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ABSTRACT

Simulations of reactor scram experiments using the 3-dimensional kinetics code
HEXTRAN have been updated for the initial cores of Loviisa-1&2 and Mochovce-1 and have
been extended to burned cores of Loviisa-1. In these simulations, the entire experiment is
simulated dynamically, including the behaviour of the core, the signal of the ionization cham-
ber, and the inverse point kinetics of the reactivity meter. The predicted output of the reactiv-
ity meter is compared with the output observed during the experiment.

The description of the control rods in HEXTRAN has been improved by implementing a
full albedo matrix description consisting of partial albedos from face-group to face-group.
The purpose is to improve the description of the control absorbers located in flux gradier-:-s.
New partial albedos have been calculated for the boron steel sections of the control rods with
the code MCNP4B. This has resulted in a total relative increase by 4.5 % in the scram worth
for the initial core of Loviisa.

The delayed neutron data for fuel of different enrichments and burnup is obtained from the
code CASMO-4. Effective fractions are edited by weighting with the adjoint flux calculated
at zero buckling. This results in a weak dependence of the effective fractions on material
buckling. In HEXTRAN, effective fractions depend on the node, but the time constants are
common to the whole core.

After scram, the buckling of the neutron flux in the fuel increases becoming larger than the
material buckling. This influences particularly the fast group neutron cross sections. The ef-
fect has been studied by static calculations in the initial core. The migration area increases by
some 2.5 %. This enhances neutron leakage into the control rods and reflector, increasing the
static reactivity worth of scram by about 3 %. This effect is not included in HEXTRAN.

Predictions of reactivity meter readings are in reasonably good agreement with actual
measurements. Relative deviations for Loviisa are in the range -7 ... 0 % and for Mochovce
they are in the range -4 ... -2 %. The agreement could be further improved by some +3 % by
describing better the influence of buckling changes on two-group cross sections. Thereby, a
prediction accuracy of 5 % is obtained for reactor scram. This is sufficiently accurate and
demonstrates that there are no significant errors in the modelling of VVER-440 control rods.
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1. INTRODUCTION

Reactivity measurements during rod drop experiments, particularly during reactor scram with
or without stuck control rods, have been extensively studied within AER during recent years.
It is well known that the reading of a reactivity meter connected to a particular ex-core ioni-
zaUon chamber does not represent the desired static reactivity worth of the dropped rods. One
approach to utilising the measurements for code validation is to simulate the entire experiment
and to predict the reading of the meter. This prediction can then be compared directly to the
measurement [1].

The complete simulation of a rod drop experiment such as reactor scram involves three major
steps. These are:

• The simulation of the time-dependent behaviour of the neutron flux and production of fis-
sion neutrons in the core using a 3-dimensional core kinetics model. The simulation ex-
tends over the useful time interval of the experiment, typically no more than 100 seconds.
The nodal code HEXTRAN at VTT Energy is used for this purpose. The code requires
both static 2-group data and neutron kinetics data for all nodes in the core. These have
been generated with the assembly code CASMO-4/hex using a data library based mostly
on ENDF/B-IV. Neutron kinetics data are based on ENDF/B-V.

» The simulation of neutron transport from the core nodes to the different locations of ioni-
zation chambers outside the core. This problem can be solved for a particular core con-
figuration by precalculating the detector response to a fission neutron source in each node
of the core. Relative values of the thermal neutron flux at the detector locations are suffi-
cient to simulate a proportional detector signal. These calculations have been performed
with the Monte Carlo code MCNP4B. The resulting detector response kernels are applied
in HEXTRAN to generate simulated detector signals.

© The simulation of the reactivity meter used in the experiment in order to obtain a predic-
tion of the actual measurement. This implies the use of inverse point kinetics with the
particular set of kinetics parameters that have been used in the meter during the experi-
ment. In terms of required calculations this is the simplest part of the whole simulation.
It is performed separately after the HEXTRAN calculation.

More information on this approach and on previous results is reported in Refs. [2,3]. In this
paper, simulations of reactor scram experiments using the HEXTRAN code have been up-
dated for the initial cores of Loviisa-1 &2 and Mochovce-1 and have been extended to burned
cores of Loviisa-1.

2. IMPROVEMENTS IN HEXTRAN CODE AND DATA

2.1 Description of control rods

The description of VVER-440 control rods by albedos in HEXTRAN has been extended to
include a full response matrix consisting of partial albedos from face-group to face-group.
Each partial albedo gives the probability of neutrons entering the control rod through a given
face and in a given energy group (incoming current) to leave the control rod through another
given face and energy group (outgoing current). This model is capable of describing the net

388



transport of neutrons through the control rod in asymmetric cases such as steep flux gradients
across the control rod. Previously, only total albedos from group to group have been used on
each face of the control rod. These are strictly valid only in symmetric cases, as are constant
extrapolation lengths applied on each face of the control rod.

In practice, two-group partial albedos were calculated only for the boron steel zone of the
VVER-440 control rod. In a reactor scram this is the most significant part of the absorber.
Conventional total albedos were still used to describe the intermediate zones between fuel and
boron steel. Fora fully inserted control rod, this concerns the bottom 30 cm of the absorber in
the active core.

In the iterative solution of the flux distribution in the core, effective total albedos are calcu-
lated and updated for each face of the control rod during outer iterations. For this purpose,
partial albedos for the different faces are weighted by ratios of partial currents coming into the
control rod. For good convergence, an under-relaxation of the partial currents around the
control rod surface is performed. This procedure is similar to the one used by P. Petkov [4] in
thecodeSPPS-1.6.

A modified version of the Monte Carlo code MCNP4B was used to calculate the two-group
partial albedos for the boron steel zone of the control rod. The task was accomplished in two
steps. First, a planar source of incoming neutrons on the control rod face is generated using a
detailed geometric model of the control absorber and effectively eight surrounding fuel as-
semblies. This represents one macro-cell in a regular lattice of control rods after full scram.
60° symmetry and reflective boundary conditions can be exploited. Second, the outgoing cur-
rents on each face and in both energy groups are determined in the full geometry of the con-
trol absorber using vacuum boundary conditions and applying the planar source of incoming
r :uixons on one face of the absorber, in one energy group at a time. The partial albedos are
obtained as ratios of outgoing currents to the incoming current from the source.

Calculations were performed to investigate the dependence of the partial albedos on a number
of factors. The enrichment of the surrounding fuel has a very small effect. The boron con-
centration and the density of the coolant inside the control rod have to be accounted for in ac-
curate simulations.

In test calculations for the initial core of Loviisa NPP the new albedos were found to have the
following relative effect on the static reactivity worth of all control rods:

+2 % influence of changes in the total albedos
+2.5 % influence of applying partial albedos
+4.5 % total influence of new model and data.

2.2 Delayed neutron data

In a two-group model of the core no explicit distinction is made between prompt fission neu-
trons and delayed neutrons. Both types of source neutrons are born in the fast group, even
though they have different energy spectra. Their mutual importance to the chain reaction
must be weighed separately and a corrected, effective fraction (%{f) must be determined for
the delayed neutrons born in each node. The formally correct importance weighting for neu-
trons of different energy is given by the spectrum of the adjoint flux in each node. However,
this spectrum is not precisely known in advance.

589



In the assembly code CASMO-4, the adjoint spectrum is determined by assuming zero buck-
ling, i.e. no leakage. This is an approximation for large cores. It produces effective fractions
that can differ up to 7 % from values obtained assuming local neutron leakage according to
the material buckling of the particular fuel assembly.

.A basis for the approximation has been demonstrated by K. Smith [5] with an explicit calcu-
lation of the adjoint flux in an infinite lattice of fuel assemblies of alternating enrichment. In
such a calculation it turns out that the adjoint spectra of the different assemblies are much
closer to the zero buckling spectra than they are to the material buckling spectra at the rele-
vant source energies. The authors are inclined to believe that the physical explanation is the
following. The local leakage of neutrons from a given fuel assembly is not real net leakage
from the whole core. Hence, these neutrons are not really lost from the chain reaction. As a
consequence, there is only a minor change in importance, e.g. as some neutrons leak into a
fuel assembly of lesser enrichment and neutron multiplication.

It is also clear, that the zero buckling approximation for the adjoint spectrum is not generally
valid. For small, relatively homogeneous cores the real net leakage both locally and from the
core as a whole is well approximated by a constant buckling. Physically, prompt fission neu-
trons with their higher energies are more prone to leak from the core than delayed neutrons.
This effect should be accounted for also in the adjoint flux spectrum by including the leakage.
The adjoint spectrum is thereby reduced at higher energies. This emphasises the importance
of delayed neutrons and increases peff compared to the zero buckling assumption.

One of the consequences of the zero leakage approximation for the adjoint flux spectrum is
that petr depends only weakly on the local buckling. The contrary is true, if the adjoint flux
spectrum were determined assuming the local buckling. In that case peff depends on all fac-
tors influencing the local buckling, such as the boron concentration of the coolant.

In HEXTRAN the delayed neutron fractions are determined separately for each node, but the
time constants of the delayed neutron groups are common to the whole core and are estimated
on the basis of core average burnup.

23 Influence of buckling on two-group cross sections

After reactor scram from the hot critical state the reactor becomes deeply subcritical (typically
kefr^ 0,90). The buckling of the neutron flux in the fuel assemblies increases accordingly and
becomes greater than the material buckling. This has an influence on the neutron flux spec-
trum and hence on the two-group cross sections for the fuel, particularly in the fast group.

The effects of buckling (or system keff) on two-group cross sections have been studied in de-
tail. It was found that the migration area (M2) of neutrons in the fuel increases significantly
with buckling. The effect is typically 2.5 % in a full reactor scram. This enhances neutron
leakage into the control rods and the radial reflector, thereby enhancing the reactivity worth of
the control rods.

The resulting reactivity effect was studied by static calculations for the initial core of Loviisa.
The static reactivity worth of reactor scram increases by about 3 % relatively. This effect
from non-critical buckling is not currently described in HEXTRAN and is a cause of some
underestimation in predictions by the code.

390



3. SIMULATION RESULTS OF REACTOR SCRAM EXPERIMENTS

Simulations of actual rod drop experiments were performed with the HEXTRAN code for a
representative set of different cores of the Loviisa reactors and for the initial core of Mo-
chovce-1. The set of simulated experiments includes both full scrams and partial scrams with
one or two stuck control rods. Both full cores and reduced cores are included. Measurements
of reactor scram with a reactivity meter are made during start-up physics test performed in the
hot critical state. Signals of one or two ionization chambers located around the reactor are
typically available for such reactivity measurements.

In the simulations, the initial state of the core was described as well as possible, including the
burnup state of the core, the initial position of the control rods in the regulating group 6, and
the boron concentration in the coolant. Also, the delayed neutron data applied in the reactiv-
ity meters of the different experiments was taken into account case by case. Different reac-
tivity meters have been used at different plants and at different times.

In the following, calculated predictions of reactivity meter readings in a given experiment are
compared to the actual measured readings. Predictions may also be given for sensor locations
without an actual measurement. Although the predictions and the measurements are in fact
negative reactivity values, they are reported as positive values of "control rod efficiency".

3.1 Initial cores of Loviisa-1 and Loviisa-2

The initial cores of Loviisa-1 &2 are identical full cores. Also, the measurement results for
full scram are practically identical. Results for foil scram are given in Table 1 and for partial
scram in Table 2. Both measured and calculated readings of the reactivity meter are taken
about 60 seconds after scram initiation. All relative deviations between calculated and meas-
ured values are in a surprisingly tight band -6.9 ... -7.6 % for six different measurements.
There is a systematic under-prediction, but it is not too big.

The absolute static reactivity worth of full scram is calculated to be 11.54 %.

Table 1. Comparison of calculated and measured values of reactivity meter readings for full
scram in Loviisa-1, BOC I. Initial height of group 6 is 204 cm.

Ionization
chamber

IC 3 (0 deg)

IC 12 (15 deg)

IC 5 (30 deg)

Measured
value ($)

19.7

17.7

-

Calculated value ($) and
its relative deviation

(in brackets)

18.29 (-7.2%)

16.36 (-7.6%)

15.08
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Table 2. Comparison of calculated and measured values of reactivity meter readings for
partial scram with one stuck control rod in Loviisa-2, BOC I. Initial height of
group 6 is 183 cm.

Ionization
chamber

IC3

IC 12

Measured value ($)

Group 3 Group 4
rod stuck rod stuck

19.6

12.6

19.6

10.1

Calculated value ($) and its relative
deviation (in brackets)

Group 3 Group 4
rod stuck rod stuck

18.16 (-7.3%)

11.68 (-7.3%)

18.16 (-7.3%)

9.40 (-6.9%)

3.2 Burned cores of Loviisa-1

Three different reduced cores of Loviisa-1 with different loading patterns were chosen to rep-
resent burned cores up to the present. These cores are:

• Cycle 7 having a traditional out-in-in loading pattern.
• Cycle 19 having a fully low leakage loading pattern (in-in-out).
• Cycle 24 having a partly low leakage loading pattern for 1500 MW operation.

The results for full scram are given in Table 3. Results are presented for two different times
about 15 and 50 seconds after scram initiation. The latter results are perhaps more represen-
tative and comparable to the results for the initial cores. Both the measured and calculated
readings show a drift with time in the same direction, but not always at equal rates. There is
also a tendency for the under-prediction to get smaller over the cycles. The inaccuracy of re-
cording and then interpreting a representative reading for the reactivity meter is estimated to
be no more than 0.5 S or 2.5 % relatively. The absolute static reactivity worth of full scram is
calculated to be 10.26 % for BOC 7, 10.20 % for BOC 19, and 10.08 % for BOC 24 in the
experimental conditions.

Table 3. Comparison of calculated and measured values of reactivity meter readings for full
scram in Loviisa-1 burned cores at beginning of cycle.

Ionization
chamber

IC 12

IC 12

IC3

IC5

Type of
value and

time

Meas. 15 s
50 s

Calc. 15 s
50 s

Calc. 15 s
50 s

Calc. 15 s
50 s

Reactivity value ($) and its relative deviation
(in brackets)

BOC 7

20.3
19.6

18.68 (-8.0%)
18.47 (-5.8%)

18.85
18.64

18.89
18.68

BOC 19

22.8
22.3

22.01 (-3.5%)
21.26 (-4.7%)

22.17
21.40

22.60
21.83

BOC 24

22.5
21.0

21.84 (-2.9%)
21.08 (0.4%)

22.08
21.31

22.02
21.25
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3.3 Initial core of Mochovcc-I

The initial core of Mochovce-1 differs from those for Loviisa, although the three enrichments
of fresh fuel are the same. Experiments have been performed with one and two stuck control
rods followed by dropping these stuck rods to get a full scram. Results for the stuck rod cases
are given in Table 4 and for the final full scram states in Table 5. All three ionization cham-
bers used in the experiments (IC 2, 8, 10) are located in equivalent symmetric directions rela-
tive to the core (15 deg). This explains why the experiments produce practically equal
reactivity readings after all control rods are inserted and full symmetry is restored in the core.

Table 4. Comparison of calculated and measured values of reactivity meter readings for
partial scram with one or two stuck control rods in Mochovce-1, BOC 1. The ini-
tial height of group 6 is 200 cm.

Number of
stuck rods

1

1

1

2

2

2

Ionization
chamber

IC8

IC2

IC10

IC8

IC2

IC10

Measured
value ($)

8.81

15.14

11.25

6.33

15.25

6.44

Calculated value ($)
and its relative devia-

tion (in brackets)

8.62 (-2.2 %)

14.77 (-2.4 %)

10.83 (-3.7%)

6.11 (-3.5%)

14.80 (-2:U%)

6.17 (-4.2%)

Table 5. Comparison of calculated and measured values of reactivity meter readings after
drop of all control rods in Mochovce-1, BOC 1. The initial height of group 6 is 200

Number of
temporary
stuck rods

1

1

1

2

2

2

Ionization
chamber

IC8

IC2

IC 10

IC8

IC2

IC 10

Measured
value ($)

15.43

15.14

-

15.34

15.25

-

Calculated value ($)
and its relative devia-

tion (in brackets)

14.72 (-4.6 %)

14.77 (-2.4%)

14.76

14.75 (-3.8 %)

14.79 (-3.0%)

14.88



The calculations under-predict the reactivity meter readings only slightly. All relative devia-
tions are in a fairly tight band -4.6 ... -2.2 %. for ten different measurements.

The absolute static reactivity worth of full scram is calculated to be 11.19 %.

4. CONCLUSIONS

In large inhomogeneous changes in the core, such as in reactor scram, the reading of a reac-
tivity meter connected to a particular ionization chamber does not directly represent the static
or dynamic reactivity of the core. In order to use the measured information for code valida-
tion it is necessary to simulate the experiment, including the performance of a reactivity meter
and to compare calculated predictions with actual measured values. Such simulations have
been performed for a number of different cores of Loviisa NPP and for the initial core of Mo-
chovce-1 using the code HEXTRAN for 3-dimensional kinetics calculations in the core.

Predictions of reactivity meter readings are in reasonably good agreement with actual meas-
urements. Relative deviations for Loviisa-are in the range -7 ... 0 % and for Mochovce they
are in the range -4 ... -2 %.

The agreement can be further improved by some +3 % by describing better the influence of
buckling changes on two-group cross sections. Thereby, a prediction accuracy of ±5 % is
obtained for reactor scram with or without a stuck control rod. This is sufficiently accurate
and demonstrates that there are no significant errors in the modelling of VVER-440 control
rods. Any remaining deviations .between predictions and measurements are not necessarily
due to inaccuracy in modelling the control rods. Inaccuracy in other parts of the models and
data, such as in neutron kinetics data can also cause deviations. There is also some inaccu-
racy in the performance of a reactivity meter and in recording its output.
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