AER Benchmark Specification Sheet

1.  Test ID:  AER-FCM-101

2.  Short Description:  

Type: Mathematical Benchmark

Problem statement:

The 3D benchmark of Schulz1 models a VVER-1000 core in steady state. The assemblies are homogeneous, represented by given two-group diffusion theory parameters. There are seven material compositions including four enrichments, burnable absorber, control rods and reflector. A finger-tip control rod is half-inserted. The central assembly contains axially eccentric burnable absorber of Eu2O3. The core height is 355 cm, covered with axial and radial reflectors. The nodes are large, with assembly lattice pitch of 24.1 cm.

In the present version of the benchmark1 a complete 30-degree core sector is modeled using two additional reflector nodes (see Geometry in Item 8). Starting point is the two-group steady state diffusion equation in usual notation:
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with vacuum boundary condition on the outer reflector surface
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(corresponding to in-current Jg( = 0, albedo equal to zero). The flux is normalized as:
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The task is to calculate keff, 3D and 2D power distributions normalized to core power density of unity, over a physical grid of 18 fuel assemblies x 10 axial layers. Convergence criteria (f =10-4 for the flux and (l=10-6 for the eigenvalue are used as iteration limits.

Testing approach: With the geometry, composition and cross-sections given, the problem can be solved and the results compared to a reference solution derived from finite-element solutions. The subdivision is fine enough to estimate the error of the reference solution. 

Requirements being tested: accuracy of the eigenvalue keff and power distribution.

3. Submitted by: N.P.Kolev (IAE),R.Lenain,C.Magnaud (CEA Saclay)

    Date: 19.04.99

4. Reviewed by: M. Makai(AEKI), J. Svarny (SKODA)

    Date: October 1999

5. Accepted by: M. Makai (AEKI), J. Svarni(SKODA)

    Date:October 1999

6. Objective:  To test the accuracy of Keff and power distribution calculated by a coarse mesh code.

7.  Rationale for Test Setup: This is the first 3D benchmark for VVER-10001, a successor of the Schulz test problem2 of 1986. Provides a test for large hexagonal nodes and dominance ratio of the iteration matrix close to unity. Two extrapolated finite-element solutions were obtained, Schulz at KAB, Berlin used FEM-3Di1 and Kolev, Lenain and Magnaud5 at CEA Saclay used CRONOS3,4. The solutions are close to each other, however some differences remain among which is the location of the 3D peaking factor5. Analysis has shown5,7,8 that this is mainly due to axial extrapolation in FEM-3Di from relatively coarse meshes. In 1997 a CRONOS recommended solution5 of improved quality was made available, derived from sufficiently fine meshes and by means of non-linear extrapolation techniques. 

8. Input:

a, Geometry: Fig.1 shows the benchmark core configuration. Fig.2 shows the 30 degree sector of a VVER-1000 core, with two additional reflector nodes. In Fig.2, the radial fuel assembly lattice pitch is 24.1 cm. This corresponds to the prototype VVER-1000 and is slightly different from the actual FA pitch of 23.6 cm in VVER-1000/V320, however it is acceptable for a mathematical benchmark. The core height is 355 cm, covered with axial and radial reflectors.  The total height is 426 cm including 35.5 cm thick axial reflectors. 



b.  Material Compositions: In Fig.2, the upper number in an assembly indicates the assembly type. Table 1 assigns the material types to assembly types and lists the cross-sections in two energy groups. Materials 1,3,5,7 are fuel, material 4 is fuel + Eu2O3. Material 2 is fuel + control rods, material R is reflector. The same reflector material (R) is used in axial and radial direction.
Table 1

Material types, cross sections



Mat.
g
Dg
(rg 
(s1->g 
((g 
(vg 

type

 (cm)
 (1/cm)
 (1/cm)
MWs/1013n.cm
(1/cm)

1
1
1.37548
0.024135

6.0130-7
0.0047663


2
0.38333
0.066002
0.015946
1.1231-5
0.083980

2
1
1.40950
0.024769

5.9305-7
0.004702


2
0.38756
0.074988
0.014346
1.1253-5
0.084128

3
1
1.37067
0.023800

7.4429-7
0.0058437


2
0.38028
0.080442
0.015172
1.5336-5
0.11468

4
1
1.39447
0.024069

7.8731-7
0.0061632


2
0.38549
0.094773
0.013903
1.6848-5
0.12598

5
1
1.36938
0.023697

8.1014-7
0.0063396


2
0.37877
0.087681
0.014855
1.7381-5
0.12998

7
1
1.36966
0.023721

7.9536-7
0.0062284


2
0.37911
0.08585
0.014927
1.6866-5
0.12612

R
1
1.0
0.040644

0.0
0.0


2
0.33333
0.052785
0.024875
0.0
0.0




G = 24.1 cm - radial FA lattice pitch, vacuum boundary condition (g = 0.5






c, Boundary conditions, Flux normalization: At the external boundary of the core, the boundary condition is Jg( = 0 (entering current equal to zero), which corresponds to zero albedo. 
9. Hardware and Software Requirements: Coarse mesh calculation requires a normal PC or low-end work station; the computing time is fairly short.

10. Output: 


a, Expected Results: 


- Keff


- 3D power distribution


- 2D power distribution (axially averaged)

- Differences to the reference power distributions.


b, Files, Format: see Tables 2, 3 for an example of output.
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12.  Recommended Solution:

The extrapolated finite-element solution of 2nd-order5, shown in Table 2, is recommended as CRONOS reference solution of the Schulz benchmark. CRONOS3,4 is a reactor code of CEA which uses finite elements and nodal methods for homogenized diffusion and transport calculations; the code has also 3D kinetics and pin-by-pin diffusion modules.


a, Method: 

Spatial approximation: 2nd-order finite elements with Lagrange polynomials on triangular-z meshes. The approximation in the hexagonal plane uses Gauss-Legendre numerical quadrature corresponding to super-convergent finite elements. The convergence rate is somewhat better than O(h2), the solutions are spatially well converged. 

Solver: The solution process is one of inner, outer iteration. The outer iteration is a version of the power method with Chebyshev parameters. The inner is the Conjugate Gradient method per plane with Choleski inversion of the diagonal blocks. The solutions are numerically well converged.

Extrapolation: The recommended solution has been derived by Richardson's extrapolation6 from three CRONOS solutions of 2nd-order with relative radial and axial mesh size as follows: (1,1/2), (1/2,1/4), (1/3,1/6). This corresponds to a basic mesh of 6,24,54 triangles per hexagon and Nz=24,28,72 respectively. Relative radial mesh size 1 corresponds to triangle side of 13.914141 cm which is the distance between the hexagon center and corner. In each triangle, a polynomial trial function of order 2 is applied using the side midpoints for interpolation. In CRONOS these solutions are identified as HXP19#_P24, HXP61#_P48 and HXP127#_P72, corresponding to 19, 61 and 127 points per hexagon for FEM coupling. 


b, Data, Estimated Error


The recommended solution is given in Table 2. The deviations between the CRONOS finest and extrapolated 3D solution, which characterize the accuracy of the recommended solution are given in Table 3. The deviation range is -0.0008 ( ( ( 0.0010; the peaking factors differ by -0.0002 and Keff by 1.4 pcm.


The maximum difference in 3D power distribution between the extrapolated 3rd-order solution and the recommended 2nd-order solution is -0.0006. The finest and extrapolated cubic solutions differ in node powers by maximum -0.0011, the 3rd-order solution is of very good quality. However, the 2nd-order super-convergent FEM solution is recommended from extrapolation accuracy viewpoint. It is derived from three different radial grids whereas that of 3rd-order is derived by linear extrapolation from two solutions.


The absolute differences in normalized node powers between the CRONOS5 and FEM-3Di1 recommended solutions lay in the interval -0.0080 ( ( ( 0.0096; the relative differences are in the range of -1.12%  ( ( ( 1.06%  (see Tables A7,A8 in the Appendix).


All CRONOS extrapolated solutions, including 2nd-order FEM with exact and Gauss-Legendre quadrature, as well as 3rd-order FEM converge within a tolerance ( 0.001 in 3D power distribution (see Table 4). This is observed regardless of the method of extrapolation, provided the meshes are sufficiently fine.


The absolute error in the 3D recommended solution is estimated to less than 0.001.

Table 2

CRONOS 2nd-ORDER RECOMMENDED SOLUTION

hr=0.000000 hz=0.000000  

keff  = 1.049526        Pmax = 2.581

3D Power Distribution 

Layer

Hex
1
 2
 3
 4
 5
 6
 7
 8
 9
10
Qmean

01
.854
1.841
2.299
1.805
1.485
1.108
.755
.501
.385
.167
1.1199

02
.627
1.358
1.746
1.693
1.426
1.052
.709
.459
.285
.119
0.9475

03
.641
1.397
1.846
1.903
1.613
1.141
.743
.470
.274
.110
1.0138

04
.623
1.355
1.781
1.821
1.546
1.112
.732
.466
.274
.111
0.9821

05
.843
1.845
2.466
2.581
2.159
1.382
.863
.541
.310
.124
1.3112

06
.673
1.471
1.961
2.045
1.720
1.148
.728
.457
.263
.105
1.0571

07
.663
1.456
1.957
2.066
1.751
1.146
.732
.462
.265
.105
1.0603

08
.675
1.480
1.985
2.089
1.739
.916
.566
.356
.204
.081
1.0091

09
.836
1.831
2.455
2.581
2.168
1.396
.877
.551
.315
.125
1.3135

10
.732
1.608
2.169
2.307
2.023
1.490
1.006
.644
.370
.147
1.2495

11
.630
1.385
1.866
1.980
1.712
1.201
.795
.507
.291
.115
1.0481

12
.632
1.389
1.870
1.981
1.703
1.178
.772
.491
.281
.112
1.0409

13
.399
.878
1.185
1.265
1.124
.856
.590
.380
.218
.087
0.6981

14
.602
1.321
1.783
1.902
1.685
1.273
.873
.562
.323
.128
1.0452

15
.665
1.460
1.971
2.101
1.857
1.394
.954
.613
.352
.140
1.1508

16
.545
1.199
1.617
1.724
1.523
1.142
.780
.502
.288
.114
0.9434

19
.349
.767
1.037
1.109
.991
.762
.529
.342
.197
.078
0.6161

20
.432
.950
1.283
1.372
1.227
.944
.657
.425
.244
.097
0.7631

Table 3

DIFFERENCE OF THE CRONOS FINEST TO CRONOS RECOMMENDED SOLUTION

keff  =  1.049540                  Pmax = 2.5807

(Keff =  1.4 pcm               ((Pmax) = -0.0002

3D and 2D Power Distribution Difference * 100 

Layer


Hex
1
 2
 3
 4
 5
 6
 7
 8
 9
10
(Qmean

01
.10
.04
-.03
.03
-.01
-.01
-.01
.00
-.01
.01
.01

02
.05
-.01
-.04
-.07
-.07
-.05
-.04
-.02
-.01
.00
-.03

03
.05
.00
-.04
-.06
-.06
-.05
-.03
-.02
-.01
.00
-.02

04
.05
.00
-.03
-.05
-.06
-.05
-.03
-.02
-.01
.00
-.02

05
.09
.04
.01
-.01
-.03
-.03
-.02
-.01
.00
.01
.01

06
.05
-.01
-.04
-.06
-.07
-.05
-.03
-.02
-.01
.00
-.02

07
.06
.00
-.03
-.04
-.05
-.04
-.03
-.01
.00
.01
-.01

08
.05
.00
-.03
-.05
-.08
.00
-.01
.00
.00
.01
-.01

09
.10
.04
.01
-.01
-.02
-.03
-.02
-.01
.00
.01
.01

10
.09
.03
.01
-.01
-.02
-.01
-.01
.00
.00
.02
.01

11
.05
.00
-.03
-.04
-.04
-.04
-.02
-.01
.00
.01
-.01

12
.06
.01
-.02
-.04
-.04
-.03
-.02
-.01
.00
.01
-.01

13
.06
.04
.04
.03
.02
.02
.01
.01
.01
.01
.03

14
.08
.04
.02
.01
.00
.00
.00
.00
.01
.02
.02

15
.08
.03
.01
.00
-.01
-.01
-.01
.00
.00
.02
.01

16
.05
.00
-.02
-.04
-.04
-.03
-.02
-.01
.00
.01
-.01

19
.05
.04
.03
.03
.02
.01
.01
.01
.01
.01
.02

20
.07
.04
.03
.03
.02
.02
.01
.01
.01
.01
.03

DEVIATION RANGE: -0.0008 ( ( ( 0.0010
13. Summary of Available Solutions

Table 4 summarizes the existing fine-mesh and extrapolated solutions1,5,7 of the benchmark.

The Appendix shows CRONOS 2nd-order solutions used to extrapolate the recommended solution, together with selected CRONOS 3rd-order solutions and comparison of CRONOS to FEM-3Di recommended solutions, as follows:

1.  CRONOS 2nd-order HXP127#-P72 solution with 54 triangles per hexagon (54TPH) and hz=5.916667 cm;

2.  CRONOS 2nd-order HXP61#-P48 solution with 24TPH and hz=8.875 cm;

3.  Difference of CRONOS HXP61#-P48 3D solution to the recommended solution;

4.  CRONOS 2nd-order HXP19#-P24 solution with 6TPH and hz=17.75 cm;

5.  Difference of CRONOS HXP19#-P24 3D solution to the recommended solution;

6.  Extrapolated CRONOS 3rd-order solution with hr=0, hz=0;

7.  CRONOS finest 3rd-order HXC127#-P72 solution;

8.  Absolute difference of CRONOS recommended solutions to FEM-3Di recommended solution;

9.  Relative difference of CRONOS recommended solutions to FEM-3Di recommended solution;

Coarse-mesh solutions of the benchmark are given in Refs.1,5,7.

Table 4

Survey of the Schulz 3D VVER-1000 Benchmark Results

Code &

Approximation
Radial


Axial


Mesh

size
keff


Peaking

factor
((P)max

to the respective code recom. solution


HXP19#
P24
1,1/2
1.049445
2.5822
-0.008, 0.012

CRONOS
HXP61#
P48
1/2,1/4
1.049545
2.5807


2nd-order,
HXP61#
P72
1/2,1/16
1.049544



G-L
HXP61#
P120
1/2,1/10
1.049543
2.5807


quadrature
HXP127#
P72
1/3,1/6
1.049540
2.5807
-0.0008, 0.0010


(
P72
0,1/6
1.049527
2.5809



(
(
0,0
1.049526
2.5809
0,0

CRONOS
HXP19
P24
1,1/2
1.049738
2.5810


2nd-order,
HXP61
P24
1/2,1/2
1.049583
2.580


exact
HXP61
P48
1/2,1/4
1.049589
2.5798


quadrature
HXP127
P72
1/3,1/6
1.049552
2.5802



(
(
0,0
1.049524
2.5808
-0.0007,0.0006

CRONOS
HXC37
P36
1,1/3
1.049580
2.5796


3rd-order,
HXC37
P72
1,1/6
1.049579
2.5799


exact 
HXC37
P120
1,1/10
1.049580
2.5801


quadrature
HXC127
P72
1/2,1/6
1.049537
2.5804



(
P72
0,1/6
1.049523




(
(
0,0
1.049524
2.581
-0.0006,0.0005

FEM-3Di
P19
P12





2nd-order,
P61
P24



-0.0140,0.0090

exact quadr.
(







(
(
0,0

2.583
0,0

Appendix: Solutions of the Schulz benchmark
Table A1

CRONOS FINEST 2nd-ORDER HXP127#_P72 SOLUTION

Basic mesh: 54 triangles per hexagon; hz=5.9166666 cm

Keff = 1.049540               Pmax = 2.5807

3D Power Distribution

Layer

Hex
1
 2
 3
 4
 5
 6
 7
 8
 9
10

01
.8550
1.8409
2.2987
1.8050
1.4845
1.1079
.7550
.5013
.3845
.1673

02
.6276
1.3583
1.7457
1.6919
1.4251
1.0516
.7083
.4591
.2853
.1194

03
.6410
1.3966
1.8453
1.9028
1.6127
1.1405
.7429
.4699
.2736
.1105

04
.6231
1.3553
1.7808
1.8205
1.5453
1.1112
.7321
.4656
.2738
.1113

05
.8441
1.8451
2.4657
2.5807
2.1583
1.3813
.8632
.5406
.3099
.1238

06
.6731
1.4712
1.9604
2.0448
1.7198
1.1476
.7279
.4567
.2626
.1050

07
.6638
1.4561
1.9567
2.0657
1.7501
1.1456
.7315
.4623
.2647
.1052

08
.6752
1.4800
1.9850
2.0885
1.7380
.9159
.5661
.3559
.2037
.0812

09
.8368
1.8317
2.4550
2.5805
2.1680
1.3956
.8771
.5507
.3151
.1255

10
.7333
1.6087
2.1688
2.3071
2.0224
1.4899
1.0056
.6438
.3696
.1468

11
.6308
1.3850
1.8653
1.9791
1.7116
1.2008
.7946
.5067
.2906
.1153

12
.6329
1.3894
1.8697
1.9802
1.7027
1.1778
.7716
.4905
.2811
.1116

13
.4001
.8782
1.1854
1.2653
1.1246
.8557
.5896
.3798
.2183
.0867

14
.6024
1.3217
1.7836
1.9025
1.6854
1.2726
.8729
.5616
.3227
.1282

15
.6656
1.4607
1.9708
2.1012
1.8574
1.3943
.9535
.6132
.3525
.1400

16
.5456
1.1987
1.6171
1.7235
1.5224
1.1419
.7800
.5014
.2882
.1143

19
.3497
.7677
1.0369
1.1088
.9910
.7618
.5295
.3423
.1970
.0783

20
.4328
.9500
1.2832
1.3725
1.2272
.9443
.6568
.4248
.2445
.0972

DEVIATION RANGE: -0.0008 ( ( ( 0.0010
Table A2

CRONOS 2nd-ORDER HXP61#_P48 SOLUTION

Basic mesh: 24 triangles per hexagon; hz=8.875 cm

Keff = 1.049545          Pmax = 2.5807

3D Power Distribution

Layer

Hex
1
 2
 3
 4
 5
 6
 7
 8
 9
10

01
.8561
1.8414
2.2985
1.8055
1.4845
1.1079
.7550
.5013
.3844
.1674

02
.6282
1.3584
1.7455
1.6915
1.4246
1.0512
.7080
.4590
.2853
.1194

03
.6416
1.3967
1.8451
1.9024
1.6123
1.1401
.7427
.4698
.2736
.1106

04
.6236
1.3554
1.7807
1.8201
1.5449
1.1108
.7318
.4655
.2737
.1114

05
.8451
1.8455
2.4659
2.5807
2.1580
1.3810
.8630
.5405
.3099
.1239

06
.6737
1.4713
1.9602
2.0444
1.7193
1.1472
.7276
.4565
.2625
.1051

07
.6644
1.4562
1.9566
2.0654
1.7497
1.1453
.7313
.4621
.2647
.1052

08
.6758
1.4801
1.9848
2.0882
1.7373
.9160
.5661
.3558
.2037
.0813

09
.8378
1.8321
2.4552
2.5804
2.1678
1.3954
.8770
.5505
.3151
.1256

10
.7342
1.6090
2.1689
2.3070
2.0222
1.4897
1.0054
.6437
.3696
.1469

11
.6314
1.3851
1.8651
1.9788
1.7112
1.2004
.7943
.5065
.2906
.1154

12
.6335
1.3895
1.8696
1.9799
1.7023
1.1774
.7714
.4904
.2811
.1117

13
.4007
.8784
1.1855
1.2654
1.1246
.8557
.5896
.3797
.2183
.0868

14
.6032
1.3220
1.7837
1.9025
1.6853
1.2725
.8728
.5615
.3228
.1284

15
.6664
1.4609
1.9708
2.1011
1.8572
1.3941
.9534
.6132
.3525
.1402

16
.5461
1.1987
1.6169
1.7232
1.5221
1.1416
.7798
.5013
.2881
.1144

19
.3502
.7679
1.0370
1.1089
.9910
.7618
.5294
.3423
.1970
.0784

20
.4334
.9503
1.2834
1.3725
1.2272
.9442
.6568
.4248
.2446
.0973

Table A3

DIFFERENCE OF HXP61#_P48 SOLUTION TO CRONOS RECOMMENDED SOLUTION

(Keff = 1.9 pcm      ((Pmax) =  -0.0002 

3D Power Distribution Difference * 100 

Layer

Hex
1
 2
 3
 4
 5
 6
 7
 8
 9
10

01
.21
.09
-.05
.08
-.01
-.01
-.01
.00
-.02
.02

02
.10
.01
-.07
-.09
-.11
-.10
-.07
-.04
-.02
.01

03
.09
.00
-.05
-.10
-.09
-.09
-.06
-.03
-.01
-.01

04
.10
.01
-.04
-.09
-.10
-.08
-.06
-.03
-.01
.01

05
.19
.08
.02
-.02
-.05
-.06
-.04
-.02
.00
.02

06
.11
.01
-.06
-.10
-.09
-.10
-.06
-.04
-.02
.01

07
.08
.01
-.04
-.08
-.07
-.09
-.05
-.03
-.01
.01

08
.11
.01
-.05
-.08
-.15
.02
-.01
-.01
.00
.02

09
.19
.08
.03
-.02
-.04
.05
-.03
-.02
.00
.02

10
.18
.06
.01
-.02
-.03
.03
-.07
-.01
.01
.03

11
.12
.01
-.05
-.07
-.09
-.08
-.05
-.03
.00
.01

12
.11
.02
-.03
-.07
-.08
-.07
-.04
-.02
-.01
.01

13
.12
.06
.05
.04
.02
.01
.02
.00
.01
.02

14
.16
.07
.03
.01
-.01
-.01
.00
.00
.01
.03

15
.16
.05
.01
-.01
-.03
-.02
-.02
.00
.01
.03

16
.10
.01
-.04
-.07
-.07
-.06
-.04
-.02
-.01
.02

19
.11
.06
.04
.04
.02
.01
.01
.01
.01
.03

20
.13
.07
.05
.03
.02
.01
.01
.01
.02
.03

DEVIATION RANGE: - 0.0015 ( (  ( 0.0021

Table A4

CRONOS 2nd-ORDER HXP19#_P24 SOLUTION

Basic mesh: 6 triangles per hexagon; hz = 17.75 cm

Keff = 1.049445     Pmax = 2.5822

3D Power Distribution

Layer

Hex
1
 2
 3
 4
 5
 6
 7
 8
 9
10

01
.859
1.844
2.300
1.810
1.487
1.110
.756
.502
.384
.168

02
.631
1.363
1.751
1.697
1.429
1.055
.710
.460
.286
.120

03
.644
1.400
1.850
1.908
1.617
1.143
.744
.471
.274
.111

04
.625
1.358
1.785
1.824
1.548
1.113
.733
.466
.274
.112

05
.847
1.846
2.467
2.582
2.159
1.381
.863
.540
.310
.124

06
.676
1.475
1.966
2.050
1.724
1.150
.729
.457
.263
.105

07
.666
1.458
1.959
2.068
1.751
1.146
.731
.462
.264
.105

08
.678
1.483
1.989
2.092
1.738
.918
.566
.356
.204
.081

09
.839
1.832
2.456
2.581
2.168
1.395
.876
.550
.315
.126

10
.736
1.609
2.169
2.307
2.021
1.488
1.004
.642
.369
.147

11
.633
1.386
1.867
1.981
1.712
1.201
.794
.506
.290
.115

12
.635
1.391
1.872
1.982
1.703
1.178
.771
.490
.281
.112

13
.400
.875
1.181
1.260
1.119
.851
.586
.377
.217
.086

14
.604
1.320
1.781
1.899
1.682
1.269
.870
.559
.321
.128

15
.667
1.460
1.970
2.100
1.856
1.392
.952
.612
.351
.140

16
.547
1.200
1.618
1.724
1.523
1.141
.779
.501
.288
.114

19
.350
.765
1.033
1.104
.987
.758
.526
.340
.196
.078

20
.433
.947
1.279
1.368
1.223
.940
.654
.423
.243
.097

Table A5

DIFFERENCE OF HXP19#_P24 SOLUTION TO CRONOS RECOMMENDED SOLUTION

(Keff = -8.1 pcm       ((Pmax) =  0.001 

Relative Differences  % 

Layer

Hex
1
 2
 3
 4
 5
 6
 7
 8
 9
10

01
.55
.18
.05
.31
.17
.15
.13
.20
-.09
.38

02
.54
.32
.30
.28
.26
.24
.22
.20
.18
.38

03
.48
.27
.25
.23
.20
.16
.13
.11
.10
.29

04
.41
.21
.20
.17
.15
.11
.09
.07
.05
.24

05
.42
.09
.07
.05
.01
-.03
-.06
-.09
-.11
.21

06
.50
.27
.25
.23
.19
.14
.11
.09
.07
.29

07
.39
.14
.12
.10
.04
-.01
-.07
-.11
-.12
.13

08
.43
.19
.17
.15
-.02
.28
.05
.00
-.02
.31

09
.39
.06
.04
.02
-.03
-.07
-.12
-.15
-.17
.16

10
.43
.02
-.01
-.03
-.07
-.14
-.19
-.23
-.24
.14

11
.37
.10
.07
.05
.00
-.05
-.11
-.14
-.16
.11

12
.36
.11
.09
.06
.01
-.05
-.11
-.14
-.16
.08

13
.14
-.35
-.38
-.40
-.45
-.51
-.57
-.61
-.62
-.17

14
.34
-.12
-.15
-.18
-.22
-.28
-.34
-.38
-.39
.04

15
.40
-.01
-.04
-.06
-.10
-.16
-.22
-.25
-.27
.11

16
.38
.08
.05
.03
-.01
-.07
-.12
-.16
-.17
.10

19
.16
-.33
-.36
-.38
-.42
-.48
-.54
-.58
-.59
-.14

20
.23
-.25
-.28
-.30
-.34
-.40
-.46
-.50
-.51
-.07

DEVIATION RANGE: -0.62 % ( delta ( 0.55 %

Table A6

EXTRAPOLATED CRONOS 3rd-ORDER SOLUTION

hr=0.000000 hz=0.000000

Keff = 1.049524      Pmax = 2.581

3D Power Distribution

Layer

Hex
1
 2
 3
 4
 5
 6
 7
 8
 9
10

01
.854
1.841
2.299
1.805
1.484
1.108
.755
.502
.385
.167

02
.627
1.359
1.746
1.693
1.426
1.052
.709
.460
.286
.120

03
.641
1.397
1.846
1.903
1.613
1.141
.744
.470
.274
.111

04
.623
1.356
1.781
1.821
1.546
1.112
.733
.466
.274
.111

05
.843
1.845
2.465
2.581
2.158
1.382
.864
.541
.310
.124

06
.673
1.471
1.961
2.045
1.721
1.148
.728
.457
.263
.105

07
.663
1.456
1.957
2.066
1.751
1.146
.732
.463
.265
.105

08
.675
1.480
1.985
2.089
1.739
.916
.566
.356
.204
.081

09
.836
1.831
2.455
2.580
2.168
1.396
.878
.551
.315
.126

10
.732
1.608
2.168
2.307
2.022
1.490
1.006
.644
.370
.147

11
.630
1.385
1.865
1.979
1.712
1.201
.795
.507
.291
.115

12
.632
1.389
1.870
1.980
1.703
1.178
.772
.491
.281
.112

13
.399
.877
1.185
1.265
1.124
.855
.589
.380
.218
.087

14
.601
1.321
1.783
1.902
1.685
1.272
.873
.562
.323
.128

15
.665
1.460
1.970
2.101
1.857
1.394
.954
.613
.353
.140

16
.545
1.198
1.617
1.724
1.523
1.142
.780
.502
.288
.114

19
.349
.767
1.036
1.108
.990
.761
.529
.342
.197
.078

20
.432
.949
1.282
1.372
1.227
.944
.657
.425
.245
.097

Table A7

CRONOS FINEST 3rd-ORDER HXC127-P72 SOLUTION

Keff = 1.049537            Pmax = 2.5804

3D Power Distribution

Layer

Hex
1
2
3
4
5
6
7
8
9
10

01
.8548
1.8407
2.2983
1.8047
1.4843
1.1079
.7551
.5014
.3847
.1674

02
.6276
1.3581
1.7455
1.6917
1.4250
1.0517
.7084
.4593
.2855
.1195

03
.6409
1.3964
1.8450
1.9026
1.6127
1.1406
.7431
.4701
.2738
.1106

04
.6230
1.3551
1.7806
1.8203
1.5452
1.1112
.7322
.4658
.2739
.1114

05
.8439
1.8447
2.4653
2.5804
2.1581
1.3814
.8634
.5408
.3101
.1239

06
.6730
1.4709
1.9602
2.0446
1.7197
1.1477
.7280
.4568
.2628
.1051

07
.6636
1.4559
1.9564
2.0656
1.7501
1.1458
.7317
.4625
.2649
.1052

08
.6751
1.4797
1.9847
2.0883
1.7380
.9159
.5662
.3560
.2038
.0812

09
.8366
1.8313
2.4546
2.5802
2.1679
1.3957
.8773
.5509
.3153
.1256

10
.7331
1.6084
2.1685
2.3070
2.0224
1.4900
1.0058
.6441
.3698
.1469

11
.6307
1.3848
1.8651
1.9790
1.7116
1.2010
.7948
.5069
.2908
.1154

12
.6328
1.3891
1.8694
1.9801
1.7027
1.1779
.7718
.4907
.2813
.1117

13
.4000
.8780
1.1852
1.2652
1.1247
.8558
.5898
.3799
.2184
.0868

14
.6022
1.3215
1.7834
1.9024
1.6855
1.2728
.8731
.5618
.3229
.1283

15
.6654
1.4604
1.9705
2.1011
1.8574
1.3944
.9538
.6135
.3527
.1401

16
.5455
1.1985
1.6169
1.7235
1.5225
1.1420
.7803
.5017
.2883
.1144

19
.3496
.7675
1.0367
1.1087
.9910
.7619
.5296
.3424
.1971
.0783

20
.4327
.9498
1.2830
1.3724
1.2272
.9444
.6570
.4250
.2447
.0972

Table A8

DIFFERENCE OF CRONOS RECOMMENDED TO FEM-3Di RECOMMENDED SOLUTION

(Keff  = -3.0 pcm       ((Pmax) = -0.002

3D Power Distribution Difference *100

Layer

Hex
1
 2
 3
 4
 5
 6
 7
 8
 9
10

01
-.50
.15
-.80
.67
-.14
.60
.41
.53
.06
.12

02
-.18
-.37
-.38
.16
.27
.52
.47
.34
.15
.03

03
-.25
-.43
-.24
-.06
.14
.60
.53
.31
.17
.05

04
-.24
-.37
-.29
-.10
.19
.56
.54
.38
.18
.03

05
-.48
-.63
-.33
-.11
-.05
.96
.54
.37
.19
.07

06
-.34
-.48
-.32
-.16
.04
.72
.52
.29
.17
.00

07
-.38
-.59
-.40
-.28
-.14
.70
.38
.34
.18
.01

08
-.43
-.50
-.47
.20
-.42
.88
.02
.29
.07
.01

09
-.51
-.67
-.41
-.24
-.18
.89
.53
.37
.21
.04

10
-.66
-.76
-.52
-.38
.05
.70
.67
.48
.25
.06

11
-.48
-.60
-.44
-.35
-.09
.62
.48
.38
.16
.03

12
-.46
-.57
-.41
-.34
-.09
.61
.48
.36
.22
.05

13
-.45
-.42
-.30
-.20
.04
.36
.45
.27
.12
.06

14
-.54
-.67
-.46
-.26
.14
.56
.58
.45
.17
.01

15
-.62
-.76
-.53
-.38
.05
.53
.66
.42
.24
-.02

16
-.39
-.64
-.47
-.31
-.02
.42
.52
.35
.22
.02

19
-.39
-.37
-.34
-.15
.08
.27
.33
.22
.09
.01

20
-.49
-.54
-.41
-.28
.00
.31
.47
.37
.14
.00

DEVIATION RANGE:  -0.0080 ( ( ( 0.0096
Table A9

DIFFERENCE OF CRONOS RECOMMENDED TO FEM-3Di RECOMMENDED SOLUTION

(Keff = -3.0 pcm         ((Pmax) = -0.002

Relative Differences  % 

Layer

Hex
1
 2
 3
 4
 5
 6
 7
 8
 9
10

01
-.58
.08
-.35
.37
-.10
.55
.55
1.06
.16
.69

02
-.29
-.27
-.22
.09
.19
.49
.66
.74
.51
.29

03
-.38
-.31
-.13
-.03
.08
.53
.71
.67
.64
.43

04
-.38
-.27
-.16
-.06
.12
.51
.74
.83
.68
.25

05
-.57
-.34
-.14
-.04
-.02
.70
.63
.69
.63
.55

06
-.50
-.32
-.16
-.08
.03
.63
.72
.63
.65
.00

07
-.57
-.40
-.21
-.14
-.08
.62
.52
.75
.67
.08

08
-.64
-.34
-.23
.10
-.24
.97
.04
.82
.33
.14

09
-.61
-.37
-.17
-.09
-.08
.64
.61
.68
.68
.31

10
-.89
-.47
-.24
-.16
.03
.47
.67
.76
.69
.43

11
-.75
-.43
-.24
-.17
-.06
.51
.61
.75
.57
.22

12
-.72
-.41
-.22
-.17
-.05
.52
.63
.74
.78
.46

13
-1.12
-.48
-.25
-.15
.04
.42
.77
.70
.55
.66

14
-.90
-.50
-.26
-.14
.08
.44
.67
.81
.52
.04

15
-.93
-.52
-.27
-.18
.03
.38
.69
.70
.69
-.11

16
-.71
-.53
-.29
-.18
-.01
.37
.67
.71
.76
.21

17
-1.09
-.48
-.33
-.13
.08
.35
.64
.65
.46
.19

18
-1.12
-.56
-.32
-.21
.00
.33
.72
.89
.59
.03

DEVIATION RANGE: -1.12 % ( (’ ( 1.06

_985794440.unknown

_1005120010.unknown

_997179151

_985794439.unknown

