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3. Code or Program Applied: KIKO3D 1.0 [2,3]

4. Short Description of Code:

KIKO3D is a three-dimensional reactor dynamics program for coupled neutron kinetics and thermohydraulics. Main applications of KIKO3D are the calculation of asymmetric accidents in core, e.g. control rod ejection, start-up of inoperable loop, inadvertent control rod withdrawal. KIKO3D is a nodal code, where the nodes are the hexagonal or rectangular fuel assemblies subdivided into axial layers. The typical numbers of assemblies and axial layers for a VVER-440 core are 349 and 10, respectively. The symmetries of full and 1/2 core can be used in the calculations. The thermohydraulics is calculated in separate axial hydraulic channels of the core, each of which relates to one fuel assembly. The conservation equations of mass, energy and momentum are solved for the liquid and vapour phases. In order to get an accurate representation of the temperature Doppler feed-back, a heat transfer calculation with several radial meshes is done for an average representative fuel rod in each node. The release of prompt and delayed nuclear heat in the fuel is modeled. In the present version of the code, the VVER-440 correlations are used in the thermohydraulical module.

The neutron kinetics model of KIKO3D can be summarized as follows:

· 2 energy groups.

· The nodes are the fuel assemblies subdivided by axial layers.

· The unknowns are the scalar flux integrals on the reactor node interfaces.

· Linear anisotropy of the angle dependent flux on the node boundaries is supposed. The scalar flux and net current integrals are continuos on the node interfaces.

· Analytical solutions of the diffusion equation inside the nodes. The two-group constants are parametrized according to the feed-back parameters, burnup and the most important isotope concentrations.

· Generalized response matrices of the time dependent problem and time dependent nodal equations are used.

· IQS (Improved Quasi Static) factorization; shape function equations and point kinetic equations. 

· The absorbers and the reflector are represented by precalculated albedo matrices depending on several parameters.

Two types of time steps are applied in KIKO3D according to the IQS (Improved Quasi Static) method. In each micro time step the point kinetic equations (5) and (6) are integrated and the fuel heat transfer equations are solved for each node. In the macro time steps the response matrices and its derivatives are calculated, the precursor and shape function equations (Eqs. (3b) and (4)) are solved, and the hydraulic module is called. Practically, the computing time of the models called in each micro time step is negligible as compared to that of the macro time steps.

The point kinetic equations give a stiff ordinary differential equation, which is solved by the GRK4A stiff solver of Kaps and Rentrop. The shape function equations give the task to solve a large sparse linear system. It is dealt with standard large sparse techniques, where Gauss-Seidel preconditioning and a GMRES-type solver are applied. A block arrangement of the system makes it possible to iterate only for half size matrices. 

5. Known Approximations:

See 4. and 6. and [2-3].

(The other approximations are not known.)

6. Mathematical Model:

The core is subdivided into nodes. Six delayed neutron groups are considered. The time dependent neutron balance in each node is written into the following form:
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 is the two-group scalar flux,
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 is the fission spectrum.

The solution of Eq.(1) is searched in each node as the linear combination of three terms: 
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 . The first term ( 

 ) corresponds to zero source in Eq. (1a) and unity face integrated fluxes on the nodes boundary. The second and third term approximately corresponds to the respective source in Eq. (1a) and zero boundary fluxes. The corresponding solutions are 

 and 

 with sources according to the following definitions:
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where 

 (x = "0", "

", "f") are the scalar flux integrals on the node boundaries in the group "g" and on the boundary "k". The number of the solutions of each type  is equal to the number of the node boundaries multiplied by the number of the energy groups. The different solutions are denoted by the indices " k' " and " g' ". (These indices for 

, 

 and 

 are omitted.)

The following approximations are applied in the right side of  Eq. (1a), which is the driving term of the deviation from the stationary solution:
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where

 are the scalar flux integrals on the node boundaries, and 

 are amplitudes of the precursor distributions.

Using the approximations described above the solution of  Eq. (1a) can be expressed in the form:




We introduce the generalized response matrices associated with each function giving the amount of face integrated currents at the node boundaries either due to a unit flux on the node boundary or due to a volumetric source:

               

 ,            (x = "0", "
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With the help of the above defined response matrices, the face averaged net currents are expressed as a linear expression of the volumetric sources and face averaged fluxes:



  .

Using the continuity of currents on the common boundaries of the adjacent nodes, the time dependent nodal equation for the whole reactor can be derived, where the unknowns are the time dependent amplitudes 

 and the face integrated fluxes

:                  
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In these equations the maximum value of indices k and k' is equal to the number of boundaries between the nodes and on the edge of the reactor. The quantities 

 related to the entire reactor are defined by using the geometrical connections between the nodes. The definitions of  

 and 

 are the same as that of 

and 

 related to the individual nodes, but they are numbered according to the entire reactor. Eqs. (3) and 

 are obtained from 

 taking into account the continuity of the net current on the node boundaries, which can be expressed from both sides of the adjacent nodes.

The factorization of the improved quasi static (IQS) method is introduced as

 

,

where 

 is the amplitude function, and 

 is the shape function changing slowly with the time according to its normalisation:



.

Substituting the above expression of 

 into Eq. (3) the following compact form is obtained for the shape factor equation:
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Using the above equation and Eq. (3b) for the time independent case, the following equation is obtained for the shape function at the beginning of the transient (t=0):



,

and for its adjoint:
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(

 is the transpose of 

.)

After the substitution of the factorized form, multiplying  Eq. (3) by the adjoint weight function 

, evaluating the sum over the node boundaries and over the energy groups, the equations for the amplitude function and for the core averaged precursor densities  - the point kinetic equations - are obtained
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where                                            

,
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Equations (3b), (4), (5) and (6) form a close set to be solved. 

Another possible derivation of the response matrices defined in Eq. (2) can be obtained by introducing 

 instead of the original 

in (1). Following the above procedure for 

, the basic response matrix used in the stationary problem will be the function of 

 and 

:



.

From the definition of 

, 

 and 

 it can be proved that the generalized response matrices can be derived from the steady state response matrix in the following way:

                                         

 .

Up to this point, the theory is entirely general. The geometry is arbitrary, and the nodes could be heterogeneous.  

In the KIKO3D program, the above described method is used for the special case of the homogenized hexagonal and rectangular nodes. For the homogenized nodes, analytic expressions of exponential and trigonometric functions can be used as the solutions, and the response matrices can be calculated in an analytic way.
7. Features of Techniques Used: 

Three-dimensional techniques had been described in [4]. The prescribed reactivity data in the static reference state needed a tuning process, needed modifications in KIKO3D neutronic data. Preliminary sensitivity investigations were made using a point model for neutronics and a boron transport model with constant coolant velocity. The results show that the only important neutronic parameter is the overcriticality, and the numerical diffusion in the boron transport model has a major influence on the results. According to this a new solution method was builted in the code to reduce the effects of numerical diffusion on the boron dilution front. The new improved model gives more sudden and faster change in the boron concentration. The difference between the two models is increasing upwards in the core. The traditional model gives a later and smaller power peak, under-estimates power transferred the coolant. The difference is 3-4%  and it leads to 50 oC deviation in maximum fuel centerline temperature.

The KIKO3D time dependent axial power distributions of the hottest channel were used in the one-dimensional hot channel calculations performed by the TRAB code [5]. The specified DNB correlations were used.   

8. Computer, Operational System:

PC, Work station, DOS, UNIX
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10. Results

The results are analyzed in [4] and [6]. Time-functions, axial density distributions and 3-dimensional power distributions according to the specification are given in the dyn004_solaeki.txt file. 

11. Comparison to Recommended Solution:

See [6].

No reference solution is available. It was recommended to make comparisons with all available results in the specification document DYN-004.
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