
AER benchmark Specification Sheet

1. Test ID: AER-DYN-001 
2. Short Description:
Asymmetric control rod ejection transient without any feedback in VVER-type geometry. The worth of the ejected rod is just below the prompt critical value. The initial power is near to zero (HZP BOC conditions without burnup), power rise is not too large, therefore the transient can be treated without feedback. The transient is finished by scram.

In some codes albedos are used to describe the non-multiplying regions while in other codes cross section parameters are used. Therefore the benchmark problem has two variants to investigate the different handling of the non-multiplying regions, reflectors and control assemblies:

· 1A benchmark: reflector cells and control rods are characterized by 2-group cross-section constants given in the benchmark.

· 1B benchmark: 2-group diagonal albedo matrices are given for the reflector cells, while absorber rods can be described either albedo matrices or equivalent 2-group cross-section constants. The static reactivity of the ejected control rod is given in the benchmark. This means that practically the same problem can be solved by all the codes. 

3. Submitted by:
A. Keresztúri and M. Telbisz (AEKI)

Date: 28\02\2000

4. Reviewed by: P. Siltanen (IVO) and P. Dařilek (VUJE)

5. Accepted by: P. Siltanen (IVO) and P. Dařilek (VUJE)
6. Objective:
The first step in the validation procedure of three dimensional hexagonal kinetic codes. Validation of 3D neutron kinetics calculations for VVER-440 geometry without feedback.

7. Rationale for Test Set-up:
Coupled 3D hexagonal neutron kinetics and thermohydraulical calculational models were developed in the laboratories co-operating in AER. No internationally recognized benchmark was available for the validation of the corresponding computer codes. The elaboration of such benchmarks and the exchange of information on the validation process have been the aim of AER benchmarking activity.

It was decided to build up a series of benchmarks, first this relatively simple one and then gradually complicate it.  With respect to the VVER geometry and 2-group constants these benchmarks are based on an earlier static hexagonal three-dimensional problem defined in report [2]. 

While the original problem had a 30 degree symmetry, the ejection of a single (not central) control rod made it necessary to extend the geometry at least into 180 degree. Since we wished to achieve the minimum 0.7-0.8 $ worth of the ejected control rod, as well as to assure the criticality at the beginning of the process, we had to change slightly the initial axial position of control rods and the values of the production cross sections.

8. Input:
BENCHMARK PROBLEM "1A" 

Data of initial state:

Fig. 1. shows horizontal cross section map of the half core, the hexagonal lattice pitch is 14.7 cm. The material distribution is described by "type" numbers, 2-group data belonging to the different material types are given in TABLE 1. Type numbers "1,2,3" represent fuel assemblies of different enrichment (1.6 %, 2.4 %, 3.6 %). Type numbers "21, 23, 25, 26" represent the positions where either absorber assemblies (type "4") or their fuel followers ("1,2,3") has to be placed into, due to the axial position of the given absorber assembly. Type "26" is used for the ejected rod. Type number "5" represents reflector cells. The albedo boundary condition is applied on the outer edge of the reflector nodes, the extrapolation length is 2.13*Dg in both groups, where Dg is the diffusion coefficient given for type "5". 

Fig. 2. shows the axial arrangement of the problem. For the sake of comparable output, axially minimum 12 nodes have to be used, the 1st node for the bottom reflector, 2nd-11th nodes for the active length of the core (250 cm), the 12th node for the top reflector.  In this case the height of the nodes is 25 cm. The initial position of control rod groups 21 and 26 (See Fig. 1.) is at 50 cm above the bottom reflector. (Follower in 2nd-3rd axial nodes, absorber rod in 4th-11th. axial nodes). Control assembly groups type  "23 and 25" are out of the core at the beginning of the process. 

In contrast to reality, the top and bottom reflectors do not contain control rod absorbers or followers in this benchmark. This approximation was also applied in the original static benchmark problem.

TABLE 1. shows cross-section data depending on type number. TABLE 2. and TABLE 3. show type independent data, which are common for benchmark "1A and 1B".

It is possible that the given initial state will not be exactly critical in different codes. It has to be set critical by means of the modification of one parameter (for example by a multiplicative factor of the production cross section), and this modification must be preserved during the transient. This is the normal practice simulating a transient.

Data of transient:

Control rod denoted by type number "26" is ejected from 0.0 to 0.08 sec, a constant velocity is assumed. The delayed neutron precursors are moving together with the fuel of the absorber followers. 

Scram is initiated at 1 sec, the drop of the safety rods "23 and 25" is started at 1.0 sec with constant velocity, the bottom position is reached at 11.0 sec . The drop of control rod group "21" is started also at 1.0 sec with the same velocity. The transient must be followed up to 6.0 sec.

BENCHMARK PROBLEM "1B"

It is a modified version of benchmark "1A", where diagonal albedo matrices are given for the reflector  nodes (in net current - scalar flux representation) instead of 2-group cross-section data. For the absorber assemblies either cross-sections or equivalent albedo matrices can be used. Equivalent absorber data are calculated by the help of KIKO3D in stationary state, because in this code both type of data can be used. The geometrical data and the transient time data are the same as in problem "1A", hence these data are not repeated. 

Data of initial state:

The static reactivity worth of the ejected control rod is 0.00482 in the initial state. 

Type dependent cross-section and albedo data can be found in TABLE 4. or TABLE 5., they are equivalent  with each other, the absorber data are satisfying to the above static reactivity worth calculated by KIKO3D. The ( albedo matrices in the above tables connect the scalar flux and the net current according to the J=( * ( relation (J<0 in case of incoming net current).
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Fig. 1.


Horizontal map of half‑reactor in 3D hexagonal benchmarks "1A and 1B",

the ejected rod is marked with No. 26.
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Fig. 2.


Initial vertical cross section of  the reactor in 3D hexagonal benchmarks "1A and 1B",

control assemblies No. 21 and No. 26 are inserted 200 cm into the core.

 TABLE 1.

Type dependent two‑group constants for problem "1A" ( cross sections  in 1/cm):

TYPE number

(enrichment)
diffusion (cm)

D(1) , D(2) 
absorption 

(a (1), (a (2)
transfer 1->2

(s(1)
production

 ((f(1), ((f(2)

TYPE  "1"

fuel (1.6 %)
0.13466E+01

0.37169E+00
0.83620E‑02

0.64277E‑01
0.16893E‑01
0.44339E‑02

0.73503E‑01

TYPE "2"

fuel (2.4 %)
0.13377E+01

0.36918E+00
0.87970E‑02

0.79361E‑01
0.15912E‑01
0.55150E‑02

0.10545E+00

TYPE "3"

fuel (3.6 %)
0.13322E+01

0.36502E+00
0.94700E‑02

0.10010E+00
0.14888E‑01
0.70120E‑02

0.14908E+00

TYPE "4"

absorber
0.11953E+01

0.19313E+00
0.13372E‑01

0.13498E+00
0.22264E‑01
0.0

0.0

TYPE "5"

radial reflector
0.14485E+01

0.25176E+00
0.92200E‑03

0.32839E-01
0.32262E‑01
0.0

0.0

TYPE "6"

axial reflector
0.13413E+01

0.24871E+00
0.21530E‑02

0.64655E-01
0.27148E‑01
0.0

0.0

TYPE "21": control assembly channel, see TYPE 2 or TYPE 4 due to the axial position

TYPE "23": control assembly channel, see TYPE 2 or TYPE 4 due to the axial position

TYPE "25": control assembly channel, see TYPE 1 or TYPE 4 due to the axial position

TYPE "26": ejected rod channel, see TYPE 2 or TYPE 4 due to the axial position

TABLE 2. 

Type independent two-group constants for problem "1A and 1B":


neutron/fission

(
fission neutron energy spectrum 

 (
neutron velocity 

v (cm/s)

1
2.55
1.0
1.25E+7

2
2.43
0.0
2.50E+5

TABLE 3.

 Decay data of delayed precursors in 6 delayed neutron groups for problem "1A and 1B":


1
2
3
4
5
6

(
0.000247
0.0013845
0.001222
0.0026455
0.000832
0.000169

( (1/s)
0.012700
0.0317000
0.115000
0.3110000
1.400000
3.870000

TABLE 4.

Type dependent two‑group constants for problem "1B" -  cross-sections for the absorber:

TYPE number

(enrichment)
diffusion 

(cm)

D(1) , D(2) 
absorption (1/cm)

(a (1), (a (2)
transfer 1->2

(1/cm)

(s(1)
production

(1/cm)

 ((f(1), ((f(2)
((,J)diagonal

albedo

(11 , (22

TYPE  "1"

fuel (1.6 %)
0.13466E+01

0.37169E+00
0.83620E‑02

0.64277E‑01
0.16893E‑01
0.44339E‑02

0.73503E‑01


TYPE "2"

fuel (2.4 %)
0.13377E+01

0.36918E+00
0.87970E‑02

0.79361E‑01
0.15912E‑01
0.55150E‑02

0.10545E+00


TYPE "3"

fuel (3.6 %)
0.13322E+01

0.36502E+00
0.94700E‑02

0.10010E+00
0.14888E‑01
0.70152E‑02

0.14914E+00


TYPE "4"

absorber
0.11953E+01

0.19313E+00
0.13372E‑01

0.13498E+00
0.22264E‑01
0.0

0.0


TYPE "5"

radial reflector




0.18732 ‑0.081293

TYPE "6"

axial reflector




0.19984

‑0.012173


 TABLE 5.

Type dependent two‑group constants for problem "1B" -  albedo matrix for the absorber:

TYPE number

(enrichment)
diffusion 

(cm)

D(1) , D(2) 
absorption (1/cm)

(a (1), (a (2)
transfer 1->2

(1/cm)

(s(1)
production

(1/cm)

 ((f(1), ((f(2)
((,J) diagonal

albedo

(11 , (22

TYPE  "1"

fuel (1.6 %)
0.13466E+01

0.37169E+00
0.83620E‑02

0.64277E‑01
0.16893E‑01
0.44339E‑02

0.73503E‑01


TYPE "2"

fuel (2.4 %)
0.13377E+01

0.36918E+00
0.87970E‑02

0.79361E‑01
0.15912E‑01
0.55147E‑02

0.10545E+00


TYPE "3"

fuel (3.6 %)
0.13322E+01

0.36502E+00
0.94700E‑02

0.10010E+00
0.14888E‑01
0.70148E‑02

0.14913E+00


TYPE "4"

absorber




0.10638

0.043472

TYPE "5"

radial reflector




0.18732 

‑0.081293

TYPE "6"

axial reflector




0.19984

‑0.012173

9. Hardware and Software Requirements: ---

10. Output:
The results are to be presented until 6 s in ASCII file. The results are divided into four groups denoted by the following keywords:

1. Information, keyword "INFO"

2. Time dependent parameters, keyword "TIME FUNCTIONS"

3. Time dependent 3D nodewise fission power distributions, keyword "DYNAMIC POWER DISTRIBUTIONS"

4. Static 3D nodewise fission power distribution in the final state, keyword "STATIC FINAL DISTRIBUTION"

The keywords must be written in separate record before each type of the above data.

· INFO

Text information about solution (benchmark name, code, approximations, etc.)

· TIME FUNCTIONS 

The data with keyword "TIME FUNCTIONS" must be started with a header containing the name of the parameters given below:

1. Time [s]






"TIME'"

2. Normalized total fission power



"NPOW"

3. Reactivity






"REAC"

Each  record after the header (from t=0  to t=6 s)  contains three numbers corresponding to the header. The total power at zero time should be normalized to unity.

· DYNAMIC POWER DISTRIBUTIONS

The 3D nodewise power distributions has to be given in the following five time points:

1. At the beginning of the transient at t = 0.00 s
keyword
"TIME1" 

2. At t = 0.04 s




keyword 
"TIME2"


3. At t = 0.08 s




keyword 
"TIME3"

4. At t = 1.00 s




keyword 
"TIME4"

5. At t = 6.00 s




keyword 
"TIME5"

A header must be written before each power distribution, which contains the actual keyword and time. The nodewise power distributions must be given according to the prescribed numbering of nodes. The radial numbering of the nodes should correspond to Fig. 1., where the nodes are numbered from left to right and from top to bottom. The numbering begins in the bottom of the core. After the nodes of the bottom layer the next upper layer follows and so on. Concerning the results to be compared there are ten layers in the active core. The top and bottom reflectors are excluded but the radial reflector points (with 0.0 power) are included. Hence the total number of the output nodes is 2210. The power distributions can be given together with the node numbers (node number, node power in 1 record for figures) or continuously without node numbers.

· STATIC FINAL DISTRIBUTION

The final state 3D nodewise power distribution at t=6 s, as a result of a stationary calculation.

11. References:
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[3] M. Telbisz, A. Keresztúri: Results of a Three-Dimensional Hexagonal Kinetic Benchmark Problem, 3rd AER Symposium , Piestany, Slovakia, 1993

[4] A.Keresztúri, M.Telbisz, I.Vidovszky, U.Grundmann, J.Krell: Results of a Three-Dimensional Hexagonal Kinetic Benchmark Problem, ENs Meeting, Portoroz 1993

[5] J.Gadó, A.Keresztúri, A.Gács, M.Telbisz: VVER reactor physics code applications, Proceedings of International Conference on Reactor Physics and Reactor Computations, Tel-Aviv 1994
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[10] U. Grundmann, U. Rohde: DYN3D/M2 a Code for Calculation of Reactivity Transients in Cores with Hexagonal Geometry, Report ZfK-690, Rossendorf, 1989     
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12. Recommended solution:

Presently a reference solution in the strict "mathematical" sense is not available and it can not be expected in the near future. It is recommended to make comparisons with the available solutions. The solutions, summerized in the next item, mostly agree very well with each other in spite of the different  calculational models. Hence the validation of the kinetic codes can be based on these solutions according to the results summarized in Item 13.

13. Summary of available solutions:
code of solutionPRIVATE 
 
K1


D1
D2
H1
H2
A1
B1

problem "A" or "B"
"A"
"B"
"A"
"B"
"A"
"B"
"B"
"B"
"A"
"A"

power vs. time
+ 
+
+
+
+
 
+
(+)
(+)
(+)

reactivity vs. time
+
+









power distributions
+
+
+
+
+

+
(+)
(+)
(+)

static solution t=6 s
+

+








references
3,4,5
3
3,4,5
3
3,4,5

3
6
7
8

(+) partly available solution (for information see references and authors)

K1 - KIKO3D [9] solution by A. Keresztúri, M. Telbisz


KFKI Atomic Energy Research Institute


H-1525 Budapest 114, P.O.Box 49, Hungary

D1 - DYN3D [10] solution by U. Grundmann


Research Centre Rossendorf Inc.


P.O.Box 51019, D-01314 Dresden, Germany

D2 - DYN3D [10] solution by J. Krell


K.A.B. AG, D-10681 Berlin, Germany

H1 - HEXTRAN [11] solution ( finger-rod model ) by R. Kyrki-Rajamaki 


VTT ENERGY, P.O.Box 1604, FIN-02044 VTT, Finland

H2 - HEXTRAN [11] solution ( follower model ) by R. Kyrki-Rajamaki


VTT ENERGY, P.O.Box 1604, FIN-02044 VTT, Finland

A1 - APROS 3D [12] solution 
by E. K. Puska, J. Niemi and H.Kontio


VTT ENERGY, P.O.Box 1604, FIN-02044 VTT,  Finland and


IVO International Ltd, FIN-01019 IVO, Finland

B1 - BIPR-8 [13] solution by M.P. Lizorkin


Institute of Nuclear Reactors of RRC Kurchatov Institute Moscow

13.1 Short description of approximations for the moving rods and discretization parameters in the different solutions: 

The moving of the precursors was taken into account in some codes only approximately. To clear the effect of moving precursors, an exact control calculation was made by KIKO3D. The difference seemed to be negligible, the maximal deviation was 0.3% in total power. 

KIKO3D


Due to the factorization method, the form factors of the flux distribution could be calculated relatively rarely, when the position of the absorber rods corresponded to the node boundaries, so homogenization of rod tips was not needed. 10 axial nodes were used in fuel assemblies. The number of time-steps was 16. 

DYN3D

Homogenization of the nodes containing both absorber and fuel was needed because of the necessary smaller time steps. A more advanced homogenization method was applied in D1 calculation than that of D2. Consequently, in D2 calculation the fuel assemblies had to be subdivided into 12 nodes (+2 axial reflector nodes) in contrast to KIKO3D and D1, where 10 axial nodes per fuel assembly was used. 

HEXTRAN

Two different control rod models were used:

· follower model, it describes properly the real VVER-440 type moving control rods with albedoes and the followers with moving precursors, it contains a smoothening model for the rod tips 

· finger-rod model, it contains a simpler cross-section model designed for the VVER-1000 finger-type control rods, with two sets of cross-sections

20 axial nodes were used and 224 time steps. There were methodical calculations with 20 and 10 axial nodes and with time-steps of double lengths after the ejection. The finger-rod calculations were performed with smoothening model and with simple volume weighting for moving rod tips.

APROS-3D

The APROS-3D code also needed a smoothening model for the rod tips and there were methodical calculations to show the effect of smoothening and the difference between the use of 10 or 20 axial nodes. 0.001s time-steps were used.

BIPR-8

A special homogenization model was applied for moving rod tips.   

13.2 Main results of available solutions:

"1A" BENCHMARK PROBLEM RESULTS

The results of KIKO3D and DYN3D are compared with the adiabatic results in Figs. 3-4. Adiabatic reactivity was determined solving the eigenvalue problem for k-eff at the given configuration of the core, and the obtained time-dependent reactivity was used in the point kinetic model. The large deviation of average core power for the adiabatic result shows that the solution is very sensitive to small changes in flux distribution and reactivity (Fig. 4). The agreement of  KIKO3D and DYN3D power results is good, taking into account the large sensitivity. The "cusping effect" (effect of the moving control rod tips) can be observed in the waving character of both DYN3D curves, but it was smoothed with the help of a special flux weighting procedure in the  Rossendorf DYN3D (D1) calculation

Radial distributions are illustrated at the beginning and at the end of the process in Figs. 5-6. The greatest differences between  the solutions were observed at the end of the transient. The power distributions are shown along the diameter of the core (bottom symmetry line on Fig. 1), at the 3rd elevation (elevations are numbered from the bottom reflector: 1-12).  Node number "426" belongs to the ejected rod. 

"1B" BENCHMARK PROBLEM RESULTS

This problem was solved by DYN3D in Rossendorf, KIKO3D and HEXTRAN. DYN3D uses cross sections for control rods. HEXTRAN and KIKO3D solutions are given in two variants, with cross-sections and with equivalent albedoes for control rods. The results of the KIKO3D variants were really equivalent with each other. The reactivity worth of the ejected control rod was 0.00482.

The given input data seem to be not exactly equivalent in HEXTRAN variants, the stationary reactivities of ejecting rods are a little different: 0.00490 and 0.00494. The so-called "follower model" uses albedoes  for control rods and the precursors are moving. This kind of calculation is described in detail in ref. [6]. The so-called "finger-rod model" uses cross-sections for the rods and the precursors are not moving. The two model gives similar dynamic results.

The normalized total power distributions are compared in Fig. 7. KIKO3D variants and DYN3D solution are in a very good agreement, but HEXTRAN results are somewhat above these curves.  In HEXTRAN stationary case keff is 0.9993 instead of 1.00000 and reactivity worth of rod is 0.00490 instead of 0.00482.  It seems, that small differences in the stationary results can cause significant deviations in dynamic behaviour. Axial and radial power distributions are quite the same for every solutions. The axial power distributions are compared in Fig. 8. for the fuel assembly in position 203, which is the second neighbour of the ejected rod along the diameter. Radial distributions are illustrated at the beginning and at the end of the process in Figs. 9-10. The power distributions are shown along the diameter of the core (bottom symmetry line on Fig. 1), at the 3rd elevation (elevations are numbered from the bottom reflector: 1-12).  Node number "426" belongs to the ejected rod, "424" belongs to fuel assembly represented in Fig. 8. 



1

Fig. 3. "1A" benchmark 



Behaviour of normalized total power during the transientPRIVATE 



2

Fig. 4. "1A" benchmark 



Behaviour of reactivity during the transient
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Fig. 5. "1A" benchmark

Normalized radial power distribution at t=0 sec in 3. axial plane (ejected rod in No. 426) 


4

Fig. 6. "1A" benchmark


Normalized radial power distribution at t=6 sec in 3. axial plane (ejected rod in No. 426)
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Fig. 7. "1B" benchmark

Behaviour of normalized total power during the transient


6

Fig. 8. "1B" benchmark


Axial power distribution in the 2nd neighbour fuel assembly of  the ejected rod at t=0 and t=6 s 



7
Fig. 9. “1B” benchmark


Normalized radial power distribution at t=0 sec in 3.  axial plane (ejected rod in No.  426)


8
Fig. 10. “1B” benchmark


Normalized radial power distribution at t=6 sec in 3.  axial plane (ejected rod in No.  426)
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