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Abstract

Different benchmarks for reactors with quadratic fuel assemblies were calculated with
the code DYN3D/R. In this report comparisons with the results of the reference solu-
tions are carried out. The results of DYN3D/R and the reference calculation for the ei-
genvalue kg and the power distribution are shown for the steady-state 3-dimensional
IAEA-Benchmark. The results of NEACRP-Benchmarks on control rod ejections in a
standard PWR were compared with the reference solutions published by the NEA Data
Bank. For assessing the accuracy of DYN3D/R results in comparison to other codes
the deviations to the reference solutions are considered. Detailed comparisons with the
published reference solutions of the NEA-NSC Benchmarks on uncontrolled withdraw-
al of control rods are made. The influence of the axial nodalization is also investigated.
All in all, a good agreement of the DYN3D/R results with the reference solutions can
be seen for the considered benchmark problems.

Kurzfassung

Verschiedene Benchmarks fiir Reaktoren mit quadratischen Brennelementen wurden
mit dem Code DYN3D/R berechnet. In diesem Bericht erfolgen Vergleiche mit den
Ergebnissen der Referenziésungen. Die Ergebnisse von DYN3D/R und der Referenz-
rechnung fiir Eigenwert kg und Leistungsverteilung des stationaren 3-dimensionalen
IAEA-Benchmarks werden dargestellt. Die Ergebnisse der NEACRP-Benchmarks fiir
die Auswiirfe von Steuerstaben in einem typischen DWR werden mit den von der NEA
Data Bank verédffentlichten Referenzldsungen verglichen. Zur Einschétzung der
Genauigkeit der DYN3D/R Resultate im Vergleich zu anderen Rechenprogrammen
werden die Abweichungen zu den Referenzlésungen betrachtet. Detaillierte Ver-
gleiche mit den Referenziosungen erfolgen fiir die NEA-NSC Benchmarks zum unkon-
trollieten Ausfahren von Steuerstaben. Dabei wird der EinfluB der axialen
Nodalisierung untersucht. Insgesamt wird eine gute Ubereinstimmung der DYN3D/R
Resultate mit den Referenzlésungen fiir die betrachteten Benchmarkprobleme fest-
gestellt.



Content

4.1

4.1.1
4.1.2
4.1.3
41.4

4.2

4.2.1
422
4.2.3
424
4.2.5

4.3

4.3.1
4.3.2
4.3.3
424
4.3.5

Introduction ........ci.iieecennnnrrsnnnnsscsansnnnsscs 1
Three-Dimensional IAEABenchmark ...............c0cenn 2
Results of NEACRP Benchmarks on Control Rod Ejections ... 3

Calculations of the NEA-NSC Benchmarks on Untrolled

Withdrawalof Control Rods. . .. ccccvveeicnnnnencanasnnns 16
Case A -Withdrawalof BankD ............ ... nnnn.. 19
Initial Steady State ........... ..o il 19
Transient Core AveragedResults ......................... 22
Transient HotPellet Results . ............ ... ... .. ..., 25
Snapshots at Time of Power Maximum ..................... 29
Case B - Withdrawalof BankBandC ...................... 32
Initial Steady State ........ ..ol 32
Transient Core Averaged Results ......................... 35
Transient HotPelletResults ..............cc ... 38
Snapshots at Time of Power Maximum ..................... 42
Calculation with Different Axial Nodalization ................. 45
‘Case D - Withdrawalof BankAandB ...................... 48
Initial Steady State . ............c it 48
Transient Core AveragedResults ..................... ... 51
Transient HotPellet Results .. ........... i 53
Snapshots at Time of Power Maximum ..................... 57
Calculation with Different Axial Nodalization ................. 60
ConcluSIoNS. .. .. ccarcinicenencrsnsnnannsnssnsnannns 63

ReferenCes .. ..ot ittt it it et a e 63



1 Introduction

The code DYN3D/M2 has been developed for steady state and transient analysis of re-
actor cores with rectangular fuel assemblies [1]. The code was verified with the help of
benchmark solutions and code comparisons. The neutron kinetic part was validated by
the kinetic experiments at the zero power reactor LR-0. Now the code is in use in sev-
eral institutions for safety analyses of VVER-type reactors. The validation of the code
was completed by comparisons of calculational results with measured data from vari-
ous steady-state and transient experiments.

Recently, DYN3D has been extended by a neutronic part for the solution of the 2-group
neutron diffusion equation by a nodal method for the Cartesian geometry (version
DYN3D/R [2] ). The verification of this code version was performed by solution of dif-
ferent international benchmark tasks. The verification of DYN3D/R with the help of the
3-dimensional IAEA benchmark is described in chapter 2. The results of the code for
the NEACRP rod ejection benchmarks in comparison to the refence solution and other
codes is presented in chapter 3. In chapter 4, the comparisons of DYN3D/R results with
the reference solutions for the NEA-NSC benchmarks on withdrawal of control rods at
hot zero power of a standard PWR are shown.



2 Three-Dimensional IAEA Benchmark

Calculations for the well known steady-state 3D IAEA Benchmark contained in the
“ANL Benchmark Problem Book” [3] were carried out with the code DYN3D/R. The
IAEA Benchmark describes a PWR with typical cross sections for the fuel assemblies
and partly inserted control rods. Eigenvalue and assembly powers compared with the
reference values [3] are shown in Fig. 2.1. The maximum deviation of assembly powers

is 1.4 % in assembly no. 35 at the boundary to the refiector.

1 No. assembl
0.728 | DYN3DAH éK,,. =1.02906) =
0.729 Reference (k.. =1.02903)
-0.2 Dev. (%) refl
35 36
0.605
0.597 refl
1.4
32 33
0.699 0.618
0.700 0.611
-0.2 1.2
25 27 28 30
1177 0.926 0.873
1.178 0.923 0.866 refl
-0.1 0.3 0.9
1 19 21 22 24
1.363 1.308 1.089 0.996 0.
1.368 1.311 1.089 1.000 0.711 refi
-0.4 -0.2 -0.0 -0.4 0.7
10 11 12 14 15 16 17
1.392 1.426 1.287 1.053 .975 0.757
1.397 1.432 1.291 1.055 .976 0.757 refl
-0.4 -0.4 -0.3 -0.2 -0.1 0.0
1 2 3 4 6 7 8 9
0.728 274 1.418 1.187 0.950 959 0.776
0.729 1.281 1.422 1.193 0.953 .959 0.777 refi
-0.2 -0.6 -0.3 -0.5 -0.3 -0.0 -0.1

Fig. 2.1: Normalized assembly powers of DYN3D/R for the 3D IAEA Benchmark
compared with the reference solution




3 Results of NEACRP Benchmarks on Control Rod
Ejections

Assessing the different codes developed for transient analysis of reactor cores mathe-
matical benchmarks were defined [4]. The PWR problems were calculated for testing
the results of DYN3D/R by comparison with the published reference solutions [5]. The
problems A1, A2, B1, B2, C1 and C2 consist in rod ejections of central or peripheral
rods at hot zero power (HZP) and full power (FP). Fig. 3.1 shows the map of the reactor.

Short characterization of the 6 cases:

Al: Ejection of the central rod at HZP (assembly 111 in Fig. 3.1)

A2: Ejection of the central rod at FP (assembly 111 in Fig. 3.1)

B1: Ejection of a peripheral rod in octant geometry at HZP (assemblies 20,
105,115 and 202 in Fig. 3.1)

B2: Ejection of a peripheral rod in octant geometry at FP (assemblies 20,
105,115 and 202 in Fig. 3.1)

C1: Ejection of one peripheral rod at HZP (assembly 115 in Fig. 3.1)

C2: Ejection of one peripheral rod at FP (assembly 115 in Fig. 3.1)

The reactor core consists of 157 fuel elements and reflector elements with a side length
of 21.606 cm (see fig. 3.1). The core including the axial refiector is divided into 18 layers
of different height given in the specifications of the problems [4]. The 16 core layers
height values were given by 7.7, 11.5, 15.0, 30.0, (10 layers) 12.8 (2 layers) and 8 cm
(from bottom to fop). The bottom and top reflectors are described by layers of 30 cm.
The radial mesh is given by one node per assembly in each axial layer. The most codes
used this specified mesh, but some calculations were performed with finer meshes.
The nominal power of the reactor is 2775 MW. The ejection time of rods a is 0.1 s in all
cases.

The figures 3.2 - 3.9 show the results for nuclear power, core averaged Doppler tem-
perature and the core centerline temperature obtained with DYN3D/R and compared
with the reference solution. The reference solution was generated by the PANTHER
code using 4 nodes per assembly in radial direction. Some comparisons are shown in
the tables 3.1 - 3.9 . There are the reference values and the deviations of different
codes from reference values. The comparisons show a good agreement of the
DYNS3D/R results with the reference solution. DYN3D/R deviations are less than the
deviations from the reference solutions obtained by the most other codes. However,
the deviations in maximum fuel centerline temperatures of DYN3D/R from the refer-
ence values are higher than they should be expected according the small deviations in
reactor power. This can be caused by the special nodal method for the solution of ther-
mal conductions equation used in DYN3D/R which ensures high accuracy even with a
few radial nodes in fuel. The fuel centerline temperature is extrapolated from the tem-
perature of the inner node in DYN3D. In some codes the temperature value for the in-
ner node is probably interpreted as fuel centerline temperature.
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Case A1: Ejection of the Central Rod at HZP
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Case A2: Ejection of the Central Rod at FP
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Case B1: Ejection of the Peripheral Rod in Octant Geometry at HZP
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Fig. 3.6: Comparison of the DYN3D/R results for fission power with the reference so-
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Fig. 3.9: Comparison of the DYN3D/R results for core averaged Doppler temperature




Case C1: Ejection of the Peripheral Rod at HZP
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Case C2: Ejection of the Peripheral Rod at FP
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Table 3.1: PWR CORE TRANSIENT BENCHMARKS
Reference Value of Critical Boron Concentration and Deviations (%)
Case AT A2 B1 B2 (03] C2
Reference (ppm)| 567.70 | 1160.60 | 1254.60 | 1189.40 | 1135.30 | 1160.60
OKAPI(s) -1.215| 0974 | -0.375 | 0.572 | -0.484 | 0.974
OKAPI(a) -1.215| 0974 | -0.375| 0.572 | -0.484 | 0.974
BOREAS/TRAB | 23.71 | -0,250 | 0.486 | -0.681 | 1.964 | -0.250
CESAR 3.576 | -2.292 | 0.988 | -2.22 | 1.295 | -2.292
PANBOX -0.511 | 0.172 | -0.072 | 0.00 | -0.167 | 0.181
QUABOX/CUBBOX| 0.458 | 0.327 | 1.124 | 0.336 | 1.092 | 0.310 |
QUANDRY- EN 0.510 0.502
THYDE-NEU 5.936
PRORIA -41.695 | 3.739 -0.467 | 4.170
LWRSIM 3.329| 1.086 | 0.319 | 0.832 | 0.573 | 1.086
SIMTRAN 0.194 | 0.207 | 0.279 | 0.193 | 0.317 | 0.207
ARROTTA 0.326 | 5.032
PANTHER 0.740 | 0.698 | 0.558 | 0.504 | 0.590 | 0.698
DYN3DR 0.856 | 0.263| 0.138 | 0.236 | 0.020 | 0.252 |
Table 3.2: PWR CORE TRANSIENT BENCHMARKS
Steady State Solution: Reference Value of Nodal Power Peaking Factor
and Deviations (%)
Case Al A2 Bl B2 Ff__“ G2 |
Reference (abs.) | 2.874 | 2221 | 1.932 | 2.109 | 2.187 | 22271
OKAPI(s) 0.244 | 1.486| -0259| 0.711] -0.137 | 1.486
” OKAPI(a) 0.244 1.486| -0.259| 0.711] -0.137 | 1.486
| BOREAS/TRAB | 17.606 | 0.855| 4.555| -0.427| 2.423 | 0.855
CESAR 8559 | -1.846| 8.178 | -2.323| 13.397 | -1.846
PANBOX -0.974 | -0.630| -0.259 | -0.759| -0.137 | -0.675
QUABOX/CUBBOX| -1.113 | -0.540| 0.155 | -0.142| 0.503 | -0.495 |
QUANDRY- EN -0.104 -0.137
lf LWRSIM | 4175 | 1.891| 3621 | 0.806 | 3.978 | 1.891
ARROTTA ' 1920 | 7.249
}f PANTHER | -0.974 | -0.225| -0.311 | -0.284| -0.183 | -0.225 ||
DYN3DR -0.574 | 0.090| 0430 | 0.474] -0274 | 0.135 u

11




Table 3.3: PWR CORE TRANSIENT BENCHMARKS
Reference Value of Reactivity Release and Deviations (%)
Case Al A2 B1 B2 C1 c2
Reference 822.00 90.00 | 831.00 99.00 958.0 78.00
(pcm)
CESAR -4.015 | -4.444 -2.407 8.081 -1.983 2.564
PANBOX -1.460 | -1.111 -0.963 2.020 | -0.731 2.564
SIMTRAN -1.460 0.000 0.000 2.020 | 0.313 3.846
PANTHER -1.825 | -3.333 0.120 1.010 | 0.731 1.282
DYN3DR -1.749 | -1.754 0.564 -2.92 | -0.063 4.782
Table 3.4: PWR CORE TRANSIENT BENCHMARKS
Time of Power Maximum (Reference) and Deviations (%)
Case Al A2 B1 B2 C1 c2
Reference (s) 0.560 0.100 | 0520 | 0.120 | 0.270 0.100
OKAPI(s) 5.357 | -20.000| -3.846 | -16.667 | -11.111 | 0.000
OKAPI(a) 3.571 -7.692 -11.111
BOREAS/TRAB | 12.500 | 110.000| -5.769|241.667| 3.704 | 110.0
CESAR 37.500 0.000| 17.308| -16.667 | 11.111 | 0.000
COCCINELLE 18.519 | -20.0
PANBOX 7.143 0.000] 0.000 | -8.333 | 0.000 | 0.000
QUABOX/CUBBOX| 5.357 | -10.000( -19.231} -33.333( 11.111 | -10.0
QUANDRY- EN -3.846 -3.704
“' REFLA/TRAC -73.214
THYDE-NEU 575.000
PRORIA 221.490( 0.000 0.000
SIMTRAN 14.286 | 0.000 0.000 | -8.333| 0.000 | 0.000
ARROTTA -3.704 | -20.0
PANTHER 16.071 0.000 { 0.000 | 0.000 | -3.704 20.0
DYN3DR 11.340 0.000 | -0.960 | -12.500| -1.852 | -2.500
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Table 3.5: PWR CORE TRANSIENT BENCHMARKS
Reference of Power Maximum (% of P/2775 MW) and Deviations (%)
Case A1l A2 B1 B2 C1 c2
Reference (%) [117.900{ 108.000|244.100]106.300 | 477.300 | 107.100
OKAPI(s) -35.199 | -0.370| 2.417 | -3.104 | -36.141 | -0.654
OKAPI(a) -0.339 20.401 30.170
BOREAS/TRAB | 25.106 | -0.185 3.154 | -0.188 | 164.215| -0.093
CESAR -46.141 | 1.019 | -30.602 | 0.659 |-31.636| 1.401
COCCINELLE -41.400 | -0.093
PANBOX -12.383 | 0.000 | -1.680 | 0.282 | -1.152 | 0.280
QUABOX/CUBBOX| 12.299 | 0.833 |125.604| 1.035 |130.254| 1.774
QUANDRY- EN 0.901 10.245
THYDE-NEU -0.188
PRORIA -73.028 | 0.278 0.187
SIMTRAN -28.329 | 0.278 | -5.326 | 0.282 | -7.668 | 0.560
ARROTTA 3.394 | 0.934
PANTHER -23.749 | -0.278 | 8.193 | 0.094 | 16.740 | 0.093
DYNS3DR -20.322 | 0.268 | 3.978 | -0.039 | -0.071 | -1.666
Table 3.6: LWR CORE TRANSIENT BENCHMARKS
PWR: Reference of Final Power (% of P/2775 MW) and Deviations (%)
Case Al A2 B1 B2 C1 c2
Reference (%) 19.600 | 103.500| 32.000 | 103.800| 14.600 | 103.000
OKAPI(s) -1.020 -0.676| -4.688 [-1.927 -1] 7.534 | -0.485
OKAPI(a) 25.000 1.250 47.260
BOREAS/TRAB | 70.408 | 0.773 | 12.500 | 0.674 |191.096| 0.874
CESAR -13.265 | -0.097 | -12.187 | 0.000 | -13.014| 0.000
COCCINELLE 1.370 | 0.097
PANBOX 0.510 0.097 | 1.563 0.289 | 2.740 | 0.194
QUABOX/CUBBOX| -0.510 0.676 | 3.750 | 0.771 4.110 | 1.068
QUANDRY- EN -23.438 -17.123
THYDE-NEU 0.963
PRORIA 26.020 | 0.193 0.583
SIMTRAN 6.122 0.097| 4688 | 0.193 | 6.164 | 0.194
ARROTTA 19.178 | 0.000
PANTHER -0.510 | -0.097| 1.563 | 0.096 | 2.740 | 0.097
DYN3DR 2.791 0.095 | 4653 | 0.070 | 5.932 | 0.303
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Table 3.7: PWR CORE TRANSIENT BENCHMARKS
Reference of Final Core Averaged Doppler Temperature and Deviations
in (%)
Case Al A2 Bi B2 Ci Cc2
Reference (°C) | 324.300 | 554.600 | 349.900 | 552.000 | 315.900 | 553.500
OKAPI(s) -0.278 -0.252| -0.343| -0.707 | 0.380 | -0.199
OKAPI(a) 3.238 0.800 4.653
BOREAS/TRAB | 10.207 | 3.642 4.201| 4.638 | 21.937 | 3.668
CESAR -0.648 | -7.339 | -0.657 | 6.902 | -0.443 | 7.371
COCCINELLE 0.222 | 0.452
PANBOX 0.463 1100 | 0915 | 1.159 | 0.538 | 1.102
QUABOX/CUBBOX 2.686 | 2.428
QUANDRY- EN 0.714 0.823
THYDE-NEU 9.601
PRORIA 2.744 | 2.669 3.847
SIMTRAN 1.079 2.164| 1600 | 2174 | 0.950 | 2.186
ARROTTA -2.501 | -23.035
PANTHER -0.123 | -0.072} 0.372 | -0.018 | 0.348 | -0.018
DYN3DR 0.469 | 0.315 | 1.294 | 0.264 | 0.681 0.275
Table 3.8: LWR CORE TRANSIENT BENCHMARK
Reference of Maximum Fuel Centerline Temperature and Deviations
(%)
i Case Al A2 Bi B2 Ci C2
Reference (°C) | 673.30 | 1691.80 | 559.80 | 1588.10 | 676.10 | 1733.50
OKAPI(s) -2.866 -0.307 { -1.304 | -0.441 -0.666 -2.798
OKAPI(a) 19.768 2.697 33.279
CESAR -6.728 0.254 -5.359 -0.252 -2.721 -0.329
COCCINELLE 1.834 3.340
PANBOX 0.965 0.106 1.536 -0.025 2.588 0.317
REFLA/TRAC | -0.624 0.714
THYDE-NEU -0.617
SIMTRAN 3.802 1.170 3.019 0.686 5.118 1.546
PANTHER -1.233 -0.136 0.875 -0.164 3.062 -0.012
DYN3DR 1.604 0.669 3.530 0.929 4.788 1.603
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Table 3.9: LWR CORE TRANSIENT BENCHMARKS
Reference of Final Coolani Outlet Temperature and Deviations (%)
Case A1l A2 B1 B2 C1 c2
Reterence (°C) [293.100 | 324.600|297.600 | 324.700 | 291.500 | 324.500
OKAPI(s) -0.102 -0.031| -0.134 | -0.154 | 0.069 | 0.000
OKAPI(a) 0.580 0.101 0.892
BOREAS/TRAB | 1.638 | 0.154 0.470 | 0.123 | 3.636 | 0.154
CESAR -0.307 | -0.031 | -0.437 | -0.031 | -0.206 | -0.031
COCCINELLE
PANBOX 0.034 0.154 | 0.101 0.154 | 0.069 | 0.154
QUABOX/CUBBOX| -0.034 0.092 | 0.101 0.154 | -0.034 | 0.062
QUANDRY- EN -1.647 -0.755
THYDE-NEU 0.400
REFLA/TRAC 2.900
PRORIA 0.068 1.078 -1.079
SIMTRAN 0.068 -0.031| 0.101 | -0.031| 0.069 | -0.031
ARROTTA 0.343 | 0.000
PANTHER -0.034 | 0.031 | 0.067 | 0.031 0.069 | 0.031
DYN3DR 0.060 | -0.117 | 0.239 0.176 0.129 0.200
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4 Calculations of the NEA-NSC Benchmarks on
Uncontrolied Withdrawal of Control Rods

Transients consisting of uncontrolled withdrawal of control rods at HZP were defined
for the reference PWR considered in the previous benchmarks [4,5]. Fig. 4.1 shows
the core map with the different fuel types and the locations of assemblies with control
rods. The positions of the control rod banks A, B, C, D and the shut down bank S are
shown. Different banks are withdrawn from different initial positions in the considered
problems. It is assumed that the control rods withdraw with the velocity of 72 steps/min.
The control rods are moved from bottom to top of core in 228 steps. The rods begin to
drop 0.6 s after the fission power has reached 35% of nominal power (2775 MW). The
rods move down with the constant velocity of 228 steps in 2.2 s. The moderator inlet
conditions as flow, pressure, temperature and boron concentration are constant during
the transient. The initial power is 10713 of nominal power. Neutron physical constants
and thermophysical properties of fuel and clad were prescribed. Own correlations of
the heat transfer from cladding to coolant and of the water properties have to be used.

Nl
gy | |

N
Il
 EEEE: AN
N < N+

Fig. 4.1: Configuration of the core with positions of control rods and the axial division
of fuel assembly number 11.

In the following comparisons of the DYNS3/R results with the reference solution are
shown. The reference solution was generated by Nuclear Electric with the help of the
PANTHER code. A finer mesh of 3x3 nodes per assembly and 48 axial layers were
used. The time steps has been reduced until the convergence of the results [7,8].
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The three problems A, B and D are considered:

Case A: bank D withdrawal
other banks A, B, C, S are fully withdrawn until scram.

Case B: bank B and C withdrawal
bank A and D remains fully inserted
other bank S is fully withdrawn until scram.

Case D: peripheral banks A and B withdrawal
bank C and D remains fully inserted
other bank S is fully withdrawn until scram.

The case C is different from B only by a constant heat transfer coefficient between clad-
ding and water of 30000 W/(m2K). The results are not considered here, because the
reference results showed only small differences to case B .

As in the benchmarks of chapter 3 the calculations with DYN3D/R for the comparisons
with the reference solutions were performed with one node per assembly and the 16
axial layers in the core given by layer thickness of 7.7, 11.5, 15.0, 30.0, (10 layers) 12.8
(2 layers) and 8 cm (from bottom to top). The bottom and top reflectors are described
by layers of 30 cm.

The comparisons of DYN3D/R results with the reference solution were performed for
- State state results:
critical boron concentration (result B1)
radially averaged axial power distribution (result B2)

axially averaged radial power distribution (result B3)
radial power distribution at axial layer

number 6 (result B4)
radial power distribution at axial layer
number 13 (resuit B5)

envelope axial power distribution Fq(z)  (result B6)

- Transient core averaged results:

fission power relative to nominal (result C1)
coolant heating (result C2)
coolant outlet temperature (resuit C3)
fuel Doppler temperature {result C4)

- Transient hot pellet results (DYN3D/R: resuits of the hottest node):

fission power to nominal (resuit D1)
coolant heating (result D2)

17



coolant temperature at the outlet of
the hot channel

heat exchange coefficient between
cladding and moderator

fuel enthalpy

fuel centerline temperature
cladding outer surface temperature

- Snapshots at time of power maximum:

fission power

radially averaged axial power distribution
axially averaged radial power distribution
radial power distribution at axial layer
number 6

radial power distribution at axial layer
number 13

envelope axial power distribution Fqg(z)

The fuel centerline temperature is calculated in DYN3D/R by an extrapolation of the av-
erage temperature of the inner node of the fuel pin to the inner boundary. It can expiain
the small deviations to the reference solution. The fuel enthalpy were calculated by us-

ing the single enthalpies of the radial nodes of the fuel pin.

Special calculations for investigating the influence of the number of the core layers car-
ried out with the total number of 20 axial layers are described in chapter 4.2.5 and chap-

ter 4.3.5.
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(result D3)

(result D4)
(result D5)
(result D6)
(result D7)

(result E1)
(result E2)
(result E3)

(result E4)

(result E5)
(result E6)



4.1 Case A - Withdrawal of Bank D

4141 Initial Steady State

The critical boron concentration of case A calculated by DYN3D is 1267.38 ppm. The
deviation to the reference value of 1262.71 ppm is 4.67 ppm (result B1).

| ]
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% o5 b—---Ff e . ..................... ..‘_ .............. [p—
E . . B
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0.0 ] ] | ] ]
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Fig. 4.1.1: Radially averaged axial power distribution (result B2)
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8 Assembly no. (DYN3D/R}) 34 35
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0.531 DYN3D/R

0.57 Dev. (%)

30 31 32 33
1.084 || 0.850 . _
1.108 || 0.855
176 || 0.61
25 26 27 28 29
1168 || 1.178 || 1.171 || 0.751 )
1166 || 1.186 || 1.189 || 0.752
015 || 067 || 153 || 0.14

18 19 20 21 22 23
0576 || 1.051 {1 1.236 ) 1.145 )} 1.017 .
0.573 || 1.049 || 1232 |I 1.153 || 1.021

-0.50 || 027 || -0.30 || 0.61 || 0.41

10 11 12 13 14 15 16
1.060 {| 0.991 || 1.145 || 1.226 § 1.137 § 0.863 || 0.476
1.046 || 0.982 |} 1136 || 1.224 {1 1.134 || 0.870 || 0.476
-1.34 |} -0.91 -0.82 || -0.15 || -0.23 0.80 0.04

1.118 || 1.233 {| 1.083 || 0.469 || 0.531
-0.54 |} -0.72 || -0.36 0.56 0.57

4 5 6 7 8
1124 || 1.242 || 1.087 || 0.466 | 0.529

Fig. 4.1.2: Axially averaged radial power distribution (result B3)

8 Assembly no. (DYN3D/R) 34 35
0.656 Reference - .
0.661 DYN3D/R

0.75 Dev. (%)

Fig. 4.1.3: Radial power distribution at axial layer number 6 (result B4)
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Fig. 4.1.4: Radial power distribution at axial layer number 13 (result B5)
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Fig. 4.1.5: Envelope axial power distribution Fq(z) (result B6)
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4.1.2 Transient Core Averaged Resuits

——— Feference
— = — DYN3D/R -

Power /2775 MW

Time (s)

Fig. 4.1.6: Fission power of hot pellet to nominal average value (result C1)

The next figure shows the results of codes taking part at the benchmark calculations.
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Fig. 4.1.7: Fission power to nominal value (result C1) for different codes [8].
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Fig. 4.1.8: Coolant heating to nominal value (result C2)
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Fig. 4.1.9: Coolant outlet temperature (result C3)
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Core averaged Doppler temperature (C)
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Fig. 4.1.10: Fuel Doppler temperature (result C4)
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The Doppler temperatures of other codes for the benchmark are shown below.
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Fig. 4.1.11: Fuel Doppler temperature (result C4) for different codes [8].
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413 Transient Hot Pellet Results
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Fig. 4.1.12: Fission power to nominal average value (result D1)
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Fig. 4.1.13: Coolant heating of hot pellet to nominal average value (result D2)
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Fig. 4.1.14: Coolant temperature at the outlet of hot channel (result D3)
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Fig. 4.1.15: Heat exchange coefficient between cladding and coolant of the hot pellet
(result D4)
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Fig. 4.1.17: Fuel temperature at hot pellet centerline (result D6)
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Fig. 4.1.18: Cladding outer surface temperature at the hot pellet (result D7)
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4.14 Snapshots at Time of Power Maximum

The power maximum calculated by DYN3D/R is at the time t,5 = 81.6 s. The value of
fission power relativ to the nominal power is 0.3552. The deviation to the reference val-

ue of 0.3556 is - 0.0004 (result E1).
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Fig. 4.1.20: Radially averaged axial power distribution (result E2)
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Fig. 4.1.21: Axially averaged radial power distribution (resuit E3)
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Fig. 4.1.23: Radial power distribution at axial layer number 13 (result E5)
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Fig. 4.1.24: Envelope axial power distribution Fq(z) (result E6)
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4.2 Case B - Withdrawal of Bank B and C

4.2.1 Initial Steady State

The critical boron concentration of case B calculated by DYN3D is 796.18 ppm. The
deviation to the reference value of 793.58 ppm is 0.32% (result B1).
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Fig. 4.2.1: Radially averaged axial power distribution (result B2)
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Fig. 4.2.3: Radial power distribution at axial layer number 6 (result B4)
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The next figure shows the envelopes of the different codes published in [8].

3.5
- —-——I m—— 0 B {QTBRER
3 k) N
/,j"z‘“: —o— B.Tea {Okapi) 1D
. 2F o/ : et [).K Wil {PaNbOX)
[
§. 2 / —o— F.Edf (Coccinglle)
§ /V/ g e F.Framal (Cesar)
- I,
g e / 4 et G8.N E. (Panthar)
S
= 1 ——e—e .Enal (QuandryEn)
\ —0— NL-Ecn {Panlher)
0.6 g
\X e R C.{ner (Ar011230)
4
° USA-Stud.(Simulats)
a 60 100 160 200 260 300 360 400

Axial position {cm)

Fig. 4.2.6: Envelope axial power distribution Fq(z) (result B6) for the codes taking
part in the benchmark calculations [8].

422 Transient Core Averaged Results
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Fig. 4.2.7:  Fission power to nominal value (result C1)
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Fig. 4.2.8:  Fission power to nominal value (result C1) for the codes taking part in the
benchmark calculations [8].
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Fig. 4.2.9: Coolant heating to nominal value (result C2)
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Fig. 4.2.11: Fuel Doppler temperature (result C4)
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4.2.3 Transient Hot Pellet Results
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Fig. 4.2.12: Fission power of hot pellet to nominal average value (result D1)
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Fig. 4.2.13: Coolant heating of hot pellet to nominal average value (result D2)
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Fig. 4.2.15: Heat exchange coefficient between cladding and coolant of the hot pellet
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Fig. 4.2.16: Fuel enthalpy of the hot pellet (result D5)
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Fig. 4.2.17: Fuel temperature at the hot peliet centerline (resuit D6)
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Fig. 4.2.18: Cladding outer surface temperature at the hot pellet (result D7)
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4.2.4 Snapshots at Time of Power Maximum

The power maximum calculated by DYN3D/R is at the time {5 = 34.827 s. The value
of fission power relativ to the nominal power is 1.2255. The deviation to the reference
value 1.3480 is - 0.1225 (result E1).
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Fig. 4.2.19: Radially averaged axial power distribution (result E2)
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Fig. 4.2.20: Axially averaged radial power distribution (result E3)
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Fig. 4.2.22: Radial power distribution at axial layer number 13 (result E5)
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Fig. 4.2.23: Envelope axial power distribution Fq(z) (result E6)
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Fig. 4.2.24: Envelope axial power distribution Fg(z) (result E6) for the results of codes
taking part in the benchmark calculations [8].
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4.2.5 Calculation with Different Axial Nodalization

If we look at fig. 4.2.7 we see a shift of power peak calculated by DYN3D/R in compar-
ison to the peak of reference solution. If we look to the comparisons in fig. 4.2.8 such
a shift exists also in other results. The power peak occurs at the time when the reactor
becomes supercritical. Therefore the localisation of power peak at the time axis is very
sensitive to the reactivity gain. Small differences of reactivity during the withdrawal of
control rods are caused by the axial nodalization and the different methods used to
overcome the cusping effects. The effect has been investigated by performing
DYNB3D/R calculations with 20 axial nodes. In that case, the 18 core layers are given
by thickness of 7.7, 11.5, 15.0 (5 layers), 30.0, (8 layers) 12.8 (2 layers) and 8 cm (from
bottom to top). The bottom and top reflectors are described by layers of 30 cm thick-
ness. The finer mesh of 15 cm instead of 30 cm is used at the axial positions of with-
drawn control rods where the reactor becomes supercritical.

The influence of the different meshes is demonstrated in fig. 4.2.25 where we see the
curves of the fission power for the reference and the results of the two different
DYNS3D/R calculations. The power peak of the calculation with 20 axial nodes is close
to the reference. It is valid for the other results also. Fig. 4.2.26 shows the comparisons
for the hot pellet fule enthalpy. The radial power distributions at the moment of power
maximum are also influenced. We see on fig 4.2.27 - 4.2.29 better agreement with ref-
erence solutions than in fig. 4.2.20 - 4.2.22 which show radial power distributions in the
moment of power maximum.
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Fig. 4.2.25: Fission power to nominal value (result C1). Comparison of different
DYNS3D/R calculations with reference
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Fig. 4.2.26: Fuel enthalpy of the hot pellet (result D5). Comparison of the different

DYN3/R calculations
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Fig. 4.2.27: Axially averaged radial power distribution (result E3). Comparison of
DYNB3D/R calculation using 20 axial nodes with the reference values.
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Fig. 4.2.28: Radial power distribution at axial layer number 6 (result E4). Comparison
of DYNS3D/R calculation using 20 axial nodes with the reference values
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Fig. 4.2.29: Radial power distribution at axial layer number 13 (result E5). Compari-
son of DYN3D/R calculation using 20 axial nodes with the reference val-

ues.
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4.3 Case D - Withdrawal of Bank A and B

4.3.1 Initial Steady State

The critical boron concentration of case D calculated by DYN3D is 796.11 ppm. The
deviation to the reference value of 793.58 ppm is 2.53 ppm (result B1).
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Fig. 4.3.1: Radially averaged axial power distribution (result B2)
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Fig. 4.3.2: Axially averaged radial power distribution (result B3)
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Fig. 4.3.3: Radial power distribution at axial layer number 6 (result B4)
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Fig. 4.3.5: Envelope axial power distribution Fq(z) (result B6)
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4.3.2

1.2

Transient Core Averaged Results
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Fig. 4.3.6: Fission power to nominal value (result C1)
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Fig. 4.3.7: Coolant heating to nominal value (result C2)
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Fig. 4.3.8: Coolant outlet temperature (result C3)
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Fig. 4.3.9: Fuel Doppler temperature (result C4)
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4.3.3 Transient Hot Pellet Results
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Fig. 4.3.11: Coolant heating of hot pellet to nominal average value (result D2)
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Fig
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. 4.3.12: Coolant temperature at the outlet of the hot channel (result D3)
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.4.3.13: Heat exchange coefficient between cladding and coolant of the hot pellet
(result D4)

54



1.7E+45

1.6E+5

1.5E+5

14E+5

Hot pellet fuel enthalpy (J/kg)

1.3E+5

Reference
DYN3D/R

1.2E+5 '
35 40 45 50
Time (s)
Fig. 4.3.14: Fuel enthalpy of the hot pellet (result D5)
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Fig. 4.3.15: Fuel temperature at the hot pellet centerline (resuit D6)

55



305 T r T l T

® B B -
Y \ Reference l
S 300 pF—------ B & XN
@ A" Y — — — DYNSDAR |
@ b
=3 \ - '
5 B :
2
F 295 f—- oo -oee-
ke
8
[&]
E —
3
£E
% 290 — -
=

285 L

35

Time (s)

Fig. 4.3.16: Cladding outer surface temperature at the hot pellet (result D7)
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4.24 Snapshots at Time of Power Maximum

The power maximum calculated by DYN3D/R is at the time 1,5 = 40.06 s. The viaue
of fission power relativ to the nominal power is 1.0608 (result E1). The deviation to the
reference value 0.9685 is 0.0923.

20— -4 N N REEEEEETEEERREEE .................. —

Reference
DYN3D/R

1.0 .................. —

Radial average of normalized power

0.0 l l | I
0 100 200 300 400

7-nngition (em)

Fig. 4.3.17: Radially averaged axial power distribution (result E2)
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Fig. 4.3.18: Axially averaged radial power distribution (result E3)
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Fig. 4.3.19: Radial power distribution at axial layer number 6 (result E4)
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Fig. 4.3.20: Radial power distribution at axial layer number 13 (result E5)
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Fig. 4.3.21: Envelope axial power distribution Fq(2) (result E6)
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4.3.5 Calculation with Different Axial Nodalization

Like fig. 4.2.7 of case B we see at fig. 4.3.6 a similar shift of power peak calculated by
DYN3D/R in comparison o the peak of reference. In case D also a DYN3D/R calcula-
tions with 20 axial nodes was carried out. The same axial layers as in chapter 4.2.5
were used, because the situation of case D is similar to case B.

Fig. 4.3.22 shows the curves of the fission power for the reference and the results of
the two different DYN3D/R calculations. The position of power peak of the calculation
with 20 axial nodes is close to the reference. The situation is similar for the other re-
sults being demonstrated by some examples. Fig. 4.3.23 shows the comparisons for
the hot pellet fuel enthalpy. It can be seen that the curve obtained with 20 axial layers
is nearly identical with the reference. We see on A better agreement with reference
solutions can be observed in fig 4.3.24 - 4.3.26 than in fig. 4.3.18 - 4.3.20 which show
the radial power distributions in the moment of power maximum.
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Fig. 4.3.22: Fission power to nominal value (result C1). Comparison of different
DYNS3D/R calculations with the reference.
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Fig. 4.3.24: Axial averaged radial power distribution (result E3). Comparison of
DYN3D/R calculation using 20 axial nodes with the reference values.
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Fig. 4.3.25: Radial power distribution at axial layer number 6 (result E4). Comparison
of DYN3D/R calculation using 20 axial nodes with the reference values.
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Fig. 4.3.26: Radial power distribution at axial layer number 13 (result E4). Compari-
son of DYN3D/R calculation using 20 axial nodes with the reference val-
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5. Conclusions

The 3D core model DYN3D/R, a version of DYN3D for Cartesian geometry, was veri-
fied with the help of benchmark problems. Concerning the transient benchmarks on
control rod ejections and withdrawal of control rods the considered problems are the
only ones which have been available so far for PWR’s. The neutron physical data and
the thermophysical properties of fuel and clad were given in the definitions of the
benchmarks. Small adaptations were made in DYN3D/R to implement these formulas.
The heat transfer from cladding to water and the properties of water were not given and
own correlations have to be used. Considering the investigated benchmark problems
the DYNS3D/R solutions by using the standard mesh show a good agreement with the
reference resulits.

Concerning the withdrawal of control rods it was shown that the small deviations to the
reference solution, as the time shift of power maximum, can be reduced by choosing a
finer mesh in space. If the standard axial mesh is used and the lower end of control
rods is moved through a node, the applied method for damping the cusping effects in-
fluences the time behaviour of reactivity. Especially, if the reactivity is near to prompt
critical small differences of reactivity have an impact on the time of the power increase.
The power peak determined by the reactivity insertion and the negative Doppler effect
can be influenced also. A finer axial mesh reduces the differences of the reactivity gain.

Considering the presented results of comparisons it can be stated that DYN3D/R is ca-
pable of analyzing reactivity transients in a PWR with quadratic fuel assemblies.
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