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ABSTRACT

Interpretation of rod drop measurements during startup tests of the Loviisa reactors has earlier
been studied with two-dimensional core calculations using a spatial prompt jump
approximation. In these calculations the prediction for the reactivity meter reading was lower
than the measured values by 25 %. Another approach to solve the problem is simulation of the
rod drop experiment with dynamic core calculations coupled with out of core calculations to
estimate the response of ex-core ionization chambers for the reactivity meter. This report
describes the calculations performed with the three-dimensional dynamic code HEXTRAN for
prediction of the reactivity meter readings in the rod drop experiments in initial cores of the
WER-440 reactors.

The two-group homogenized cross sections for the core calculations were created with the fuel
assembly code CASMO-4. Control absorbers were described by albedo matrices which had been
calculated with the CASMO-HEX and ANISN codes. HEXTRAN solves the neutron diffusion
equations within the reactor core and the fluxes at ionization chambers of different azimuthal
locations are estimated with precomputed kernels. The Monte-Carlo code MCNP4B was used to
produce the kernel which operate on prompt fission source to give the detector fluxes. An
auxiliary code solving the inverse kinetic equations was programmed to simulate the operation
of the reactivity meter.

Several cases of rod drop experiments in the initial cores of Loviisa-1 and -2 and Mochovce-1
were analyzed including both full scram and partial scram with one or two rods stuck out of the
core. Comparison of results was performed directly on predicted and measured reactivity meter
readings expressed in dollars. All reactivity values calculated for the Loviisa reactors were lower
than measurements by a nearly constant relative deviation of about -11 %. Results for Mochovce
behaved similarly, but deviations from measured values were somewhat smaller i.e., 7-8 %.

The consistency of the results indicates that the calculation system describes correctly the spatial
effects of flux distribution and different location of ionization chambers. Test calculations show
that the deviation between measured and calculated reactivities could be explained by an
uncertainty of less than 10 % in the albedos for the control absorber. It is also found that the
relative fractions of delayed neutrons used in solution of the inverse kinetic equations have a
considerable effect on the reactivity values.

367



1. INTRODUCTION

Investigation in the interpretation of rod drop measurements in the Loviisa reactors began at
VTT some ten years ago as a joint project with Fortum Engineering (previously Imatran Voima
OY) /I PJ. In the earlier studies the estimation of the reactivity meter readings was based on
prompt jump approximation and calculations were performed with the fine-mesh finite-
difference code TRIGON in a two dimensional geometry. The reactivities were derived from the
change of fast flux at the ionization chambers when control rods are dropped into the core.
Calculated reactivities for drop of all control rods were consistently lower by about 25 % than
the measurements by ionization chambers at different azimuthal locations. Although part of the
deviation could be attributed to neglect of change in the axial flux shape, a rather large gap still
remained between calculated and measured values.

Another method to analyze a rod drop measurement is the dynamic simulation of the whole
event The purpose of such a simulation is to calculate the time behavior of flux at the ionization
chamber for the reactivity meter. Reactivity values can then be determined by solution of inverse
kinetic equations for the calculated flux using the same kinetic parameters as in the actual
measurement

The three-dimensional dynamic code HEXTRAN is used for simulation of the rod drop
measurements in the present study. In the dynamic calculations the neutron flux is first solved in
each time step within the active core and then the response of ex-core ionization chambers is
calculated from the core flux. This is done in HEXTRAN by precomputed kernels which operate
on prompt fission source at the peripheral zone of the reactor core. Finally, the estimate of the
reactivity meter reading is calculated with a small off line code which solves the inverse kinetic
equations for six delayed neutron groups.

Besides the Loviisa reactors, rodilrop tests at reactor startup are analyzed in the newest WER-
440 unit, Mochovce-1 which was put in operation in 1998. Except for the initial loading the
reactors are essentially similar in the calculations. Full scram and partial scram with one or two
control rods stuck in the upper position are included in the simulations and comparison of results
are made directly on reactivity values expressed as dollars.

2. CALCULATION OF DETECTOR RESPONSE KERNELS

The response of the ionization chambers (IQ is calculated by folding the source distribution in
the core with a precomputed kernel, appropriate to the core geometry and IC location. Adjoint
MCNP4B calculations were used to create the required kemels.The Monte Carlo method was
preferred to discrete ordinates to avoid difficulties connected with streaming in the cavity, and
because it allowed us to represent the geometry as exactly as required.

Since the ionization chambers are located at 15-degree intervals around the reactor vessel and
the reactor core has a 30-degree symmetry, only 3 IC positions had to be considered in the
transport calculation. In addition, we had to consider two core geometries: the original full core
and the reduced core, with dummy assemblies replacing some peripheral fuel assemblies. Using
adjoint formalism, only 6 calculations were required, as opposed to about a hundred forward
calculations, so the adjoint method was chosen. This made it necessary to use multigroup cross
sections, with some loss in accuracy, but that was not considered a problem. The fact that the
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NONU option in MCNP4B, which turns off fission for fixed-source calculations, does not work
in adjoint calculations was a problem, but it turned out to be easy to set the neutron production
cross sections to zero.

Only those parts of the core, reactor internals and pressure vessel considered capable of
contributing significantly to the detector response were modelled. The active core was devided
into 10 axial layers of equal thickness and 60 cm thick regions above and below the core were
added to the calculation area. Azimuthally the modelled arera was limited to a 150-degree
sector, extending at least 60 degrees to either side of the line from the core center to each
detector. Radially only 3 outermost rows of fuel assemblies in the reduced core were included.
In the full core the same assemblies were retained, so adding the assemblies missing from the
reduced core meant that about 3>Vi rows were included. Figure 1 shows the cross section of the
reactor core and the different material regions with the three IC locations in its surroundings.
The shaded region (excluding the centermost assembly) in the core indicates the fuel assemblies
for which the kernels are calculated.

The fuel assemblies were homogenized to save tracking time. This is inaccurate in the resonance
and thermal range, but only fast neutrons were of interest in the core, since only they had a
significant probability of reaching the detectors.

The adjoint particles were started in the IC of interest at thermal energy and tracked backward to
the core. An upper energy limit was applied at 15 MeV to get rid of the numerous particles that
would otherwise have accumulated in the topmost group, where the fission spectrum is near
zero. The tallied quantity was the adjoint flux, folded with a fission spectrum, in each node. This
gives the contribution from a unit source in the node with the given spectrum to the detector
response.

An auxiliary program called KERROT (KERnel ROTation) is used to rearrange the kernel so
that it will give the response of a detector in any position relative to the coordinate system of
HEXTRAN. This program also modifies the kernel to take into account the highly non-uniform
source distribution in the outermost assemblies.

Our results confirmed that the contribution from the neglected part of the core would have been
negligible. They also showed that the radial dependence of the kernel is much stronger than the
azimuthal or axial, demonstrating that streaming in the cavity is important

We have verified that delayed neutrons do not contribute significantly to the ionization chamber
response even when the reactor goes subcritical. The low energy of these neutrons means that
their probability of reaching the ionization chambers is, at most, about 3 % of the corresponding
value for prompt neutrons. Also, the kernels for full power and hot zero power state of the core
are essentially identical in shape, though the absolute values differ by about 10 %.

3. SIMULATION OF ROD DROP EXPERIMENTS WITH HEXTRAN

HEXTRAN is a three-dimensional dynamic code for W E R reactors and it has a detailed model-
ling for the follower type control assemblies of the WER-440 reactor /3/. The whole of the
active part of the fuel follower is included in the solution domain of nodal and other equations
and the axial movement of e.g. delayed neutron precursors is taken into account in the calcula-
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tion. On the other hand, neutron flux is not explicitly solved in the absorber part of the control
assembly, but two-group albedo matrices are used for estimation of neutron leakage into the
control absorber. Individual sets of albedos can be associated with different zones of the
assembly (boron steel, joining region above the follower, etc.).

The control rod albedos have been calculated at VTT using the cell code CASMO-HEX and the
one-dimensional transport code ANISN. Altogether four set of albedos are used to describe the
transverse leakage into different axial segments of the control assembly. The segments and their
heights starting from top of the uranium column of the fuel follower are as follows:

steel in fuel rods 10 cm
gas space and end plugs 12 cm
connecting region 24 cm
boron steel absorber 224 cm

The axial leakage upwards at top of the fuel follower is described by a fifth set of control rod
albedos which differ from the albedos for the top reflector of the reactor core.

These albedos do not include any adjustments to experimental data and they have been used for
a long time in fuel management and other calculations of the Loviisa reactors. Their accuracy
has been studied in a test problem on WER-440 control rod efficiency /4/. Calculation were
made in an infinite lattice of control rods which consisted entirely of the boron steel absorber. A
direct calculation with the transport code ANISN gave a reasonable agreement with the control
rod efficiency calculated with the nodal code HEXBU-3D which employs the same nodal
solution method as HEXTRAN. Later, similar results were obtained for the test problem in
Kurchatov Intitute with a Monte Carlo code.

Thermal hydraulics calculations had no significance in this case since the rod drop experiments
were made at isothermal temperature and essentially with zero thermal power. Also, the boron
concentration had a fixed value during the experiments. Therefore the nodal two-group cross
sections and neutron kinetic data could be created at the actual conditions and description of
their dependence on the state variables was not needed.

The fuel assembly code CASMO-4 was used in the cell calculations for fuel assemblies of zero
bumup and 1.6,2.4 and 3.6 % enrichment Separate sets of data were created for the Mochovce
assemblies which have the same enrichment, but different shroud thickness (2.1 or 1.5 mm). The
homogenized cross sections produced by CASMO-4 include flux discontinuity factors (one
factor per group) and these were used in solution of the nodal equations in HEXTRAN.

A full core model was applied in all calculations and the core was divided into one node per fuel
assembly in a transverse cross section and axially into 20 nodes of equal height Radial and axial
reflectors were described by albedo boundary conditions using the standard sets of albedos in the
Loviisa calculations. The albedos are based on one-dimensional transport calculations in the
reflectors and they depend on boron concentration in the moderator.

The time step had a constant value of 0.1 s in the dynamic or rather neutron kinetic calculations.
Control rods were assumed to move at a speed on 25 cm/s which corresponds to a total time of
10 s for a full scram when the position of the rods changes from 250 cm to 0 cm. During each
time step the neutron flux was calculated with the precomputed kernels for three ex-core
ionization chambers located at chosen azimuthal directions.
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Estimates of the reactivity meter readings were calculated afterwards with the auxiliary code for
solution of the inverse kinetic equations. Input data for the code consist of time-dependent flux
at detector locations and the kinetic parameters or the delayed neutron fractions and decay
constants of delayed neutron precursors used in the actual reactivity meter.

4. LOVIISA RESULTS

Startup of the Loviisa reactors include reactivity measurements for a full scram or drop of all
control rods and for a partial scram with one control rod stuck out of the core. Figure 2 gives the
loading pattern which was equal for the both units Loviisa-1 and -2. The azimuthal directions of
three adjacent ex-core ionization chambers are also shown in the figure. They represent the
geometrically different symmetry options for the detector locations and kernels have been
calculated for each of them. According to the standard numbering of the detector locations (see
Fig. 1 in Ref. 5) the three directions point to ionization chambers 5,6 and 7.

Simulation of the full scram was made in the following initial conditions of the reactor:

reactor power 10 kW
temperature 260 C
boric acid concentration 6.6 g/kg
initial height of group 6 204 cm :

The nodal cross sections and kinetic parameters were created with CASMO4 in the actual
conditions and the control assembly albedos were evaluated at a moderator temperature 260 C
Temperature during the measurement was slightly lower (259..J258 Q , but the deviation has a
negligible effect on the results. A criticality calculation gave k^ = 0.99899 for the effective
multiplication factor in the initial state and the static reactivity value was p = 11.08 % for
insertion of all control rods. The simulation continued 60 s from start of the control rod drop and
the time-dependent flux was calculated for the three detector locations indicated in Figure 2.

The reactivity measurements had been made with PIR type reactivity meters which determine
the reactivity with the kinetic parameters (delayed neutron fractions and decay constants of
precursors) given by Keepin. These parameters correspond to thermal fission of U-235 and
deviate somewhat from the data computed by CASMO-4 and applied in HEXTRAN. In order to
simulate the operation of the reactivity meter the Keepin data was used in the auxiliary code to
solve the inverse kinetic equations. Table 1 gives the parameters for the dynamic calculation and
for the reactivity meters in Loviisa and Mochovce. The data of HEXTRAN are core-average
values in the hot critical state of Loviisa-1 and the decay constants of Keepin are used in all
reactivity meters. Rather large deviations can be observed in the data, especially between
HEXTRAN and the reactivity meters in delayed neutron groups 5 and 6.

Results for three calculations of slightly different input data in HEXTRAN are shown in Table
2. Although locations of the ionization chambers are not adjacent to each other, for symmetry
reasons they represent the three directions or azimuthal angles in Figure 2. Reactivity measure-
ments in Loviisa-2 were consistent with Loviisa-1 since the values for both chambers IC 3 and
IC 12 did not deviate more than 0.1 $ from the Loviisa-1 measurements. There were no
measurements for the third location.
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The first (basic) calculation is made without any adjustment on the input data. It predicts
correctly the directional effect of the ionization chambers, because the relative deviation of the
calculated value from measurement is practically constant for the ionization chambers IC 3 and
IC 12. The lowest reactivity value is obtained for a detector location at 30 degrees where the
distance from outermost fuel assemblies is shortest

Calculated reactivity values in Table 2 are taken at 60 s from start of the control rod drop which
was roughly the time for taking the reactivity meter readings. A slight decrease can be observed
in the time behavior of the reactivities calculated by solution of the inverse kinetic equations
beyond the end of control rod insertion. Immediately after the scram is finished at 10 s the
calculated reactivity values are 0.2...0.3 $ smaller than those in the table.

In the second calculation the fast group albedo of the boron steel absorber was reduced from
0.658 to 0.608 (a reduction of 0.05) which increases the static reactivity of all control rods to
12.01 % or the relative increase is 8.4 %. According to the results, approximately an equal
relative change is seen in the predictions for the reactivity meter readings.

The average total fraction of delayed neutrons calculated by HEXTRAN is (Jw = 0.007164. A
third calculation was made with {}„• = 0.00688, but keeping the relative fractions of the six
delayed groups unchanged (CASMO-4 fractions). As one can expect the predicted values for the
reactivity meter readings are inversely proportional to the total fraction of delayed neutrons if
other data is equal. It should be noted that in all cases the same kinetic parameters of Keepin
were used in solution of the inverse kinetic equations for the time-dependent detector flux
calculated by HEXTRAN.

Simulation results for a partial scram with one control rod stuck were compared with measure-
ments in Loviisa-2. The boron concentration had the same value of 6.6 g/kg as in the previous
calculations, but the initial height'183 cm of control group 6 was somewhat lower. The stuck rod
was either a group 3 or a group 4 rod located in the core sector closest to the ionization chamber
IC 12. Another chamber IC 3 is located on the opposite side of the core to the stuck rods.

Calculated and measured reactivity values for the stuck rod cases are given in Table 3. The
measured reactivity for IC 12 with a group 3 rod stuck is 12.7 $ in Loviisa-1. Thus there is a
very good agreement between measurements in the two units. The results for IC 3 clearly show
that an ionization chamber does not feel the effect of a stuck rod if it is located on the opposite
side of the core to the rod. The slightly lower reactivities (both measurement and calculation)
compared to the full scram values in Table 2 could be due to different heights of control group 6
in the initial state. Again the estimated reactivity meter readings are in good agreement with the
measured values except for an almost constant relative deviation in the magnitudes.

5. MOCHOVCE-1 RESULTS

The initial loading of the first unit of Mochovce is shown in Figure 3. It differs from the Loviisa
cores by a higher average enrichment of fuel, but the construction and enrichment of individual
assemblies are the same. A minor difference in the construction is the smaller shroud thickness
of a few 1.6 and 2.4 % enriched assemblies in the Mochovce core. The higher enrichment means
a more reactive core or the boron concentrations in initial criticality was 8 g/kg instead of 6.6
g/kg in Loviisa.
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Two-group cross sections and the kinetic parameters were generated with CASMO-4 at the hot
zero power conditions with temperature 260 C and boron concentration 8 g/kg. Calculations
were performed altogether for five types of fuel material, though the effect of shroud thickness
(2.1 mm or 1.5 mm) on the results is very small. Other relevant input data required by
HEXTRAN, the control assembly and reflector albedos and the detector kernels were equal to
data in the Loviisa calculations.

The rod drop experiments at startup of the reactor are described in Ref. 5 which also gives
measured and calculated results for control rod reactivities. Simulations with HEXTRAN were
performed for both cases of one and two control rods stuck out of the core. The time step was
0.1 s and the dynamic calculation was continued until 100 s from start of the control rod
insertion. Speed of control rod insertion was 25 cm/s and the time interval between start of the
experiment and drop of the stuck rods was 50 s in the case of one stuck rod and 36 s in the case
of two stuck rods. These intervals are determined from the measured reactivity curves in Ref. 5.

Reactivity meter readings were calculated for ionization chambers 2,8 and 10. Chambers 8 and
10 are located close to the stuck rods which are either a group 4 rod (one stuck rod) or a rod of
both groups 3 and 4 (two stuck rods). The third chamber 2 is located 120 degrees away from
chamber 8 quite on the opposite side of the core to the stuck rods. Since all these locations
correspond to the same azimuthal angle of 15 degrees in Figure 2, the kernels for estimation of
the detector flux are equal for the three chambers. ;

In solution of the inverse kinetic equations for the detector readings, the kinetic parameters for
the Russian reactivity meter AKR-02R (ionization chambers 2 and 10) or the Slovakian meter
DRN-501 (ionization chamber 8) were used /67. As a calculational demonstration, the equations
were solved for the one stuck rod case with the Keepin data used in the Loviisa reactivity meter.
The decay constants of delayed neutron precursors are the same, only the delayed neutron
fractions are different in each case.

Results of the calculations and comparison with measured values (from Ref. 5) are shown in
Tables 4 and 5. The measured values, originally expressed as per cents of reactivity, are convert-
ed into dollars ($) with a total fraction of delayed neutrons Ptt = 0.007215. In addition to the
calculation with unadjusted data (Basic) the rod drop simulations were made with the same
change in albedo matrix (reduction of fast reflection coefficient from 0.658 to 0.608) for the
boron steel absorber of control assemblies as in the Loviisa calculations. Reactivity values of the
last columns (Keepin data) are determined from time-dependent detector flux of the first (Basic)
HEXTRAN calculation in which the kinetic parameters generated with CASMO-4 are applied.

The basic calculations give estimates for the reactivity meter readings which have approximately
the same relative deviation (7-8 %) from the measured values in all cases. This is consistent with
the Loviisa results except for the smaller magnitude of the deviations. In the second calculation
the same reduction as earlier in the control absorber albedo brings the calculated results very
close to the measured values. It is interesting to see that roughly the same effect on the results is
obtained if the inverse kinetic equations are solved with delayed neutron fractions by Keepin
instead of the fractions used in the reactivity meters. This effect is not caused by difference in
the total fractions, but in the relative fractions since only the latter ones have significance in
solution of the kinetic equations.

Table 6. gives a comparison of static reactivity worths calculated with HEXTRAN to the BIPR-
7 values from Ref. 5. The agreement between HEXTRAN (basic calculation) and BEPR-7 seems
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to be rather good: the full scram value of HEXTRAN is slightly lower, but the stuck rod values
slightly higher than the results of BIPR-7. A change in the control absorber albedo has the
largest effect on the full scram worth. Obviously, the very skewed distribution of the radial flux
in die stuck rod cases makes the reactivity worth less sensitive to a change in absorber
characteristics.

6. CONCLUSIONS

The new calculation system of the dynamic code HEXTRAN is capable of simulating rod drop
measurements and of directly predicting reactivity meter readings in WER-440 reactors.
Several cases of rod drop experiments were analyzed for the initial cores of the Loviisa and
Mochovce reactors. These included stuck rod cases in which the flux distribution is very uneven
in the core.

Comparison with measurements showed that all calculations gave somewhat smaller reactivities
than the measured values, but the relative deviation is very stable in different cases for the same
reactor. Especially for the Loviisa reactors the deviation of about - 1 1 % was nearly constant In
Mochovce which included measurements with one and two rods stuck out of the core, the
deviation varied between -63 % and -8.7 %. Thus the calculation system describes correctly the
spatial variation of neutron flux within the reactor core and of the detector response to the
prompt neutron source in the core.

A number of possible explanations can be distinguished for the difference in magnitudes of
calculated and measured reactivity meter readings. Firstly, the control rod albedos may be
inaccurate. Test calculations showed that a reduction of the fast group reflection coefficient of
the boron steel absorber from 0.658 to 0.608 (reduction of 7.6 %) mostly removes the gap
between calculation and measurement Such a change in the albedo corresponds to a relative
increase of 8-9 % in the reactivity worth of all control rods for the reactors.

Another reason to the discrepancy could be attributed to inaccurate fractions of the delayed
neutrons, particularly to the total fraction, in the dynamic calculation. In a two-group solution of
the neutron flux the fractions should have effective values which account for the contributions of
U-235 and U-238 fissions and for the lower energy of delayed neutrons. A Loviisa calculation
with a smaller value Ptt= 0.00688 instead of £„= 0.00716 (the core-average value for CASMO-4
data) did not reduce the deviation from measurements by more than one third. Since the smaller
value is approximately the delayed neutron fraction of U-235 fission the effective fraction is
most probably larger due to fast fissions of U-238. Therefore the uncertainty in total p cannot be
the only reason for the deviations.

A third explanation might be a possible change in the migration area or generally in nodal cross
sections of fuel assemblies during the control rod insertion. After a scram the core is highly
subcritical or the buckling in fuel assemblies becomes larger than the approximate material
buckling in the initial (critical) state. Obviously, this results in a change in neutron spectrum,
mostly in higher energies, which the usual two-group formalism cannot cope with. An increase
of migration area in fuel region leads to more neutrons leaking into the control assembly which
enhances the prompt jump of flux. Thus the present calculations with constant cross sections and
control rod albedos (isothermal conditions, constant boron) may underestimate the results of rod
drop measurements.

374



REFERENCES

1. E, Kaloinen and P. Siltanen, "Results of numerical investigations in the interpretation of
WER-440 rod drop measurements using a spatial prompt jump approximation", Meeting
of Thematic Group 2 of VMK, Warsaw,. May 28 - June 2,1990.

2. P.Siltanen and E. Kaloinen, "Investigations in the interpretation of WER-440 rod drop
measurements in the beginning of cycles 1 and 11 of Loviisa-1", 19. Symposium of VMK,
Siofok,. Sept 30 - Oct 6,1990.

3. R. Kyrki-Rajamakiu Three-Dimensional Reactor Dynamics Code for W E R type Nuclear
Reactors", VTT Publications 246, Technical Research Centre of Finland, Espoo, (Thesis for
Dr.Tech.) (1995).

4. P. Siltanen, M. Anttila and E. Kaloinen, "Test problem on WER-440 control rod
efficiency", Meeting of Thematic Group 2 of VMK, Moscow,. May 30 - June 3,1988.

5. Miroslav Minarcin and Marek Elko, "Ejected control rod and rods drop measurements
during Mochovce startup physical tests", Proceedings of 8. Symposium of AER, Bystrice
nad Perstejnem, Czech Republic, 21- 25 September 1998. pp. 577-585.

6. Miroslav Minarcin, e-mail message to P. Siltanen, 19.8.1999.

375



Table 1. Kinetic parameters in HEXTRAN and reactivity meters.

HEXTRAN

PIR, Keepin

AKR-02R

DRN-501

HEXTRAN

Keepin

Total
fraction

0.00716

0.00650

0.00739

0.00722

Relative fractions of 6 delayed neutron groups
1 2 3 4 5 6

0.034

0.033

0.029

0.029

0.201

0.219

0.204

0.202

0.184

0.196

0.188

0.189

0.404

0.395

0395

0394

0.143

0.115

0.135

0.138

0.034

0.042

0.048

0.049

Decay constants of delayed neutron precursors, 1/s

1 2 3 4 5 6

0.0127

0.0124

0.0318

0.0305

0.1191

0.1110

03181

03010

1.4024

1.1400

3.9249

3.0100

Table 2. Comparison of calculated estimates of reactivity meter readings with measurements
for full scram in Loviisa-1. Initial height of group 6 is 204 cm.

Ionization
chamber

IC3, (Odeg)

IC12, (15deg)

IC5, (30deg)

Measured .
reactivity :.

$

19.7

17.7

-

Calculated reactivity ($) and relative deviation (in brackets)
from measurement

Basic, ptt=0.007164 Reduced albedo $M= 0.00688

17.41 (-11.6%)

15.67 (-11.5%)

14.50

18.97 (-3.7%)

16.99 (-4.0%)

15.66

18.15 (-7.9 %)

16.33 (-7.7 %)

15.11

Table 3. Comparison of calculated estimates of reactivity meter readings with measurements
for partial scram with one rod stuck in Loviisa-2. Initial height of group 6 is 183 cm.

Ionization
chamber

IC3

IC12

Measured reactivity ($)

Group 3 rod stuck Group 4 rod stuck

19.6

12.6

19.6

10.1

Calculated reactivity ($) and relative
deviation from measurement

Group 3 rod stuck Group 4 rod stuck

17.27 (-11.9%)

11.16 (-11.4%) 8.95 (-11.4%)

376



Table 4. Comparison of calculated estimates of reactivity meter readings with measurements
for partial scram with one or two rods stuck in Mochovce-1. Initial height of group 6
is 200 cm.

Stuck
rods

1

1

1

2

2

2

Ionization
chamber

8

2

10

8

2

10

Measured
reactivity

$

8.81

15.14

11.25

6.33

15.25

6.44

Calculated reactivity ($) and relative deviation (in brackets)
from measurement

Keepin data in
Basic Reduced albedo reactivity meter

8.22 (-6.7 %)

14.18 (-6.3 %)

1036 (-7.9%)

5.83 (-7.9%)

14.21 (-6.8%)

5.88 (-8.7%)

8.74 (-0.8 %)

15.44 (+2.0%)

11.15 (-0.9%)

6.12 (-33%)

15.48 (+15%)

6.18 (-4.0%)

9.01 (+23%)

15.41 (+1.8%)

11.25 (0.0%)

Table 5. Comparison of calculated estimates of reactivity meter readings with measurements
after drop of all control rods in Mochovce-1. Initial height of group 6 is 200 cm.

Stuck
rods

1

1

1

2

2

2

Ionization
chamber

8

2

10

8

2

10

Measured
reactivity

$

15.43

15.14

1534

15.25

Calculated reactivity ($) and relative deviation (in brackets)
from measurement

Keepin data in
Basic Reduced albedo reactivity meter

14.14 (-8.4%)

14.17 (-6.4 %)

14.16

14.16 (-7.7 %)

14.20 (-6.9 %)

14.28

1539 (-03%)

15.43 (+1.9%)

15.42

15.40 (+0.4%)

15.46 (+1.4%)

15.53

1554 (+0.7%)

15.46 (+2.1%)

15.44
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Table 6. Static reactivity worths (%) of control rods at hot zero power condition in the initial
core of Mochovce-L

Case

Full scram

One rod stuck (group 4)

Two rods stuck (groups 4 and 3)

HEXTRAN

Basic Reduced albedo

10.72

6.81

4.64

11.69

7.15

4.80

BIPR-7

10.93

6.72

4.39

Figure 1. Horizontal cross section of the reactor in calculation of detector response kernels.
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30deg

15deg

Odeg

Figure 2. Initial core of Loviisa-1 and-2. Fuel enrichment (%) and locations of control
assemblies (CR). Arrows indicate directions of three adjacent ionization chambers.

Figure 3. Initial core of Mochovce-1. Fuel enrichment (%) and locations of control assemblies.
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