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3. Code or Program Applied: DYN3D Version 3.2

4. Short Description of Code:

The code DYN3D was developed at FZ Rossendorf (Germany) and it is a DYNamical             3-Dimensional code for thermal reactor cores [1]. The applied version 3.2 is written in FORTRAN90. The three-dimensional neutronic model utilizes nodal expansion methods (NEM) for solving the two-group neutron diffusion equation in hexagonal or Cartesian*) geometry. The steady-state with eigenvalue, the steady state with fixed source, the adjoint flux distribution, and the transient behaviour can be calculated. The core is divided in axial layers. The nodes are the parts of fuel assemblies in the layers. Assembly discontinuity factors (ADF) can be taken into account for correction of homogenization errors. A flux reconstruction can be performed for chosen assembly to calculate powers at given positions in the assembly. It can be used for hot channel calculation. Cross section libraries generated by different cell codes as CASMO, HELIOS or NESSEL are linked to DYN3D. Depletion calculations can be performed to determine the starting point of the transient. Steady state concentration of the reactor poisons can be calculated, The transient behaviour of the Xe and Sm can be analyzed. The decay heat can be taken into account based on power history and during the transient. The thermal-hydraulic model of DYN3D is based on the solution of four equation model for the two phase flow in parallel  coolant channels. The balance equations for mass, momentum and energy of the mixture and the mass balance of the vapour phase are considered. Each coolant channel represents one or several fuel assemblies corresponding to the mapping scheme given by input. Additional hot channels can be considered which have no influence on the neutronic properties.  One type of fuel rod belongs to each fuel assembly. The assembly feedback in a axial layer is calculated from the fuel and coolant properties of the coolant channel. Thermal-hydraulic boundary conditions for the core like coolant inlet temperature, pressure, coolant mass flow rate or pressure drop must be given as the input. 

*) The DYN3D version in Cartesian geometry is not available in NRI Rez

5. Known approximations:

Neutronics:

Two group neutron diffusion theory.

Macroscopic  cross sections spatially constant in a node.

Feedback dependence of macroscopic cross sections on burnup, fuel temperature, moderator temperature, moderator density and  boron acid concentration in a node.

Thermal-hydraulic:

One dimensional two phase-flow model in parallel coolant channels.

Four equations model (mass, momentum and energy balance equations of the mixture, mass balance equation of the vapour phase).

Constitutive laws for - frictional and local pressure losses,  - heat transfer regime mapping including heat transfer correlations in different regimes and criteria for change of heat transfer regimes, - evaporation and condensation rate and consistent phase slip correlation, - mathematical formulation of the equations of state of water and steam including transport properties.

6. Mathematical Model:

Neutronics:

The neutron kinetic model is based on the solution of the three-dimensional two-group neutron diffusion equation by nodal expansion methods [1]. It is assumed that the macroscopic cross sections are spatially constant in a node. In the case of hexagonal-z geometry, a two-dimensional diffusion equation in the hexagonal plane and a one-dimensional equation in the z-direction are solved for the transverse integrated fluxes. In each energy group, the one-dimensional equations are solved with the help of flux expansions in polynomials up to 2nd order and exponential functions being the solutions of the homogeneous equations. The fission source in the fast group and the scattering source in the thermal group as well as the leakage terms are approximated by the polynomials. Considering the 2-dimensional equation in the hexagonal plane, the side averaged values (HEXNEM1) or the side averaged and the corner point values (HEXNEM2) of flux and current are used for the coupling of nodes in the radial direction. In the steady state, the homogeneous eigenvalue problem or the heterogeneous problem with given source is solved. An inner and outer iteration strategy is applied. The outer iteration (fission source iteration) is accelerated by Chebychev extrapolation. 

The steady-state iteration technique is applied for the calculation of the initial critical state, the depletion calculations and the Xe and Sm dynamics.

Concerning reactivity transients an implicit difference scheme with exponential transformation is used for the time integration over the neutronic time step. The exponents in each node are calculated from the previous time step or during the iteration process. The precursors equations are analytically solved, assuming the fission rate behaves exponential over the time step. The heterogeneous equations obtained for each  time step are solved by an inner and outer iteration technique similar to the steady state.

Thermal-hydraulics:
Regarding thermal hydraulics the parallel channels are coupled hydraulically by the condition of equal pressure drop over all core channels [1]. Additionally, so-called hot channels can be considered for the investigation of hot spots and uncertainties in power density, coolant temperature or mass flow rate. The thermal-hydraulic module FLOCAL comprises an one- or two-phase coolant flow model on the basis four differential balance equations for mass, energy and momentum of the two-phase mixture and the mass balance for the vapour phase allowing the description of thermodynamic non-equilibrium between the phases, a heat transfer regime map from one-phase liquid up to post-critical heat transfer regimes and superheated steam. A fuel rod model for the calculation of fuel and cladding temperature is implemented. A thermal-mechanical fuel rod model allows the estimation of the relevant heat transfer behaviour of the gas gap during the transient and the determination of some parameters for fuel rod failure estimation. 

The two-phase flow model is closed by constitutive laws for heat mass and momentum transfer, e.g. vapour generation at the heated walls, condensation in the sub-cooled liquid, phase slip ratio, pressure drop at single flow resistances and due to friction along the flow channels as well as heat transfer correlation. Different packages of water and  steam thermo-physical properties presentation can be used.

Concerning the coupling between neutron kinetics and thermal-hydraulics a two time step scheme consisting of thermal-hydraulic and neutron kinetic time steps is used for the transient integration. One or several neutron kinetic steps are used within a thermal-hydraulic step. Iteration between neutron kinetics and thermal-hydraulics are carried out in the steady as well as for each thermal-hydraulic time step. Based on the changes of the main physical parameters of the transient process the time step size is controlled during the calculation.

7. Features of Techniques Used: 

Only pure neutronic steady-state calculations according to the benchmark specification.

8. Computer, Operational System:

PC, Windows2000, Compaq Visual Fortran Version. 6.6
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10. Results:
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Fig. 1  :  Benchmark core configuration. DYN3D and CRONOS fuel or reflector assembly numbering

Table 1: DYN3D calculation with HEXNEM2

               keff = 1. 049404 

	CRONOS
	DYN3D
	 
	 
	 
	Normalized 3D power distribution
	 
	 
	 
	Normalized 

	numbering
	numbering
	
	
	
	
	Axial layer
	
	
	
	
	assembly

	Assembly
	Assembly
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	power

	1
	1
	0.8551
	1.8570
	2.3144
	1.8199
	1.4955
	1.1142
	0.7566
	0.5013
	0.3829
	0.1648
	1.1262

	2
	2
	0.6291
	1.3695
	1.7608
	1.7034
	1.4335
	1.0563
	0.7089
	0.4580
	0.2843
	0.1182
	0.9522

	3
	3
	0.6426
	1.4071
	1.8597
	1.9159
	1.6222
	1.1442
	0.7422
	0.4684
	0.2723
	0.1093
	1.0184

	4
	10
	0.6242
	1.3645
	1.7942
	1.8324
	1.5537
	1.1146
	0.7313
	0.4638
	0.2722
	0.1100
	0.9861

	5
	4
	0.8450
	1.8583
	2.4811
	2.5955
	2.1676
	1.3786
	0.8583
	0.5373
	0.3073
	0.1220
	1.3151

	6
	11
	0.6747
	1.4821
	1.9749
	2.0584
	1.7292
	1.1485
	0.7252
	0.4545
	0.2608
	0.1037
	1.0612

	7
	5
	0.6649
	1.4654
	1.9676
	2.0750
	1.7547
	1.1415
	0.7256
	0.4579
	0.2617
	0.1035
	1.0618

	8
	12
	0.6764
	1.4899
	1.9968
	2.0992
	1.7408
	0.9162
	0.5647
	0.3536
	0.2018
	0.0801
	1.0119

	9
	17
	0.8375
	1.8442
	2.4692
	2.5938
	2.1759
	1.3916
	0.8711
	0.5466
	0.3121
	0.1236
	1.3165

	10
	6
	0.7337
	1.6191
	2.1771
	2.3120
	2.0220
	1.4828
	0.9952
	0.6356
	0.3652
	0.1443
	1.2487

	11
	13
	0.6315
	1.3929
	1.8734
	1.9846
	1.7127
	1.1954
	0.7869
	0.5006
	0.2870
	0.1134
	1.0478

	12
	18
	0.6339
	1.3977
	1.8793
	1.9877
	1.7060
	1.1741
	0.7655
	0.4856
	0.2780
	0.1098
	1.0418

	13
	7
	0.3980
	0.8783
	1.1807
	1.2580
	1.1152
	0.8447
	0.5790
	0.3717
	0.2142
	0.0847
	0.6925

	14
	14
	0.6012
	1.3271
	1.7845
	1.9000
	1.6787
	1.2615
	0.8604
	0.5519
	0.3178
	0.1257
	1.0409

	15
	19
	0.6658
	1.4697
	1.9775
	2.1045
	1.8558
	1.3870
	0.9434
	0.6050
	0.3481
	0.1376
	1.1494

	16
	22
	0.5461
	1.2054
	1.6232
	1.7267
	1.5216
	1.1364
	0.7720
	0.4948
	0.2844
	0.1124
	0.9423

	19
	20
	0.3479
	0.7681
	1.0330
	1.1025
	0.9827
	0.7522
	0.5201
	0.3351
	0.1933
	0.0765
	0.6111

	20
	23
	0.4313
	0.9521
	1.2812
	1.3676
	1.2196
	0.9343
	0.6466
	0.4168
	0.2404
	0.0951
	0.7585


11. Comparison to Recommended Solution:

Table 2: CRONOS reference solution 

               Recommended reference solution taken from Table 2 of [2]

               keff = 1.049526

	CRONOS
	 
	 
	 
	Normalized 3D power distribution
	 
	 
	 
	Normalized 

	numbering
	
	
	
	
	Axial layer
	
	
	
	
	assembly

	Assembly
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	power

	1
	0.854
	1.841
	2.299
	1.805
	1.485
	1.108
	0.755
	0.501
	0.385
	0.167
	1.1199

	2
	0.627
	1.358
	1.746
	1.693
	1.426
	1.052
	0.709
	0.459
	0.285
	0.119
	0.9475

	3
	0.641
	1.397
	1.846
	1.903
	1.613
	1.141
	0.743
	0.470
	0.274
	0.110
	1.0138

	4
	0.623
	1.355
	1.781
	1.821
	1.546
	1.112
	0.732
	0.466
	0.274
	0.111
	0.9821

	5
	0.843
	1.845
	2.466
	2.581
	2.159
	1.382
	0.863
	0.541
	0.310
	0.124
	1.3112

	6
	0.673
	1.471
	1.961
	2.045
	1.720
	1.148
	0.728
	0.457
	0.263
	0.105
	1.0571

	7
	0.663
	1.456
	1.957
	2.066
	1.751
	1.146
	0.732
	0.462
	0.265
	0.105
	1.0603

	8
	0.675
	1.480
	1.985
	2.089
	1.739
	0.916
	0.566
	0.356
	0.204
	0.081
	1.0091

	9
	0.836
	1.831
	2.455
	2.581
	2.168
	1.396
	0.877
	0.551
	0.315
	0.125
	1.3135

	10
	0.732
	1.608
	2.169
	2.307
	2.023
	1.490
	1.006
	0.644
	0.370
	0.147
	1.2495

	11
	0.630
	1.385
	1.866
	1.980
	1.712
	1.201
	0.795
	0.507
	0.291
	0.115
	1.0481

	12
	0.632
	1.389
	1.870
	1.981
	1.703
	1.178
	0.772
	0.491
	0.281
	0.112
	1.0409

	13
	0.399
	0.878
	1.185
	1.265
	1.124
	0.856
	0.590
	0.380
	0.218
	0.087
	0.6981

	14
	0.602
	1.321
	1.783
	1.902
	1.685
	1.273
	0.873
	0.562
	0.323
	0.128
	1.0452

	15
	0.665
	1.460
	1.971
	2.101
	1.857
	1.394
	0.954
	0.613
	0.352
	0.140
	1.1508

	16
	0.545
	1.199
	1.617
	1.724
	1.523
	1.142
	0.780
	0.502
	0.288
	0.114
	0.9434

	19
	0.349
	0.767
	1.037
	1.109
	0.991
	0.762
	0.529
	0.342
	0.197
	0.078
	0.6161

	20
	0.432
	0.950
	1.283
	1.372
	1.227
	0.944
	0.657
	0.425
	0.244
	0.097
	0.7631


Table 3: DYN3D-CRONOS comparison

              ( keff = keff (DYN3D) - keff CRONOS) = -12 pcm

	 
	 
	 
	 
	(DYN3D-CRONOS)*100
	 
	 
	 
	 
	 

	CRONOS
	
	
	
	Normalized 3D power distribution 
	
	
	
	Normalized 

	numbering
	
	
	
	
	Axial layer
	
	
	
	
	assembly

	Assembly
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	power

	1
	0.110
	1.600
	1.540
	1.490
	1.050
	0.620
	0.160
	0.030
	-0.210
	-0.220
	0.630

	2
	0.210
	1.150
	1.480
	1.040
	0.750
	0.430
	-0.010
	-0.100
	-0.070
	-0.080
	0.470

	3
	0.160
	1.010
	1.370
	1.290
	0.920
	0.320
	-0.080
	-0.160
	-0.170
	-0.070
	0.460

	4
	0.120
	0.950
	1.320
	1.140
	0.770
	0.260
	-0.070
	-0.220
	-0.180
	-0.100
	0.400

	5
	0.200
	1.330
	1.510
	1.450
	0.860
	-0.340
	-0.470
	-0.370
	-0.270
	-0.200
	0.390

	6
	0.170
	1.110
	1.390
	1.340
	0.920
	0.050
	-0.280
	-0.250
	-0.220
	-0.130
	0.410

	7
	0.190
	0.940
	1.060
	0.900
	0.370
	-0.450
	-0.640
	-0.410
	-0.330
	-0.150
	0.150

	8
	0.140
	0.990
	1.180
	1.020
	0.180
	0.020
	-0.130
	-0.240
	-0.220
	-0.090
	0.280

	9
	0.150
	1.320
	1.420
	1.280
	0.790
	-0.440
	-0.590
	-0.440
	-0.290
	-0.140
	0.300

	10
	0.170
	1.110
	0.810
	0.500
	-0.100
	-0.720
	-1.080
	-0.840
	-0.480
	-0.270
	-0.080

	11
	0.150
	0.790
	0.740
	0.460
	0.070
	-0.560
	-0.810
	-0.640
	-0.400
	-0.160
	-0.030

	12
	0.190
	0.870
	0.930
	0.670
	0.300
	-0.390
	-0.650
	-0.540
	-0.300
	-0.220
	0.090

	13
	-0.100
	0.030
	-0.430
	-0.700
	-0.880
	-1.130
	-1.100
	-0.830
	-0.380
	-0.230
	-0.560

	14
	-0.080
	0.610
	0.150
	-0.200
	-0.630
	-1.150
	-1.260
	-1.010
	-0.520
	-0.230
	-0.430

	15
	0.080
	0.970
	0.650
	0.350
	-0.120
	-0.700
	-1.060
	-0.800
	-0.390
	-0.240
	-0.140

	16
	0.110
	0.640
	0.620
	0.270
	-0.140
	-0.560
	-0.800
	-0.720
	-0.360
	-0.160
	-0.110

	19
	-0.110
	0.110
	-0.400
	-0.650
	-0.830
	-0.980
	-0.890
	-0.690
	-0.370
	-0.150
	-0.500

	20
	-0.070
	0.210
	-0.180
	-0.440
	-0.740
	-0.970
	-1.040
	-0.820
	-0.360
	-0.190
	-0.460
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