coupling
4. Short Description of Codes:

4.1 Description of the Reactor Dynamic code DYN3D:

   The code DYN3D / 1 / was developed at FZ Rossendorf and it is used for investigations of reactivity transients in cores of thermal power reactors with hexagonal fuel elements. The 3-dimensional neutron kinetics model HEXDYN3D of the code is based on nodal expansion method for solving the two-group neutron diffusion equation. If we suppose that the reactor core is consisted from hexagonal fuel assemblies divided into a number of slices, than the nodes are the parts of the fuel assemblies in each slice. The neutron group constants are assumed to be spatially constant in each node. The solving of the time dependent neutron diffusion equations including the equations for delayed neutrons for all nodes is used for transient processes calculation.  The thermo-hydraulic part FLOCAL consists of a two-phase flow model describing coolant behaviour and a fuel rod model. The fuel elements are simulated by separate coolant channels. Additional, some hot channels with power peaking factors belonging to chosen fuel elements can be considered. Several safety parameters as temperatures, DNBR and fuel enthalpy are evaluated. Macroscopic cross sections depending on thermo-hydraulic parameters and boron concentration are input data of the code. The stationary state and transient behaviour can be analyzed. The transient processes in the core can be investigated as long as the core geometry is maintained. For analyzing a static state, there are several possibilities to make the reactor critical: division of multiplication cross sections by keff , variation of boron acid concentration, variation of reactor power. If a transient calculation should be carried out, the following perturbations can be treated: movements of single control rods or control rod bank, variation of core coolant inlet temperature, variation of boron acid concentration, changes of core pressure drop or total mass flow rate, changes of pressure.

The present version of the code DYN3D - DYN3DH1.1  / 2 / has the main features:

-  implementation of burnup calculation

-  unification of the stand-alone version of DYN3D with the option for external coupling with the 

    thermal-hydraulic system code ATHLET

-  input and output of fission product poison distributions

-  better handling of input data for fuel distribution ( input of core load maps )

-  simpler definition of control rods and control rod motion

-  improved control rod model for VVER-440 ( control assemblies )

-  damping of cusping effects during slower control rod motion by an improved flux weighting

    procedure

-  used arrays are defined on separate commons in BLOCKDATA  program units

-  the connection with cross section libraries of the user is simplified by the new structure

   of code to connect own subroutines for cross section handling with DYN3D/H1.1

-  possibilities for adjusting the feedback coefficients

-  coupling with an improved mixing model in the lower plenum of VVER-440. 

      A deterministic model of fuel rod failure during accidents is not included in DYN3D/H1.1, but some parameters for diagnostics of possible fuel rod failure are given, that is:

- fuel enthalpy for each axial node of the rod

- cladding oxide thickness

- signalization of possible cladding rupture, when the cladding stress is positive ( inner pressure is

   larger than outer pressure ) and exceeds the yield point.

4.2  Description of the thermal-hydraulic code ATHLET
   The thermal-hydraulic computer code ATHLET ( Analysis of THermal-hydraulics of LEaks and Transients ) is being developed by the Gesellschaft f(r Anlagen- und Reaktorsicherheit ( GRS ) for the analysis of anticipated and abnormal plant transients, small and intermediate leaks as well as large breaks in light water reactors / 3 /.

   The ATHLET structure is highly modular, and allows an easy implementation of different physical models. The code is composed of several basic modules for the calculation of the different phenomena involved in the operation of a light water reactor:

- Thermo-fluiddynamics (TFD)

- Heat Transfer and Heat Conduction ( HECU )

- Neutron Kinetics ( NEUKIN )

- General Control Simulation Module ( GCSM ),

together with the numerical integration method ( FEBE ).

   Other independent modules ( e.g. large models with own time advancement procedure ) can be coupled without structural changes in ATHLET by means of a general interface. ATHLET provides a modular network approach for the representation of a thermal-hydraulic system. A given system configuration can be simulated by just connecting basic fluiddynamic elements, called objects.

    ATHLET offers the possibility of choosing between different models for the simulation of fluiddynamics. In the current released code version, the basic fluid-dynamic option is a five-equation model, with separate conservation equations for liquid and vapour mass and energy, and a mixture momentum equation, accounting for thermal and mechanical non-equilibrium, and including a mixture level tracking capacity.

   The simulation of balance-of-plant systems within ATHLET is performed by the basic module GCSM. It is a block-oriented simulation language for the description of control, protection and auxiliary systems     / 4 /.

4.3  Coupling of the Thermal-hydraulic Code ATHLET with the Neutron Dynamic Code 

       DYN3D
   The reactor core model DYN3D is coupled with the  ATHLET code with using of two different ways      / 5 /, / 6 /. The first one uses only the neutron kinetics part of DYN3D and integrated it into the heat transfer and heat conduction model of ATHLET. The power distribution  is transferred from the neutron kinetics of DYN3D to ATHLET and the fuel temperature, moderator temperature, moderator density and boron acid concentration are provided by ATHLET as feedback parameters for DYN3D. This is a very close coupling, the data have to be exchanged between all core nodes of the single models (internal coupling). That’s why a great number of data have to be transferred. In the second way of coupling  the whole core is cut out of the ATHLET plant model ( external coupling ) and the reactor core is completely substituted by the DYN3D code model. The thermal-hydraulics of the whole NPP system is split into two parts - the first one describes the thermal-hydraulics of the reactor core model and the second describes the thermal-hydraulics of the rest of the NPP coolant system.  The interfaces between them are located at the bottom and the top of the reactor core. The pressures, mass flow rates, enthalpies and boron acid concentrations are transferred at the interfaces.  The exchange of these parameters is performed by the GCSM of the system code ATHLET / 4 /. All thermal-hydraulic models included in the code DYN3D can be used in this external coupling way. The using of larger time steps can cause the oscillation of the pressure drop over the core and mass flow rates in this type of coupling. These phenomena are damped by using of low pass filter of first order.  According to the recommendation - the low pass filter time constant of 1 s or higher should be used    / 5 /. 
   The model of external coupling was used for the solution of AER-DYN-005 benchmark problem.
5. Known Approximations:

The detailed description of known approximations in the codes DYN3D , ATHLET  and their external coupling can be found in / 1 /, / 3 / and / 5 /.
6. Mathematical Model:

6.1  DYN3D:

 The 3-dimensional neutron distribution is calculated by solving the diffusion equation for two energy group with help of a nodal expansion method for hexagonal geometry. An exponential transformation technique is used for the time integration of time dependent neutron diffusion equations including the equations for delayed neutrons.  An implicit difference scheme is used for time derivative expression of neutron fluxes. 

  The core is represented by one-dimensional parallel coolant channels. Each channel is connected to a fuel assembly. The flow model ( one- and two-phase flow ) is based on four differential  balance equations for mass, energy and momentum of the mixture and mass balance of the vapour phase. The phase slip is taken into account in quasi-static manner by a slip correlation. The thermohydraulic model is closed by constitutive laws for one- and two-phase frictional pressure drops, evaporation and condensation rate, heat transfer coefficients and thermophysical properties of the phase. For the fuel rod the one-dimensional heat conduction equation is solved. 

6.2  ATHLET:

   The time integration of the thermo-fluiddynamics is performed with the general purpose ordinary differential equation solver called FEBE ( Forward-Euler, Backward-Euler). It provides the solution of a general non-linear system of differential equations of first order, splitting it into two subsystems, the first being integrated explicitly, the second implicitly. Generally, the fully implicit option is used in ATHLET.

   The simulation of the heat conduction in structures, fuel rods and electrical heaters is performed within the basic module HECU. The one-dimensional heat conductor HECU provides the simulation of the temperature profile and the energy transport in solid materials. The heat transfer package  covers a wide range of single phase and two-phase flow conditions. Correlations for critical heat flux and minimum film boiling temperature are included.

   In general, major plant components ( e.g. pressurizer, steam generator ) can be modelled by connecting thermo-fluiddynamic objects ( TFO ) and heat conduction objects ( HCO ) via input data. Simplified, compacts models for those components are also available as special objects.

7. Features of Techniques Used:

The detailed description of features of techniques used in the codes DYN3D , ATHLET  and coupling methodology can be found in / 1 /, / 3 / and / 5 /.

8. Computer, Operational System:

    Computer: Silicon Graphics, Power Challenger

    Operational system: IRIX 6.5

    Operational memory: 128 MB RAM

    4 processors R 10000 (IP25)
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10. Results:

a, Primary:

The results are available in the ASCII file dyn005_solrez.txt
For the comparison with available results see / 7 / , / 8 / or solutions presented

in the specification document DYN-005.

b, Auxiliary:

11. Comparison to Recommended Solution:
No reference solution is available. It was recommended to make comparisons with all available results in the specification document DYN-005.
