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FOREWORD

Large conventional liquid metal cooled fast reactor (LMFR) cores show a significant
reactivity increase if a coolant loss occurs by boiling or gas intrusion. Since this positive
reactivity effect is very important for the overall behaviour of LMFRs from a safety point of
view, a lot of attempts have been undertaken worldwide to reduce the sodium void reactivity
effect (SVRE).

One proposal has been made by the Institute of Physics and Power Engineering (IPPE),
Obninsk, Russian Federation, in which the core upper axial blanket is replaced by a sodium
plenum consisting of sodium filled wrapper tubes. In this case the enhanced axial neutron
leakage would result in a strong negative reactivity effect in case of sodium voiding which
would compensate a large fraction of the positive SVRE in the core region. The International
Atomic Energy Agency (IAEA) and the European Commission (EC) Joint Benchmark
Programme have assessed the capability of reducing the SVRE of such innovative core design.
The analysis (IAEA-TECDOC-731, 1994) showed that overall SVRE for the reference
2100 MW(th) MOX fuel core might be close to zero.

This method of reducing the SVRE has been adopted in the BN-800 reactor design in
the Russian Federation. However, investigations were needed to determine differences in
severe accident responses in order to estimate the feedback to overall safety that could be
achieved by a reduction in the SVRE value for MOX fuel reactor core.

Therefore, recognizing the importance of such an innovative LMFR core design, a
comparative exercise of severe accidents for BN-800 type reactors with reduced sodium void
coefficient was jointly initiated by the IAEA and the EC in 1994. The Russian specialists took
over the task to prepare the benchmark input data, a revised draft of which was distributed by
the IAEA to the participants at the end of June 1995. The specifications of the benchmark
were finally fixed in a meeting at the IAEA in Vienna on 11-13 December 1995.

The main findings resulted from intensive discussions through eight IAEA/EC joint
meetings held in turn in Vienna and Brussels. The final meeting was held at IPPE, Obninsk,
Russian Federation, on 2-6 June 1998. The benchmark programme resulted in an effective
information exchange among the Member States sharing requirements as well as experience in
advanced reactor design and computer codes for transient calculations.

This report, which describes the results of the benchmark programme, was co-
ordinated by J. Kupitz, IAEA and G. van Goethem, European Commission. The IAEA officer
responsible for this publication was A. Rineiskii, of the Division of Nuclear Power.

The IAEA wishes to express its appreciation to all those who participated in the
benchmark programme which is a good example of the joint IAEA/EC research activities for
LMFR development. Valuable contributions to the benchmark exercise have been made, in
particular, by D. Struwe (FZK, Karlsruhe, Germany), LA. Kuznetsov (IPPE, Obninsk, Russian
Federation), J.M. Frizonnet (IPSN, Cadarache, France), H. Niwa (JNC, O-arai, Japan) and Om
Pal Singh (IGCAR, Kalpakam, India). D. Struwe acted as Chairman throughout the joint
meetings.
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SUMMARY

1. INTRODUCTION

Research on liquid metal fast reactors (LMFRs) during the last decade has significantly
improved the understanding of the fast reactor issues. This forms the basis for the development
of safety analysis methods and codes which are necessary to evaluate the safety characteristics
of existing and new fast reactor core and plant designs and to optimize safety and operational
procedures. In spite of all the progress made on the safety issues, the quest for excellence calls
for further work. One of these issues is the positive sodium void reactivity effect of large size
reactors. There is a strong incentive to search for core designs, which have a considerably
reduced positive sodium void reactivity effect.

One idea followed by Russian scientists has been to investigate the suitability of
reducing the integral sodium void reactivity by an axially heterogeneous core design with a
sodium plenum region just above the fissile core region instead of the upper axial blanket. A
first benchmark exercise on this subject was jointly organized by IAEA and EC. It was mainly
devoted to the involved reactor physics issues under normal operation conditions. It could be
demonstrated that the integral sodium void effect of a MOX fueled LMFR of the 2100 MWth
class could be reduced to a value of nearly zero (IAEA-TECDOC-731). After finalization of
this benchmark exercise it was clear that further investigations are needed to determine the
transient response of such a design to severe accidents including those which could lead to core
destruction. Such investigations form the basis for estimations to what extent a reduction of the
positive void worth could contribute to a further reduction of the residual risk of LMFRs.

At the meeting of the IAEA's IWGFR in May 1994, a comparative exercise for a severe
accident in a BN-800 type reactor with a near zero void innovative core was proposed by the
Russian Federation. This proposal was endorsed by all the countries and the EC. The
organizations participating in the comparative exercise are: FZK from Germany, IPSN from
France, AEA-T from the UK, ENEA from Italy, PNC and HITACHI from Japan, IGCAR from
India and IPPE from the Russian Federation A variety of specialists from the participating
organizations contributed to the comparative exercise.

The comparative exercise was organized on different stages. These different stages
covered the following items:

Stage 7:Case set-up covering core and plant design characteristics, the preparation of the
neutron physics input data, the specification of thermal-hydraulic design values and the
specification of the fuel loading scheme during power operation.

Stage II: Determination of the fuel pin state at the end-of-equilibrium-cycle (EOEC)-conditions
taking into account the power operation history appropriately.

Stage III: Analysis of preboiling transients of the ULOF-accident by considering or not
reactivity feedback related to the structures heat-up. Effects of load pad expansion and control
rod drive line expansion were considered in detail.

Stage IV: Analysis of boiling transients up to fuel pin failure either due to clad melting onset or
fuel pin break-up, i.e. due to sudden loss of the fuels structure geometry.



Stage V: Analysis of post-failure transients up to a core state at which larger parts of the core
were destroyed and at which hexcan failures are to be expected.

Stage VI: Analysis of other initiators for core destruction as unprotected reactivity accidents
leading to a transient overpower accident (UTOP). Three types of initiators were considered : an
0.5 $/s reactivity ramp rate, an 0.05 $/s reactivity ramp rate and a structured reactivity ramp rate
superimposed by a loss of flow. These kind of accidents have some importance in residual risk
studies performed for the BN-800 type reactor.

Different tools were applied by the different participants to the exercise. However, not
all participants contributed to each stage. Main results of the different stages of the exercise are
presented here in a concise manner. The main findings resulted from intensive discussions
between the partners at eight Consultants Meetings organized by the IAEA.

2. RESULTS OF ANALYSES

2.1. Case set-up

The Institute of Physics and Power Engineering (IPPE) from Obninsk provided the
necessary information on the case set-up. The given data are representative of a 1500 MW(th)
reactor design with above core sodium plenum, as in BN-800 reactor core design. The central
part of the reactor comprises the core, the primary shielding and the spent fuel assembly
storage. The core and the blanket hexagonal fuel assemblies are inserted into the inlet header
collector hole which is located at the reference height of 0.1 m. The radial blanket height is
1.84m and it comprises one row of 84 subassemblies surrounding the core. The primary
shielding steel hexagonal are arranged with the same spacing as the one of core fuel elements.
The core consists of 511 cells, 481 of which are filled with fuel subassemblies and 30 are
intended for control, safety and shutdown rods. For radial flattening of the power production the
core is divided into three different enrichment zones: the central low enrichment zone (LEZ)
consisting of 181 subassemblies, the intermediate medium enrichment zone (MEZ), consisting
of 138 subassemblies and the peripheral high enriched zone (HEZ) consisting of 162
subassemblies.

The fuel pin height consists of a 0.67 m long lower fission gas plenum followed by a 0.35
m long lower axial breeder zone. Fissile core height amounts to 0.84 m only followed by a 0.05
m long end cap region which acts as an upper axial reflector. Above this there is a sodium
plenum of 0.35 m length followed by a 640 shield of 0.25 m length. Fissile pellets are hollow
pellets with chamfered edges. Fertile pellets are without chamfers. The total mass of fuel in the
core amounts to 11668 kg. The cylindrical equivalent fissile core radius amounts to 1.1869 m.
Fertile pellets of the radial blanket assemblies are fat solid pellets of depleted uranium oxide.

Coolant entering the inlet header of the reactor is distributed in between the following
main areas: the core, the radial blanket, control absorber rods, the inner and outer radial shield
and the spent fuel storage. Besides, some part of the coolant through subassembly foot
penetrates into the inter-subassembly space and is discharged into the upper outlet plenum of
the reactor. For flattening of the coolant outlet temperature distribution, hydraulic shaping is
performed by means of appropriate choices of the hydraulic resistance of subassembly inlet
devices. The total coolant mass flow through the core is 6027 kg/s. With a core inlet
temperature of 627.15 K (354°C) this results in an average coolant heat-up along the core by
about 190 K. The coolant pressure difference between the feeding header inlet and the argon



gas plenum amounts to 0.59 MPa with a pressure drop along the highest powered fuel pin
bundle length of 0.302 MPa and along the lower subassembly tail and the pin bundle inlet of
0.11 MPa. If the plant's power supply gets lost and one assumes that the diesels of the
emergency power supply system do not start as expected, the primary pumps begin to reduce
their rotation speed by the law of free coast down. The halving time amounts to 5.5 s, i.e., the
coolant mass flow gets reduced rather rapidly. The secondary sodium flow rate changes in time
accordingly. However, the sodium inlet temperature will start rising smoothly only after 180 s
into the transient.

The reactor is designed to operate on a three batch reloading scheme, with a total
residence time for a particular subassembly of 420 equivalent full power days (i.e. three cycles,
each of length 140 days). Subassemblies in the radial breeder zone have a residence time of 490
days. For determination of the local variation of the power and the reactivity feedback effects in
the different enrichment zones, these are subdivided into representative subassembly groups
(SAGs), four groups for the LEZ and three each for MEZ and HEZ, respectively. Each of the
SAGs are subdivided into one third portions representing the three batch loading scheme. The
radial breeder is represented by one SAG. In axial direction 12 zones have been chosen to
simulate the axial profiles of power and reactivity feedback coefficients appropriately. As a
consequence of this core representation, the reactor core is simulated with 30 SAGs and 10
radial zones for representation of neutron physics parameters in the fissile core region.

Evaluation of the neutron physics parameter of the core set-up was performed by IPPE
from Obninsk, by ENEA from Italy and by HITACHI from Japan. The Russian evaluation of
reactivity coefficients was based on tools using first order perturbation theory in 26-group
diffusion theory. The calculations have been made using the standard version of the BNAB-78
data base applying the ARAMAKO-S system for preparation of the cross sections. In order to
evaluate the effect of the use of different cross section libraries, some calculations were
performed using a modified version of the RHEIN set developed in the framework of the
former USSR — GDR bilateral co-operation. All these calculations were done in R-Z
geometry. To evaluate the validity of the use of the first order perturbation theory,
complementary calculations were performed with the 26-group SYNTEZ code and the 3D
TRIGEX code with an 11-group representation. The ENEA calculations covered 2D and 3D
representations of the core geometry. Due to the heterogeneous character of the core design, it
was felt that a 3D representation was essential. The CITATION code was applied using a 22-
group cross section library originating from the ENDF/B - V.II file. In addition, transport theory
in a 3D hexagonal full core representation was provided for evaluation of the sodium void
effect. The MCNP4A Monte Carlo Transport code was used. HITACHI performed both
diffusion and Monte Carlo transport calculations in R-Z and Hex-Z configurations using the
latest Japanese nuclear data library JENDL-3.2.

Comparison of the results of neutron physics calculations performed by the participants to
this part of the exercise let to the following conclusions:

• The power distributions were in good agreement with each other with maximum
deviations in integral results of only 2% and up to 4.1% deviations if local values of linear
ratings were considered.

• The kinetics parameters were in satisfactory agreement with each other.

• Integral values of the Doppler coefficients were rather close in all calculations. However,
differences were observed when evaluating the sums over the different enrichment zones.



These differences became larger for the voided core configurations. They were attributed
to differences in cross-section libraries and more importantly to the selected range of
temperatures forming the basis for the evaluation. In addition, it turned out that the
amount of changes of the Doppler coefficient in case of voiding depends in a non
negligible manner on the local void pattern along core cross section.

• The sodium void reactivity effect was calculated rather close to each other by the different
participants. The largest differences in integral values amount to about 20%. However,
each of the calculations has demonstrated that integral results are rather dependent on the
local pattern of voiding and it is difficult to argue on the conservatism of an approach
without detailed evaluations. An important impact of the use of higher order methods has
been observed consistently by all participants to this part of the exercise. Similarly
coherent were the results that appropriate consideration of fission products becomes
essential when calculating the sodium void effect dependent on the residence time of
subassemblies. Common to all results was that the sodium void effect amounts to 4.5 $ if
all positive contributions are summed up. The void effect of the fissile core region
amounts to 2.7 $ and the one of the upper sodium layer to —3.3 $. The integral sodium
void effect sums up to a considerably negative value of-0.6 $.

• The steel reactivity feedback effect of the core region amounts to 5.2 $ which included the
clad and hexcan material.

In addition to the neutron physics parameters of the as designed core geometry, analyses
were performed by IPPE on the influence of the core materials relocation on the neutron physics
parameters. In this regard, core configurations considered are: sodium void inner the two
enrichment zones, clad material accumulated partly at the upper end of fissile core height and
dominantly around the lower end of fissile core height, i.e. at the boundary of the lower axial
blanket. Such a configuration can only be achieved when the clad material and the fuel is heated
up considerably. The analyses indicated a relatively little impact of distorted core configuration
on the sodium void worth distribution but a large effect on Doppler reactivity feedback. The
influence of these findings on transient analyses results could not be evaluated.

Common conclusions of this part of the exercise are that higher order methods have a
considerable effect on sodium void worth effect, local patterns of voiding have a different effect
on the integral value than determined from differences of unavoided and fully voided core
configuration and core materials relocation seem to influence the Doppler feedback
considerably. All these findings indicate that it might become necessary to apply space time
neutronics methods for the transient analyses when aiming at a considerably higher precision in
the transient analyses than the one achieved with currently available methods and data base.

2.2. Fuel pin characterisation at EOEC-conditions

Five countries participated to this stage of the exercise with different code systems: The
Russian Federation with their KONDOR code package, France with the GERMINAL code,
United Kingdom with the TRAFFIC code, Germany with the DEFORM-4C code package as
part of the SAS4A code and India with the PINCH code package. The different codes applied in
this comparative exercise cover the whole spectrum of currently available model capabilities
ranging from detailed deterministic model approaches realised in codes such as GERMINAL
and TRAFFIC up to simplified parametric approaches as DEFORM-4C and PINCH, KONDOR
being somewhere in between the two modelling approaches.



Comparison of results provided by the partcipants to the exercise up to the 5th

Consultants Meeting, December 1996 in Vienna led to the following conclusions:

• Results of the PINCH calculations for gap conductance compare well with other code
predictions. Calculated values of the fractional fission gas releases are high and relatively
low fuel temperatures are calculated. Review and refinement of the chosen approach is
strongly recommended.

• Results of the TRAFFIC code calculations are difficult to compare to the results of the other
participants because differences are mainly determined by the power history differently
simulated for the 420 days power operation time and the simulation of a clad material which
leads to a low clad swelling even for high doses. However, differences of the results to the
ones of the other calculations are clearly explained by the different assumptions taken in the
case set-up which were agreed upon at an early stage of the exercise.

• Results of the KONDOR, GERMINAL and DEFORM-4C calculations are relatively close
to each other. However, differences in between the calculations become more pronounced
when medium burnup levels of about 5 at% are exceeded. It appears as if more refined
modelling approaches need to be developed for the KONDOR code system for an improved
description of the fuel pin mechanics behaviour approaching high burnup levels of 8 to 10%
at% and low linear ratings. Differences between DEFORM-4C and GERMINAL
calculations evolve partly from different approaches to simulate JOG-formation and the
respective behaviour during power operation. This is a topic of the current research and
development activities in this field, which needs more refined analyses and model
development and most importantly a broader experimental data base.

For evaluation of the reliability of the provided code predictions about the performance
of the BN-800 fuel pins under power operation, it would be necessary to compare calculated
results with experimental results for the specific BN-800 fuel pins considered in this exercise.
This holds especially for results provided on the basis of parametric modelling approaches of
DEFORM 4C. Impact of fuel fabrication and clad material properties variation with burnup can
only be evaluated based on detailed experimental results. This was not the objective of this
comparative exercise. However, it is strongly recommended that results should be compared in
more depth with the experimental data base available in the Russian Federation from power
operation of respective fuel pins in the BN-350 and the BN-600 reactors.

For the purpose of this exercise, comparison of results has shown that the calculated fuel
pin states at the EOEC are rather close together. Therefore transient calculations start from
initial conditions sufficiently close to each other so that possible differences in the transient
calculations should not be dominated by differences in the state fuel pin characterisation after
power operation. However, differences are to be expected between the transient calculations of
the Russian Federation and India on the one side and the ones of France, Japan and Germany on
the other side. This is due to the fact that fuel pin mechanics code packages are not applied
during the transient calculations by the Russian Federation and India but they are consistently
used in the calculations by the other three participants in the further stages of the exercise. This
results in an important difference in the simulation of the further accident progression. The first
two participants assume the heat transfer coefficient between fuel and clad is constant in time at
a level evaluated at the end of the power operation in steady state. The other three participants
calculate the change in time of the heat transfer coefficient consistently with the transient
variation of the gap size and the contact pressure build-up.



Some differences in transient calculations are to be expected between the contributions
from France and Japan on the one side and Germany on the other side because Germany applied
a code version of DEFORM-4C for transient calculations which has been improved since
December 1996 as compared to the one used by France and Japan.

2.3. Analyses of preboiling transients of the ULOF-accident

Five countries contributed to this stage of the exercise namely the Russian Federation,
India, Japan, France and Germany. The Russian Federation applied their GRIF-SM code
system, which calculated in great detail the thermal-hydraulics core behaviour and simulates the
primary and secondary circuit behaviour of the BN-800 type reactor appropriately. Interwrapper
sodium flow is simulated. However, the fuel pin behaviour considers the thermal behaviour
appropriately but it does not calculate the transient fuel pin mechanics behaviour and hence
applies axially variable but transiently constant gap heat transfer coefficients. India applied their
PINCHTRAN code package, which accounts reactivity feedback effects in single phase
comprehensively and sodium boiling is simulated similarly to the SAS1A model. Such a
representation is felt too simplified for the simulation of two phase flow conditions. The
transient fuel pin mechanics behaviour is not modelled. The primary and secondary circuit
behaviour is simulated in a simplified manner. Japan, France and Germany applied slightly
different code versions of the SAS4A-code being very close to the REF96.Rell.O code version.
The French participant improved the sodium EOS in the post failure module and introduced
mechanical properties of 15/15 Ti stabilized cladding. The German participant modified and
improved the fuel pin mechanics model and the two-phase flow boiling model. The Japanese
participant modified clad motion model to avoid the formation of the steel accumulation at the
fissile top and thus extended the applicability of the model. They contributed to the exercise
with the actually available most recent code versions to introduce the newest state of knowledge
into the discussion of results. The representation of the BN-800 subassemblies is rather detailed.
The primary and secondary circuits are simulated only approximately in the framework of a
scaled-down LSPB plant design.

The calculations performed can be subdivided into three classes: (A) Base case
calculations neglecting reactivity feedback effects as a consequence of the core structures heat-
up and applying the reference neutron physics data. (B) Uncertainty analyses of the neutron
physics input data, and ( C ) Consideration of different reactivity feedback effects due to core
structures heat-up as radial core expansion and control rod drive line expansion. However, it
seems appropriate to mention here that intensive discussions took place on the question
whether there is sufficient evidence from theoretical and/or experimental investigations to argue
that the efficiency of radial core expansion under the given conditions can be regarded as
verified. On the background of experiences gained with respective analyses for FFTF, Phenix
and Super-Phenix, it was decided to neglect this reactivity feedback effect totally. However, it
was not possible to arrive at a uniquely accepted position. Therefore, it was agreed to consider
the respective calculations as optimistic parametric cases.

On the basis of the results, the following conclusions can be drawn:

• The heat-up of the upper sodium layer leads to a negative reactivity feedback contributions
related to the sodium heat-up in the fissile core region. The normalised power therefore
decreases continuously after onset of the coolant mass flow decrease. However, boiling
onset cannot be prevented neither in the class (A) nor in the class (C) calculations. The
results are not very sensitive to uncertainties of the core physics parameters class (B) results.



• In the class (A) calculations, all participants predict boiling onset in the highest powered
MEZ core region about 16.7 up to 18.9s into the transient. The normalised power level has
decreased down to 71% to 63% of its nominal value. Up to this time into the transient,
reactivity feedback effects remain quite small but differences in between the different
calculations are observed which are related to different model assumptions on the
calculation of fuel pin axial expansion.

• In the class (C ) calculations, boiling onset is calculated in the highest powered MEZ core
region as well but only at 28.9s to 33.2 into the transient when the normalised power has
been reduced to a value of about 44% to 39% of its nominal value. Up to this time, the
radial core expansion reactivity feedback amounts to about -0.43 $.

These results indicate that the negative value of the of the sodium void reactivity is well
suited to be identified as a passively activated safety measure which compensates potential
difficulties which might arrive from the design feature of a quite rapid coolant mass flow
reduction curve in the case of loss of offsite power and delayed availability of the emergency
power supply.

2.4. Boiling and post-failure transients as a consequence of a ULOF-accident initiator

Five countries participated to this stage of the exercise namely the Russian Federation,
India, Japan, France and Germany. The Russian Federation and India contributed with their
GRIF-SM and PINCHTRAN code packages providing the capability to follow the transient
behaviour up to peak cladding temperatures of 1500 K. For later phases of the accident the code
packages cannot be applied because it does not provide models to describe consequences of
clad and fuel relocation after clad melting onset. France, Germany and Japan used the SAS4A
code, which was developed by these countries in the last 10 years in close co-operation starting
from the code version provided by the US/DOE in 1986/88. The code versions used by these
three partners are based on the identical version SAS4A REF96 Rell.O, but each participant
performed some modifications independently in order to apply it to this reactor successfully.

In principle, calculations can be grouped into two classes again:

• continuation of the class (A) calculations of stage III of the exercise (base case
evaluations). Evaluations of these cases were complemented by analyses of consequences
of an early loss of fission gases from the upper fission gas plena by Japan. As it turned out
that this effect does not modify the integral event sequence drastically, it was agreed to
neglect this effect in the bulk of the analyses. However, it is felt reasonable and necessary
to re-evaluate the case when more reliable results than here are to be provided, i.e. if it
would come to licensing of the reactor design.

• continuation of the class (C) calculations of stage III of the exercise, again neglecting the
effect of an early fission gas release from the upper fission gas plena (parametric case
evaluations).

Both kinds of analyses were performed using nominal reactivity feedback coefficients for
Doppler, sodium void, fuel pin expansion, clad motion and fuel motion. In most of the
considered cases the reactivity feedback effect of the expansion of the control rod drive lines are
neglected.



Base case results: The negative reactivity feedback contribution due to the voiding of the upper
sodium layer is a quite efficient measure to mitigate the impact of the positive reactivity
feedback contribution when the coolant along fissile core height is voided. Along the first 2 s of
the boiling transient, the normalised power decreases to a value of about 0.4 to 0.5. However,
during the next 4 s, the net reactivity increases again to about delayed critical and the power
increases to a value of about 0.6 to 0.7 nominal. The subsequent boiling development releases
negative reactivity but this is partially compensated for by positive contributions related to clad
material relocation. During the next 2 s, the sodium reactivity feedback becomes again positive
being considerably enhanced by an increasingly positive reactivity feedback due to clad
material relocation. The net reactivity becomes positive, driving the normalised power to
nominal values and beyond. This mild power transient leads to fuel pin breakup in the high
powered subassembly group of the medium enrichment zone. The subsequently calculated fuel
relocation initiates a slow but gradually proceeding reactor shut down. Most of the fissile core
channels are voided and the void reactivity has reached or exceeded its saturation value of about
- 0.6$. Clad relocation continues but heat-up of the hexcan wrapper structure melts. Further core
material phenomena will deviate considerably from the quasi-one-dimensional behaviour in the
initiation phase. It can be concluded that the accident will enter into the transition phase. The
ULOF-transient is not at all finished at the end of the calculations. Achievement of permanent
subcriticality or in-place coolability of the partially destroyed core could not be demonstrated.

Parametric case results: The event sequence calculated for the case where radial core
expansion is considered are genetically very close to the results of the base case. However, time
scales of the crucial events are longer and the respective power levels smaller during the boiling
transient time period. Clad relocation cannot be prevented and it is this positive reactivity
feedback together with some contribution from sodium boiling which drives the normalised
power back to nominal values and above which then initiates a mild power transient leading to
fuel pin breakup and a post-failure transient which is only little different from the one calculated
for the base case. This accident enters similarly well into a transition phase which needs to be
analysed carefully.

The Russian Federation analysed one further parametric case in which radial core
expansion and control rod drive line expansion were considered. As a consequence of these two
structure reactivity feedback effects, boiling onset is delayed and clad dry out is not predicted
up to 100s of the transient. On the basis of this calculation, it was concluded by the Russian
participant that long term coolability could be established if the structure feedback is
sufficiently strong and becomes activated in due time. The other participants did not agree to
this conclusion. First of all, it was felt necessary to continue the calculation beyond times at
which the reactor coolant inlet temperature starts rising. Secondly it was felt overly optimistic to
superimpose the reactivity feedback due to radial core expansion and control rod drive line
expansion. Thirdly it was felt necessary to evaluate consequences of the transient, by
considering variation of the fuel to clad heat transfer coefficient. This last item could have been
evaluated only if calculations with a SAS4A-type of code would have been performed. The
other participants were not in a position to do so because it would have needed a thorough
review of the approach to simulate the primary and secondary circuit behaviour for these long
lasting transients within the SAS4A code frame. However, this was not the purpose of the
comparative exercise and the effort to do so was too large to be covered within the scope of this
exercise.

The results have shown that the upper sodium layer is a quite efficient design measure to
prevent the net reactivity to approach or exceed prompt criticality in the initiation phase. Within
the framework of the exercise no analysis was performed for the transition. In this sense, it is



not yet demonstrated that this innovative core design leads only to benign consequences in
terms of thermal and mechanical loading of structures of the primary system.

2.5. Consequence and analyses of other initiators for core destruction (UTOP,
UTOP/ULOF)

Four countries participated to this state of the exercise namely the Russian Federation,
India, France and Germany. However, contributions from the first two partcipants were only of
limited value because their code systems do not provide information on the transient fuel pins
behaviour. They do not provide the capability to calculate fuel pin failure conditions
mechanistically and they do not provide information on consequences of core materials
relocation after fuel pin failure other than to impose a pre-specified materials relocation
behaviour which is not adequately representing the reality and which does not represent the
current state of knowledge and technology. Therefore, discussion of results hereafter is mainly
based on calculated results provided by the last two participants. At this stage of the exercise
two classes of accident initiators were considered:

• Consequences of unprotected reactivity ramp rate accidents leading to a UTOP-accident.
Two types of reactivity ramp rates were considered in detail: an 0.5$/s reactivity ramp rate
and an 0.05$/s reactivity ramp rate. For both cases, impact of the reactivity feedback of
radial core expansion on the event sequence was neglected and nominal values of the other
reactivity feedback coefficients were used.

• Consequences of an accident scenario with unprotected withdrawal of 6 compensator rods
from the core accompanied by failure of all scram system absorber rods and initiation of a
loss-of flow. The externally supplied reactivity was limited to a maximum value of 3.9 $.
This accident initiator leads to a so called UTOP/ULOF accident. It is of some interest for
the evaluation of the residual risk associated with the operation of a BN-800 type reactor.
Boundary conditions of the calculations are the same as for the previously mentioned
analyses.

Calculated results of the pure UTOP analyses

To perform these calculations it was necessary to get access to experimental data of the
BN-800 clad material properties. These should give insight into the relations between
temperatures and strain rate on the one side and ultimate tensile strength and yield stress on the
other side. Most importantly, experimental data on the respective failure strain values are
necessary. In addition variation of these data with accumulated doses are necessary. The
information could be provided only partially. The strain rate dependency could not be given as
well as the failure strain dependencies of the irradiated clad material. Analyses were therefore
performed with material property functions deduced in the framework of the CABRI
experimental programme for a 20% coldworked 15/15 Ti stabilised clad material. This was
done under the assumption that the BN-800 clad material behaves similarly. However, this is a
quite risky procedure because extrapolation of clad material properties for irradiated clad
represents a very difficult subject and definitely needs experimental backup. Thus, the results
presented and discussed here can only be of a preliminary nature. This concern is to be taken
seriously because information on material properties for the BN-800 clad material at high dose
loads revealed that the material properties are considerably different than the ones assumed in
these analyses. This information was provided only at the end of the exercise and could not be
taken into account appropriately.



Results of the slow reactivity ramp rate calculations are sensitively dependent on the
transient variation of contact pressures at the fuel to clad interface and on the balance of fuel
melt cavity pressure buildup and the transient radial expansion of the still solid fuel. It is due to
this fact that the calculation presented by France, calculates firstly boiling onset though the
calculation presented by Germany predicts fuel pin failure prior to boiling onset. In both cases
fuel pin failure is calculated in one subassembly group (SAG) at 3 6S to 41s of the transient, at
67% to 79% of the core height and when a failure strain of 1.7% or 0.5% becomes exceeded. At
this point in time, the normalised power has reached about 3.1 times the nominal value which
corresponds to a peak linear rating in the concerned SAG of about 1050 to 1100 W/cm. The
two reliable calculations for this case have shown that failure conditions depend strongly on
details of the fuel pin mechanics simulation and most pronouncedly on the actual established
strain rate.

In the calculation presented by Germany, first fuel pin failure occurs at a time of the
transient when heat-up of the fuel pins and clad straining in several SAGs results in liquid
sodium displacement from central core regions. Therefore, it leads to a transient increase of the
integral sodium reactivity feedback just prior to failure prediction. After failure, sodium is
displaced additionally at the failure site by the ejected fuel. The cumulative effect of these
reactivity feedbacks result in a slight increase of the power which is considerably reduced, with
a time delay of about 170 ms, when dispersal initiates a rapid reactor shutdown.

When sodium boiling takes place before pin failure the post failure transient looks slightly
different, but at the end of the calculations partial blockage formation in the concerned SAG
leads to a core configuration which can hardly be cooled in-place on a long time scale. The
accident most probably will enter into a slow core melt down with a progressive core
destruction by a thermally induced subassembly to subassembly propagation.

Results of the rapid reactivity ramp rate calculations reveal a similar sensitivity against
details of the simulation of the fuel pins mechanical behaviour and against actual strain rate
dependencies of the clad material properties. These details influence the coolant heat-up
considerably thus establishing transient conditions where fuel pin failure is calculated to occur
either prior to boiling onset or only afterward with some time delay. If fuel pin failure occurs
prior to boiling onset it is at 3.7S or 5.25s into the transient depending on assumptions about the
actually established strain rate. The calculated failure location is between 62 % and 75% of the
fissile core height. As a consequence of the quick voiding of the upper sodium plenum, reactor
shut down is initiated due to a rapid reduction of the sodium void reactivity and an initially
benign fuel dispersal. When a more massive fuel pin destruction takes place about 400ms after
the first fuel pin failure, the net reactivity increases again due to the superimposed effects of
sodium voiding and fuel relocation. However, 20ms to 30ms later reactor shut down is initiated
by a rather massive dispersal and relocation.

Results of the pure UTOP-simulations are strongly dependent on the reliability of the
calculated failure time and more importantly on the calculated failure position. The most
recently developed modelling approaches with SAS4A have been qualified successfully on the
experimental observations of the different CABRI-programmes. These results demonstrate a
large margin to failure for hollow pellet fuel pin design under transient loading. However, the
success of calculations depend to a large degree on the reliability of assumptions of the dose and
strain rate dependence of clad material properties. The data of these assumptions need to be
strengthened to defend the reliability of the presented calculations. It is strongly recommended
to evaluate strain rate dependencies and temperature dependence of mechanical properties of
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the irradiated BN-800 clad material up to dose values of 70 to 100 dpaNRT experimentally and
to cover the strain rate dependency from 10"4 up to 1/s to 5/s in small steps.

UTOP/ULOF analyses

Four countries contributed to this part of the exercise namely the Russian Federation,
India, France and Germany. Calculations were performed with the same code systems applied
to states IV and V of the exercise. However, the Russian Federation used their newly developed
CANDLE code package in addition to their GRIF-SM code. Nominal values of the reactivity
feedback coefficients were used, reactivity feedback effects due to radial core expansion were
neglected. Results of the calculations can be summarized as follows:

The UTOP/LOF-accident leads to coolant boiling firstly at the level of the upper sodium
layer. This calculated to occur between 9.8s to ll.ls of the transient depending on the tool
applied. The negative reactivity feedback due to the initial voiding of the upper sodium layer
mitigates efficiently the positive reactivity feedback due to the further voiding of fissile core
height. Initially the event sequence is quite similar to the one calculated at state IV of this
exercise when the radial core expansion is neglected. However, the net reactivity and the
normalised power level stays higher due to the super imposed external reactivity ramp rate and
thus tune scales of the event sequence become smaller. It is already at about 2.1s into the
boiling sequence that clad relocation starts in the SAS4A type calculations. In the GRIF-
SM/CANDLE calculations this time period is considerably delayed up to 5.1s which seems to
be related to the fact that GRIF-SM does not calculate actually established gap conditions, i.e.
the variation of the heat transfer coefficient between fuel clad is not taken into account
appropriately. As a consequence of the clad material relocation, a positive reactivity feedback is
built up which accelerates the one due to the rapidly progressing void evolution hi the core
region. Another 2s to 3s later fuel pin breakup conditions are met in the high powered SAG of
the MEZ. Rapidly after about half of the other SAGs enter into breakup conditions as a
consequence of a rather energetic power transient which develops due to a positive reactivity
ramp rate resulting from the superimposed effect of sodium boiling and clad material
relocation.

At the same time of the first fuel pin break up the net reactivity stays close to prompt
critical, i.e., it amounts to 0.95$ or 0.85$ respectively, depending on the model used. After first
fuel pin breakup, the net reactivity rises only gradually exceeding prompt criticality only for a
very limited time period of a few milliseconds (in the French calculation) because a more or less
continuous dispersive fuel relocation initiates reactor shutdown after a few 100ms. However,
fuel relocation seems not sufficient to lead to permanent subcriticality of the establishing core
configuration.

3. GENERAL CONCLUSIONS

Transient response of an innovative BN-800 type core design to severe accidents

Evaluated consequences of the accidents considered in this comparative exercise depend
on the design details given in the case set-up and on the level of detail of theoretical analyses. In
so far conclusions can only be drawn related to the specific cases considered in this exercise and
deducted from results of the specific calculations. These conclusions are as follows:
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Main advantages of the as specified innovative BN-800 type core design are to be seen
in providing an additional inherently activated safety margin of preventing fuel pin failure or
local boiling in the domain of operational and severe transients to be considered in the design
basis. These features complement well the large margin to fuel pin failure achieved already with
the hollow pellet fuel pin design and a clad material providing ductility even under high dose
loads. Evaluation of the impact of the as specified core design features on the core behaviour
during operational transients was not part of this exercise as well as stability analyses. This
would have needed other theoretical approaches to evaluate the potentially involved problems.

In the beyond design basis accident1 domain some clear advantages of the innovative
core design have been identified:

Unprotected reactivity initiated accidents most probably lead to an early reactor
shutdown either due to pre-failure in-pin fuel relocation and/or due to a rapid fuel dispersal after
fuel pin failure in a few subassembly groups. Linear ratings at failure conditions most probably
are high, i.e., at bout 1000 W/cm and more. Evaluations of the long term coolability of the
established core configuration after reactivity initiated accidents were not part of this
comparative exercise. They need careful consideration to evaluate potential consequences of a
thermally induced subassembly to subassembly propagation.

In case of unprotected loss-of-flow accidents the main advantage of the as specified
innovative core design is that it is hardly possible to approach or exceed prompt criticality in the
initiating phase of the transient. At the end of most of the calculated event sequences, core
configurations were established that needed transition phase analyses. This type of analyses
were not part of this comparative exercise. However, they will become complicated because it
remains unclear in what way permanent reactor shut down might be achieved. Release of
thermal and/or mechanical energy cannot be predicted without performing appropriate analyses
taking representative results of the initiation phase as initial conditions. This still needs to be
done.

Conclusions from this comparative exercise hold for the specified case set-up. They need to
be reviewed when some of the design features change or when more detailed evaluations lead to
different input data like

• magnitude and/or spatial distributions of reactivity feedback coefficients of core materials,
• reactivity feedback effects due to radial core expansion,
• fuel pin mechanical properties, and
• if more rapidly developing consequences of control rod drive line expansion could be

demonstrated.

It is felt that there are possibilities for improvement of the analyses and/or for
optimisation, especially when a more realistic core design would be considered. However the
comparative exercise has shown as well that consequences of these type of modifications need
to be analysed carefully and in detail on a case to case basis. The use of more sophisticated and
experimentally validated theoretical models would be helpful to improve the reliability of
results.

1 The considered accidents have extremely low probability and should be categorized to residual risk.
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Methods and codes for transient analysis

Results of this comparative exercise have shown as well that theoretical approaches
chosen by India with their PINCHTRAN code package provides comprehensive results for
single phase analyses but they use simplified approaches for two-phase flow. Fuel pin
mechanics is not yet modeled.

The Rusian GRIF-SM code package with the complementary CANDLE-code package
provides results for ULOF-type transients up to molten clad relocation. However, it is strongly
recommended to couple a transient fuel pin mechanics code package to the system, to develop
fuel pin failure criteria considering special features of the BN-800 fuel pin design and to extend
the capabilities of the code system to describe core material relocation phenomena after fuel pin
failure or breakup.

The different code versions of the SAS4A-code family available in Japan, France and
Germany allow to evaluate consequences of accident initiators leading to core destruction along
all stages of the initiation phase up to hexcan melting on the basis of experimentally qualified
models. Even these code systems undergo continuous improvement.

In France, the pre-failure in-pin fuel relocation model EJECT is approaching completion with
qualification and in Japan coupling to space time kinetics methods is far advanced. Thus, more
improved analysis tools will become available in future which provide the possibility of re-
evaluating the current results and to follow continuously the impact of new and/or optimised
design features of innovative core designs on the results of accident analyses to be considered in
the beyond design basis accident domain.

NEXT PAGE(S)
left BLANK
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Chapter 1
SYNTHESIS OF NEUTRON PHYSICS CALCULATIONS

1.1. RUSSIAN CALCULATIONS

1.1.1. Methods and calculational models

Evaluation of the reactivity coefficients used in the subsequent analysis was made
mainly on the basis of tools of the first order perturbation theory in 26-group diffusion
approach. The calculations have been made using standard version of BNAB -78 data base
with ARAMAKO-S system preparation of the cross section applied for justification of the
BN-800 reactor design with near zero SVRE value [1.1, 1.2]. In this connection, in spite of
the changes in methodology and data base which have taken place by now in Russia, standard
conservative methods of applied calculation of reactivity coefficient were used as well as
their models in the form which was used earlier (in 1991-1992) for their realization
conformably to the design justification. In order to estimate the effect of using the different
cross-section libraries some calculations were also performed with the modified version of
RHEIN set developed in the framework of the former USSR-GDR bilateral cooperation [1.3,
1.4]. So for the analysis code sets realizing the above calculational method in R,Z geometry
were used, namely : RADAR code using standard version of BNAB -78 data base with
ARAMAKO-S system preparation of the cross section and RHEIN set with ZEMO constant
preparation system for the BNAB-90 data base.

In order to evaluate criticality parameters and to make tests of the results obtained using
the perturbation theory, 26-group SYNTEZ code (standard 26-group presentation with
BNAB-78 data base) and 3D (GEX-Z) TRIGEX code (6 points per SA in 11-group
approach[1.5]) were used. Macro data (delay neutron yield and spectra) from BNAB-78 and
standard TATL libraries were used for calculation of the neutron kinetics parameters. The
main reactivity coefficients were calculated using the following assumptions:

Doppler reactivity effect: Doppler constants have been evaluated

(TSK/
Keff(T) - Keff(T0)
Keff(T)Keff(T0)

These values were calculated using both well known perturbation theory relationships
and direct computational methods in 26-group approach in order to make corrections for scale
in case of large size of temperature perturbation zone and Doppler constant correction for the
sodium content change in physical and geometrical zones under consideration.

Sodium density component: Sodium density component was also evaluated using the first
order perturbation theory and presented as follows:

'Na - PNa)n5KNa
n

taking into account correction for the relieving of resonance cross sections (for
instance [1.6, 1.7])

Components of thermal expansion: Components of thermal expansion of the core for the
evaluated neutronics functionals in the diffusion approach were determined using similarity
theory expressions in [1.7, 1.8]. In the framework of the diffusion approach in case of "i"
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material thermal expansion in "k" zone, the following relationships between the linear
dimension L, content p(i,k) and reactivity RE are true:

0 , 0 / i , k i , k
i k P L

In this relationship, reactivity component values determined by the perturbation theory
equations are as follows:

i = -- JI
leakage in R-direction

leakage in Z-direction
^, 1

-worth of main reactions

-perturbation denominator.

In such representation, reactivity effects caused by thermal expansion of the materials in
axial and radial directions are evaluated using the following relationship:

Here the sodium is excluded from summation, since its expansion has already been
taken into account by the sodium density components. On the other hand, the expansion
model can take into account sodium displacement by the core materials expanded in radial
direction.

It should be taken into consideration that the above presented model of the uniform
radial expansion of the core was realized as that of an entity: «truncated cone model» with the
support points in the core diagrid structure and on the SA spacer pads.

The main characteristics of the considered reactor are presented in table 1.1 and figs
l.l,.1.2andl. 3. A core cartogram is shown in fig.1. 4.

For neutronic calculation the reactor calculational model in R-Z geometry was
prepared. End of the run of equilibrium state was adopted. So all control rods were withdrawn
from the core and placed at their upper positions. The calculational model is given in fig.l. 1.
Each sub-zone is described by two figures. The upper one is the sub-zone temperature, K; the
lower one is the sub-zone number. The following designation of sub-zones is adopted: 1,2,3 -
Upper part of LEZ, MEZ and HEZ, respectively; 4 - Lower axial breeder blanket; 5 - Radial
breeder blanket; 6 - Sodium layer; 7 - Upper axial boron carbide shield; 9 - Control rod
follower; 10,13 - These numbers are not needed in the calculations; 11 - Compensating
system rod; 12 - Safety system rod; 14 - Pin gas volumes; 15 - Radial steel shield; 16 - Upper,
lower and radial reflector; 17 - Subassembly heads; 18,19,20 - Middle part of LEZ, MEZ and
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TABLE 1.1. MAIN PARAMETERS OF THE BN-800/1500 MWTH BENCHMARK CORE

Core concept
Total thermal power (MW)
ISadiationtime(e.f.p.d./cycles)

Pitch (m)
Unit cell area (m2)
Coolant flow area (m2)
Active core height (m)
Axial blanket height (m)
Fuel assemblies
Pins/assemMy
Fuel
Fuel theoretical density (gr/cm3)
Fresh fuel enrichment Pu/(Pu+U)

Lower:
Midle:
Higher:

Fuel-isotopic composition (%) •.
Pu238/Pu239/Pu240/Pu241 /Pu242
U235/U236/U238
Pellet shape

dimensions (m)
Pellet height (m)
Inner radius (m)
Outer radius (m)
Axial blanket

Inner radius (m)
Outer radius (m)

Clad
inner radius (m)
outer radius (m)

Central pins wire diameter (m)
Near-wall pins wire diameter (m)
Steel slug diameter (m)
Number of slugs

Heterogeneous 13 Enrichments
1500
140x3

Fissile Fertile
0.1006
0.008764

0.002403 0.001438
0.851 1.58
0.355
181/138/162 84
127 37
(U,Pu)Ol98 UO2

10.97 10.69

20.08%
23.17%
27.35%

0.0/60.0/25.0/10.9/4.1
0.4/0.0/99.6

Chamferred edges
0.00025x0.00025

0.008
0.000825 0.0
0.0028 0.0068

0.0
0.002825

0.0029
0.0033
0.00115

0.0016
36

0.0066
0.0070

0.0006x0.0013
0.0035
18

17



DH\DR
(sm)

70.00

31.18

25.15

35.21

5.00

28.00

28.00

29.10

35.50

67.00

70.00

1
1 25.05

900
16
900
17

900
7

900
6

900
24

1500
1

1500
18

1500
21

1200
4

900
14
900~
16

1
1 3.14

900
16
900
11

900
11

900~
11

900
11

1500
9

1500
9

1500
9

1200
9

900
9

900
16

17.00

900
16
900
17
900
7

900
6

900
24

1500
1

1500
18

1500
21

1200
4

900
14

900
16

1.82

900
16
900
12
900
12
900
12

900
12

1500
9

1500
9

1500
9

TzTxT
9

900
9

900
16 I

1

5.43

900
16
900
17
900
7

900
6

900
24

1500
1

1500
18

1500
21

1200
4

900
14
900
16

1.58

900
16
900
12
900
12
900
12
900
12

1500
9

1500
9

1500
9

1200
9

900
9

900"
16

15.21

900
16
900
17
900
7

900
6

900
24

1500
1

1500
18

"T500~
21

1200
4

900
14
900
16

2.38

900
16
900
11
900
11
900
11

900
11

1500
9

1500
9

1500 '
9

1200
9

900~
9

900
16

5.11

900
16
900
17
900
7

900
6

900~
24

1500
1

1500
18

1500
21

1200
4

900
14
900
16

LEZ

21.95

900
16
900
17
900
7

900
6

900
24

1500
2

1500
19

1500
22

1200
4

900 '
14
900
16 I

1

20.73

900
16
900
17
900
7

900
6

900
24

1500
3

1500
20

1500
23

1200
4

900
14
900
16

1
MEZ I HEZ

1 9.44

900
16
900
17

1200
5

1200
5

1200
5

1200
5

1200
5

1200
5

1200
4

900 "
14
900
16

RB

9.40

900
16
900
17

900
15
900
15
900
15
900
15

900
15
900
15
900
15
900
14
900
16

1
18.70| 30.00

900
16
900
17
900~
8

900
8

900 '
8

900~
8

900
8

900
8

900
8

900
14
900
16

900
16
900
16
900
16
900
16

900
16
900
16
900
16
900
16
900
16
900
16
900
16

Radial |
shielding I

FIG. 1.1, Reactor model for neutronics calculations.



HEZ, respectively; 21,22,23 - Lower part of LEZ, MEZ and HEZ, respectively; 24 - Pin steel
plugs.

Nuclear concentrations in 1024nucl/cm3 for subzones are listed in table 1. Al Appendix.

FIG. 1.2. Two 60° - sectors core layout for the BN-800 / 1500 MWth reactor. Six mesh
points/plane per assembly.
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FIG. 1.3. Axial structure and geometry for fissile, fertile and c.r. assemblies for the
neutronic calculations.
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FIG. 1.4. One 60°- sector cross-section lay out for the BN-800 /1500 MWth benchmark
core.

1.1.2. Results of calculations

Criticality parameters: Three different approaches that were used for calculations gave the
following values of effective multiplication factor:

- 2D(RZ) geometry (finite diff. method): Kerf=l .00445
- 2D(RZ) geometry (synthetic method): Keff=l .006282
- 3D(Z-HEX) geometry (finite diff. method): Keff=l -006762
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Neutron components in the reactor (finite difference method) for the first method are
presented below:

capture
fission
multiplication
N-2N
leakage
capture fraction
leakage fraction
fission neutron worth in the reactor,
including
LEZ
MEZ
HEZ
radial blanket

0.3028E+8
0.1603E+8
0.4651E+8
0.5850E+5
0.2609E+6
0.9944
0.0056
0.3800E+9

1.69E+8
1.19E+8
8.40E+7
4.06E+6

Neutron kinetics functionals: The main neutron kinetics functionals are given in table 1.
2 using delay neutron parameters based on BNAB and TATL data libraries in the framework
of one computation code (RHEIN). The diversity of group values ZP and total value (3eff is
caused mainly by the applied version of delay neutron parameters. Maximum difference is
determined for the 6-th group, first of all owing to the high plutonium isotopes. In this case, it
is to be noted that the absolute values of the delay neutron yield for 241Pu and 242Pu in the
BNAB library corrected with account of the results of measurement of the plutonium critical
assemblies.

FIG. 1.5. Channels composition for one 60° - sector cross-section for the BN-800 / 1500
MWth benchmark core.

22



TABLE 1.2. NEUTRONICS PARAMETERS

BNAB Library (Russia)
Group

U-235
U-238
Pu-239
Pu-240
Pu-241
Pu-242

ip
peff

Lp, sec

A-i, I/sec

U-235
U-238
Pu-239
Pu-240
Pu-241
Pu-242

sp
peff

Lp, sec

Xi, I/sec

p^ff

0.28 IE-5
0.172E-4
0.4559E-4
0.4936E-5
0.6013E-5
0.1839E-6
7.67E-5

0,0129

0.2784E-5
0.1932E-4
0.4525E-4
0.528 IE-5
0.1193E-4
0.7824E-6
8.5343E-5

0.01340

p2eff

0.166E-4
0.1904E-3
0.3539E-3
0.5060E-4
0.1469E-3
0.9257E-5

7.68E-4

0,0311

TATL
0.1460E-4
0.1585E-3
0.3019E-3
0.427 IE-4
0.1506E-3
0.9349E-5
6.7765E-4

0.030781

P3eff p4eff

0.145E-4 0.3158E-4
0.222E-3 0.5342E-3
0.2686E-3 0.4098E-3
0.350 IE-4 0.6422E-4
0.1088E-3 0.246 IE-3
0.7516E-5 0.1933E-4
6.56E-4 1.31E-3

0.3563E-2

0.4418E-6(R4JDAR)

0,134 0,331

Library (Russia)
0.1387E-4 0.3176E-4
0.1813E-3 0.5444E-3
0.2234E-3 0.4145E-3
0.2487E-4 0.5525E-4
0.9309E-4 0.2317E-3
0.4943E-5 0.1304E-4
5.4146E-4 1.2906E-3

3.6208E-3

4.4776E-7 (RHEIN)

0.11742 0.30824

p5erf

0.983E-5
0.3073E-3
0.1274E-3
0.2323E-4
0.1145E-3
0.1015E-4
5.92E-4

1,260

0.1291E-4
0.3558E-3
0.2146E-3
0.2990E-

0.1304E-3
0.8984E-5
7.5260E-4

1.2418

P^

0.2011E-5
0.1033E-3
0.4386E-4
0.5360E-5
0.1013E-4
0.4682E-6

1.65E-4

3,210

0.5413E-5
0.1452E-3
0.6522E-4
0.9155E-5
0.4526E-4
0.2869E-5
2.7316E-4

2.9500

Sodium void and density reactivity effects: The results of calculations of SVRE as a function
of sodium fraction in the different zones using SYNTEZ code are presented in the table 1. 3.
One can see from table 1. 3 that the effect depends on temperature, changing non-linearly with
sodium fraction.

As far as "interaction effect" between single voided fuel zones is concern it turns out
that the simple sum of the single fuel zone reactivity worths under-estimates the positive
actual value for the case of fully voided core by «5%, and the simple sum of the reactivity
worths for all fuel zones and sodium layer zone differs from directly calculated value by 26%
for T=900K and almost by 3 times for T=2100K.

To complete the sodium void effect analysis it is necessary to make some comments
with respect to the results presented in the "Input data" (table 1. A.2, appendix). These data
are the result of normalization of sodium efficiency spatial distribution obtained using
perturbation theory on the directly calculated results. Sodium efficiency values in the bottom
axial blanket and in the core have been normalized to the SVRE value in the core while the
sodium efficiency in the above core area has been normalized to the sodium plenum
efficiency. It is to be noted that SVRE for "Input Data.." was calculated under the condition
that sodium was not removed from control rod channel but only from subassemblies.
Doppler reactivity: As it follows from table 1.4 1-st order perturbation theory calculations
gives overestimated absolute value of Doppler reactivity coefficients approximately by factor
1.5 as compare to the results of direct diffusion calculations and it is true both for voided an
unvoided cases. In table 1. 4 one can also observe the influence of application of different
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TABLE 1.3. SODIUM VOID REACTIVITY AS A FUNCTION OF SODIUM FRACTION FOR
DIFFERENT TEMPERATURE, %AK/K

______________________Fissile zones only
Zone T,°K Na fraction in the zone, %

L E Z

M E Z

H E Z

Whole core

L E Z

M E Z

H E Z

Whole core

900
2100
900
2100
900
2100
900
2100

900
2100
900
2100
900
2100
900
2100

75
0,193
0,213
0,103
0,112
-0,040
-0,035
0,259
0,293

Fissile zone
0,137
0,156
-0,064
0,078
-0,160
-0,028
-0,087
0,116

50
0,396
0,433
0,209
0,228
-0,082
-0,075
0,534
0,605

"+" sodium layer
0,242
0,287
0,083
0,105
-0,269
-0,151
-0,058
0,214

25
0,602
0,658
0,315
0,344
-0,131
-0,119
0,812
0.927

0,292
0,360
0,073
0,103
-0,421
-0,307
-0,056
0,152

0
0,800
0.882
0,416
0,466
-0,195
-0,175
1,068
1,232

0,165
0,267
0,024
-0,022
-0,664
-0,558
-0,377
-0,110

Note: Calculation has been made in diffusion approach.

TABLE 1.4. DOPPLER REACTIVITY FOR VARIOUS REACTOR ZONES IN THE
TEMPERATURE RANGE 900-21000K (DIFFUSION THEORY, BNAB-78 DATABASE)
AK/K

Heated reactor
part

SYNTEZ(direct
calculation)

1-order perturbation theory RADAR (
________RHEIN)________

Fuel Steel Fuel Steel
Unvoided core (100% of sodium)

LEZ

MEZ

HEZ

Whole core

BAB

RB

-0.0030

-0.00147

-0.000745

-0.00521

-0.0007

-0.000311

-0.00029 -0.00372
(-0.00405)

-0.00016 -0.00158
(-0.00131)
-0.000834

(-0.000801)
-0.000482 -0.00613

(-0.00616)
-0.000754

(-0.000906)
-0.0005175
(-0.000575)

-0.000434
(-0.000466)
-0.000181

(-0.000165)
-0.000087

(-0.0000402)
-0.00702

(-0.00671)
-0.00075

(-0.0000482)
-0.0000168

(-0.0000166)
Voided core (0% sodium)

LEZ
MEZ
HEZ
Whole core
BAB

RB

-0.0019
-0.00081
-0.000535
-0.00337

-0.000575

-0.00029

(-0.00245)
(-0.00096)
(-0.000572)
(-0.00398)
(-0.00093)

(-0.000605*)
(-0.000439)
(-0.00039*)

(-0.000305)
(-0.000106)
(-0.000428)
(-0.000839)
(-0.0000501)

(-0.0000158)

Note:«"»- the whole reactor is voided.
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cross-section libraries used in RADAR and RHEIN codes. As regards fuel, the most effect
(18%) is seen for the medium enrichment zone but for whole core the effect in the results
provided is negligible. As regards steel, the most difference is observed for high enrichment
zone but for the whole core as well as for fuel using of different cross-section libraries gives
very similar values of Doppler reactivity coefficients. The data presented in two last rows of
table 1. 4 shows that Doppler constant values for the separate reactor parts depends on the
adopted drying model, which can include the whole reactor or the core only. Thus Doppler
constant for bottom axial blanket decreases by factor of -1.5 when the whole reactor is
voided.

The same procedure as for sodium density reactivity was applied for evaluation of
Doppler reactivity coefficients that were presented as input data for ULOF accident
calculations (tablel A.3, Appendix). In order to diminish the error the space distributions
calculated by RHEIN were normalized to directly calculated (SYNTEZ -code) values of
Doppler effect for different reactor zones (tablel. 5). The reduction factor of Doppler
coefficients (table 1A.4, Appendix), was also calculated on the base of direct diffusion
calculations that are presented in the tablel. 6.

Reactivity caused by material thermal expansion: Reactivity components due to the thermal
core expansion were calculated using 1-st order perturbation theory in diffusion approach.
The results in brief condensed form are presented in tablel. 7.

The results of these calculations were used for specification of axial and radial
expansion coefficients (tablesl. A.4 andl. A.5, respectively) in the "Input data...".

Material density coefficients for fuel and steel: Fuel and steel displacement reactivity
coefficients as they presented in the "Input Data..." (tablel. A.6,1. A.7) were calculated using
1-st order perturbation theory, diffusion approach (code RADAR).

1.2. ITALIEN CALCULATIONS

1.2.1. Introduction

Models of calculation: This analysis is based on the mixed oxide fuelled BN-800
heterogeneous type reactor design [1.2], in the variant of 1500 MWth (total power) proposed
by IPPE , characterized by three enrichment zones. Details of the core layout, physical zones,
physical properties, atomic densities at EoC and operative conditions for the benchmark core
are given in [1.2]. Some parameters of the above input data are collected in table 1.1, while
fig.l. 2 shows two 60°- sectors cross-section of the benchmark core. This choice is related to
the fact that the physical and geometrical period of the benchmark core is one 120°- sector.
Similarly fig.l. 3 shows the axial structure for the fissile, fertile and control rod assemblies. In
this analysis, at the EOC-configuration, the compensating control rods are considered entirely
withdrawal, fig.l. 3. When the rods are inserted their B4C lower boundary is at the active
core (fissile region) lower boundary while their B4C upper boundary is at the pin steel plugs
upper boundary.

It has to be noted that from the atomic densities provided input data [1.2] the following
can be obtained:

- End of Cycle (EoC) fuel enrichments: Pu/(Pu+U)
- LEZ: 20.02%
- MEZ: 22.65%
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TABLE 1.5. DOPPLER REACTIVITY COEFFICIENT DISTRIBUTION IN THE CORE,
AK/K%. (2D-DIFFUSION CALCULATIONS)

B<»C
Sodium

layer
1/3 Core
1/3 Core
1/3 Core

0.0006137
0.001348
0.000997

BAB

0.000382
0.000615
0.000440

0.000206
0.000301
0.000239

RB

0.000311
0.000698

LEZ MEZ HEZ

TABLE 1.6. DOPPLER REACTIVITY COEFFICIENTS AS AFUNCTION OF SODIUM
FRACTION, AK/K%. (2D-DIFFUSION CALCULATIONS)

Sodium fraction, %

LEZ
MEZ
HEZ
Core

Core +
Sodium layer+

Shield +
Plugs
BAB

Ragial Blanket

100
0.299
0.107
0.0745
0.593

0.590

0.070
0.0311

50
0.249
0.106
0.0652
0.538

0.539

0.0707
0.0380

25
0.238
0.1055
0.0649
0.529

0.529

0.0648
0.0367

0
0.232
0.105
0.0647
0.522

0.522

0.0575
0.0290

TABLE 1.7. REACTIVITY COMPONENTS DUE TO THERMAL EXPANSION OF CORE
STRUCTURES, AK/K (DIFFUSION APPROACH, 1-ST ORDER PERTURBATION
THEORY).

Zone Radial expansion Axial expansion
steel fuel steel fuel

Unvoided state (100% Na)
LEZ
MEZ
HEZ

RB (UO2)
BAB

Whole core
Whole reactor

3.43E-3
-3.49E-3
-4.85E-3
-3.57E-3
-1.31E-2

-2.88E-1
-1.48E-1
-5.11E-2
-1.01E-2
-2.03E-2

-0.4919
-0.5396

-2.35E-3
-9.44E-3
-1.13E-2
-8.58E-3
-1.07E-3

-0.0649
-0.1082

-4.20E-3
-1.70E-2
-2.06E-2
-3.17E-2
-2.01E-3

Voided state (0% Na)
LEZ
MEZ
HEZ

RB (UCh)
BAB

-2.30E-3
-6.22E-3
-6.18E-3
-3.85E-3
-1.5(E-2

-3.09E-1
-1.60E-1
-5.91E-2
-1.13E-2
-2.45E-2

-3.18E-3
-1.15E-2
-1.30E-2
-9.68E-3
-1.17E-3

-5.87E-3
-2.14E-2
-2.44E-2
-3.66E-2
-2.23E-3

Note: All values are given for conditional magnitude of the the linear thermal expansion coefficient
Cli = 1 '/degree
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- HEZ: 26.60%
- 0/Met: 2.0
- Average Burnup: 4.124%,
distributed over the three enrichment zones as following: 4.274%, 4.376% and 3.743%.

Methods of calculation: For the benchmark exercise calculations the following methodology
was adopted: a first evaluation of some integral neutronic parameters was performed in
2D(R,Z) frame, as in [1.2]; nevertheless because the heterogeneous character of the
benchmark core, a correct neutronic description of the problem need a 3-dimensions
geometry scheme. Because the scram and passive scram control rod assemblies have identical
atomic composition and are under the same "benchmark-operative conditions" [1.2], the
120°- sector period may be reduced at one 60°-sector period. This allows to adopt this last
configuration for the diffusion theory analysis of the benchmark core, saving both computing
memory and time For a detailed radial description of the neutron fluxes and power
distributions per assembly was adopted the 3-dimensions Triangular-Z scheme, using six
mesh-points per plane and assembly with axial meshes structure as in fig.l. 3.

In this 3-dim, description the benchmark core is subdivided in 930 homogeneous cells
whose 830 are fuel cells, fig.l. 4 shows the 60°-sector cross-section used in the diffusion
theory calculations [1.9]. The CITATION code (Finite Differences Diffusion Code [1.10])
was used for the different eigenvalue calculations, where integral and local results and
information are carried out using a 22-energy groups cross-section library originated from
ENDF/B-V.ll file at 3 different temperatures: 700,1000 and 1500 K. On the other hand, for
the sodium void effect analysis in transport theory a 3- dimensions Hexagonal-Z full core
configuration was adopted. It means to a 3- dim, complete description of 1027 assemblies
[1.11], using homogeneous cells. In this analysis a voided state is equivalent to a zero sodium
atomic density. The MCNP4A code (Monte Carlo Transport Code [1.12]) was used for the
transport eigenvalue calculations, with continuous energy cross-section library originated
from JEF-1 file. For a significant reduction of the statistical la-error (standard deviation) to
less than l%o Ak, one up two millions neutron histories (5000 neutron histories per
generation) are involved for each keff calculation. This choice is strongly related to the core
voided configuration under study.

Computing conditions: This analysis was conducted running on the IBM/RISC-6000 machine
with the following computing conditions, for each calculation:

- diffusion code: 22 energy groups:
2D(R,Z) 3D(Triang,Z)

- Symmetry / 1/6
- Axial nodes 75 90
-Radial nodes 43 62*31
-Accuracy Akeff<le-6
- Convergence: « 35 iterations « 50 iterations
- CPU (min): «55 «112
-Memory (MB): «2.6 «5.9

- transport code: continuous energy cross-sections library:
2D(R,Z) 3D(Hex,Z)

- neutron histories 1.000.000
- Accuracy( 1 cr-error): <0.8%o
- CPU(min): «235
-Memory (MB): «0.9

2D(R,Z) 3D(Hex,Z)
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- neutron histories 2.000.000
-Accuracy (Icy-error): <0.5%oAkeff
- CPU(min): ^450 -750
- Memory (MB): «0.9

Tasks to be performed :as was defined in [1.9] the neutron physics parameters to be
calculated, and compared with the IPPE provided data, are subdivided in two groups:

- Diffusion theory. Integral and local neutronic parameters and performances of the
benchmark core and their distribution over the different channels, stated for the ULOF
transient analysis.

- Transport theory: Effective multiplication factors keff and statistical uncertainties for
the steps with and without sodium for single zones and whole core.

Reactivity burnup swing and power swing, throughout a cycle, were not performed
because the input data about refueling and/or shuffling strategy and fuel atomic densities at
BoC have not been provided by IPPE. For the same reason control rods reactivity worth was
performed only for the EOC-configuration.

1.2.2. Results of calculations

The obtained results, performed at EOC-configuration of the benchmark core for the
BN-800/1500 MWth reactor, are subordinated to the benchmark exercise purpose, covering a
great part of the neutronic design activities, i.e. criticality levels (eigenvalues), fluxes,
powers, reactivity worths, kinetics parameters were investigated. Detailed results about:
distributions per assembly, zone and channel (channels composition defined in with a 60°-
sector cross-section representation in figl..5) are given for: thermal power, power density,
linear power, power peaking factors, Doppler coefficients, density reactivity coefficients.
Also kinetics parameters, C.R. reactivity worth's, sodium void worth and other neutronic
parameters are presented.

Eigenvalues: In the withdrawal control rods configuration (EOC), for the effective
multiplication factor in the sodium unvoided case, was obtained:

- diffusion theory!
- 2D(R,Z)geometry: kdH.00835
- 3D(T.Z) geometry: keff=L00882;

- transport theory
- 1.000.000 neutron histories:

- 2D(R,Z) geometry: keff = 1.00183 ± 68pcm
- 3D(H,Z) geometry: keff= 1.00323 ± 74pcm;

- 2.000.000 neutron histories:
- 2D(R,Z) geometry: keff= 1.00215 ± 48pcm
- 3D(H,Z) geometry: keff = 1.00299 ± 48pcm.

It is worth to be observed that:
- in both diffusion and transport theory the 2D results are slightly lower than the 3D

ones;
- the diffusion theory results appear very close but their comparison is meaningless

because the different meshes number and different cells number;
- doubling the neutron histories in transport theory, the keff results do not change

significantly, while the standard deviation improves of about 30% - 35%, but the computing
time worsens by a factor of about 2.
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Neutronic performances: The benchmark core, with neutron fluxes normalized to 1500
MWth of total power, is characterized by the following values:

- Neutron fluxes:
- peak total flux: 7.12*1015 n/cm2sec,
- peak fast flux: 4.04*015 n/cm2 sec,
- peak fast dose: 1.46*1023 n/cm2,

where the dose figure, important for the strain-analysis, was obtained assuming the
peak fast flux constant during the assembly life (420 EFPD); nevertheless the obtained value
is to consider underestimated, since the peak fast flux is greater in the BOC than in EOC.

- Thermal power.
- fractional distribution of the total power:

-activecore: 0.9251,
-ax. blanket: 0.0312,
- rd. blanket: 0.0338,
- other zones: 0.0099.

- peak values:
- linear power: 385.5 W/cm,
- power density: 558.7 W/cm3.

In tab 1..8 the power distribution per zone and channel is given; fig.l. 6 shows the total
and active core power distribution per fuel assembly, fig. 1.7 shows the average (active core)

TABLE 1.8.THERMAL POWER (MW) DISTRIBUTION PER ZONE AND CHANNEL.

Upper Midle Lower Total A%(*)
L.E.Z
M.E.Z
H.E.Z
B.A.B
Rad. Blanket
GasVoLZones
Na-Layer
Ax. Shield
Heads Zone
C.Rods
Others

Total

151.205 220.741 188.575
116.545 166.402 138.217
114.935 159.920 131.063

560.521
421.164
405.918
46.792
50.742

1.324
0.756
1.843
0.032
2.959
7.949

+1.79
+0.39
+0.002
-1.49
-1.41

1500.00

Peak Power Density
Peak Linear Power

558.7 (w/cm3)
385.5 (w/cm) A%<*)=+4.13

channel:
01
02
03
04
05
06
07
08
09
10
11
12

Power
104.255
138.340
116.651
228.870
237.788
93.405
104.826
143.536
198.886
75.375
50.857
7.211

A%<":
+ 7.40
+ 7.35
+ 6.81
+ 6.16
+ 4.36
+ 4.06
+ 2.84
+ 0.92
+ 2.98
+ 6.84
- 1.48
-43.97

<*> A=(enea-ippe)/ippe
(**) enea values: total power per channel.
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and peak values distribution of the linear power per fuel assembly, while fig.l. 8 shows the
same distribution of the power density. Similarly fig. 1. 9 shows the power peaking factors
(axial and radial) distribution per fuel assembly, while fig.l. 10 shows the axial distribution
of the smeared relative power density rating (l/m3) for the first 10 (fuel) channels.

About the power distribution we observe a good agreement about the fuel zones,
(discrepancies less than 2% for the integral results and 4.1% for the peak linear power) but
not for the absorber and other structural zones. This may be attributed to the capture energy-
yield of the BIO in the B4C, as well as to the slowing-down energy-loss evaluation for the
Na23 in the sodium layer zone. Moreover the axial power density rating distributions per
channel, provided by IPPE, in the central zone are greater than the ENEA ones with an
"almost-systematic" difference of about 10%.

- Breeding properties:
Conversion factors and breeding ratios, defined for the z-zone as:

C.F (z) = Zn Rc,n fert(n e z) / Sm R^ flss (m e z)
B.R (z) = In Rc,n fert(n e z) / Zm Ra,m

flss (m e Core)
with:

- Rc.n fert the capture rate for the n-fertile nuclide;
- Ra,m fiss the absorption (capture and fission) rate for the m-fissile nuclide, were

calculated:
C.F B.R

-active core: 0.6891 0.6581
- axial blanket: 6.8168 0.1344
- radial blanket: 5.0986 0.1288
-total reader 0.9213
The breeding ratio results show that the BN-800/1500 MWth benchmark core shows

moderated "burner core" properties, at least in EOC-state.
-_Kinetics parameters^
The BN-800/1500 MWth benchmark core is characterized by the following integral

kinetics parameters:
- delayed fraction of source neutrons: P =4.0960*10~3

- effective delayed neutrons fraction: peff= 3.3769*10"3

- prompt-neutrons life time: Lp =4.2435* 10"7sec
- mean decay constant: A. = 9.6601 *10~2sec~'
- mean-neutrons life time: t = 3.4958* 10"2sec

where:

- Control Rods Efficiency:
Compensating and scram control rods worth was calculated as total:

Ap= -31.626$; 1$=3.3769* 10'3
as well as separated systems:
- compensating rods:

- inner rings: (6 assemblies) Ap= 6.194$
- outer rings: (12 assemblies) Ap =-15.181$
- scram/passive scram: (12 assemblies) Ap=-17.016$.

Defining "shadow effect" as:
[Ap-IgAp(g)]/£gAp(g)

the BN-800 benchmark core it is characterized by a "shadow effect" value of the -0.176
or 17.6% loss in efficiency for the whole control rods system.
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.•635913 J099l3.0300i2.740-tl2.e74Sl2.0318 I 0.4406
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2.8172 2.097210.52193.2100 3.1518 3.07703.3S7S 3.3275 3.2916
3.073913.021312.953613.108 2.7372l2.0372l0.4057

3.362513.114813.14603.383713.371613.349S 3.3154 3.2403 3.193*
3.24>Sl3.2286l3.2040l3.170« 3 J32513.009713.0663i.132413.101713.0601 243581 0.6736

2.945612.8416
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3.2*2213.2584 3.1140 3J-S77 2.110710.6197
3.147813.1180 l3.09SOi3.0654l2.9»05l3.1464 2.050510.4042

3.168513.360313.1023 3.099512.441810.706414007 3.2661
3.15>«.l3.124 3.0947jl3.0443j[3.2453jl2.9994jl3.011«j2.3748jo.5565

3-J2374 3.2451 3.2063 3.4290 3.2064 3.2781 2.6826
3.099713.110813.080713.3118 3.186212.6070

.4.639 3.4630 3.2640 2.9355 2.8389 (2.1496 10.5800total assembly
actlvacore 3.035ft 3.3446 3.1554 2.8396 2.7591

3-.Z15212.9770 j 2.3223
3.U?e6j2.8976 2.8401

2.267610.5350
2.203310.4962

FIG. 1.6. Thermal power (MW), total and active core per fuel assembly for the BN-800/1500
MWth benchmark core.
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253.51 197.3
331.71 266.6

297.01 280.4
369.71 353.3

28,6.̂ 1 280.4
3*4.51 346.5

289.0 285.1 280.1
356.4 I 352.4 I 346.0

274.7 292.9 271.6 273.6
339.8 1 366.11 345.3 1 356.5

284.4 279.6 273.3 287.7 260.8 253.3 188.5 128.9
«5.8 136S.21359.3 3*1.81 345.S i 338.91 361.71 M4.61 3S4.61 259.4 1 201.6

226.4 I 182.2
903.2 I 278.3

2*M'l 298.7 296.6 293.4 289.8
36*0.1 367J 364.4 361.1 j 366.9

299.1 278.6 2824
373.7 373.7 367.3
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353.41 363.4 1 296.2

281.7 300.3
348.91 376.0

48.6.81 287.8
354SJ 364.2

285.0 306.4
352.31382.6

294.7 | 241.2
380.91321.3

average on a.c.
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•NT,.4 I 266.4 j 282.8 | 203.9 j 167.6
37024. 341.31 344.31276.81237.9

•»0.2 I 208.7
346'.*.! 280.8

FIG. 1.7. Linear power (W/cm), average (active core) and peak per fuel assembly for the
BN-800/1500 MWth benchmark core.
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FIG. 1.8. Power density (W/cm3), average (active core) and peak per fuel assembly for
ihe BN-800 / J500 MWth benchmark core.
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FIG. 1.9. Active core power peaking factors per fuel assembly for the BN-800 /1500 MWth
benchmark core. (*) At peak power plane.
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F/G. 7Jft Smeared relative power density rating (1/m3) axial distribution per fuel
channel for the BN-800 / 1500 MWth benchmark core. (Active core length normalized
distance: origin in bottom)

Reactivity coefficientsv_Diffusion theory results about Doppler coefficients, uniform
expansion coefficients, density reactivity coefficients (fuel, sodium, steel and absorber) are
given, both as integral and local figures.

Doppler coefficients: The Doppler coefficients were calculated, both with and without
sodium, in the range (1000 - 1500) K, for the different fuel zones. The integral values:

- unvoided case: TdK(T)/dT = - 81 Ipcm
- voided case: TdK(T)/dT=-584pcm
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are distributed over the different zones and channels as in tabl..9, while fig. 1.1 1 shows
their distribution per fuel assembly with and without sodium; fig.l. 12 and Fig.l. 13 show the
axial distribution of the smeared Doppler coefficients rating (pcm/m) for each average
assembly of the first 10 (fuel) channels.

Uniform expansion coefficients: the coefficient of uniform expansion are calculated in to
steps:

- changes in geometry (radially and axially) without varying the densities of the
materials - "geometry effect";

- changes in geometry (radially and axially) without varying the total mass (by an
appropriate change in the density of all materials, Na is included) - "net effect".

Both axial and radial uniform expansion coefficients were calculated as:
8k/k/8£/& ^=H; R

calculating separately geometry effect and net effect and combining these for the
density effect value, i.e.:

Sk/k/Sp/p = C(4)[(8k/k/8^)geo - (8k/k/5^)net]
with:

C(S) =!/(!+ 8£,R); 8^,R = Kronecker delta.
In this analysis because the total mass of the core is kept constant:
geometry effect mean:

0 and 5p/p=0
and net effect mean:

S£/§ * 0 and Sp/p=-8£/£
- Axial expansion: 8R/R =0

- Geometry effect:
8H/H=+0.05; Sp/p=0
- Net effect:
SH/H = + 0.05 ; 8p/p= - 0.05 (Sk/k/8H/H)ne, =-0.13804

(8k/k/8H/H)geo= 0.225 1 9

TABLE 1.9. DOPPLER COEFFICIENTS TDK*/DT, WITH AND WITHOUT NA, AND
THEIR DISTRIION PER CHANNEL.

L.E.Z
M.E.Z
H.E.Z
B.A.B
Rad. Blanket

100%Na 0%Na

3.746E-3
1.916E-3
1.075E-3
8.607E-4
5.155E-4

2.570E-3
1.374E-3
7.670E-4
6.88 IE-4
4.415E-4

ratio
(Oto 100)% Na

0.6861
0.7171
0.7135
0.7995
0.8565

nominal doppler coeffs voided doppler coeffs
channel

01
02
03
04
05
06
07
08
09

10
11

(pan)
77.68
100.51
83.54

162.74
121.40
45.42
47.76
47.52
55.55
16.54
51.55

A%(*)
50.17
37.62
25.97
17.86
44.86
30.58
13.19
89.98
37.95

-12.30
27.44

channel
01
02
03
04
05
06
07
08
09
10
11

(pcm)
54.35
70.36
58.44
113.68
88.23
32.98
34.66
34.30
40.08
11.94
44.15

(*) A=(enea-ippe)/ippe
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FIG. 1.11.Nominal and voided Doppler coefficients Tdk/dT (pcm) per fuel assembly for the
BN-800/1500 MWth benchmark core.
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(5k/k/8R/R)geo=0.14211

- density effect:
(6k/k/5p/p) = 0.36323

- Radial expansion: 5H/H = 0
- Geometry effect:

5R/R =+0.025 ; 6p/p=0
- Net effect:
6R/R =+0.025 ; 6p/p=-0.025 (6k/k/5R/R)net=-0.59400
- density effect:
(8k/k/8p/p) = 0.36806

The small relative difference on the density effect value between axial and radial
expansion, about 1.3%, is related to a not exact reproduction of the mesh volumes in the two
geometry variations.

Material densities coefficients: Density reactivity coefficients for the fuel, sodium .steel, and
absorber materials were calculated by first order perturbation theory. The following integral
values were obtained:

Fuel: 0.455080; Sodium: 0.044881;
Steel: 0.027123; Absorber: -0.001451.
These values are distributed per zone and channel as in table 1.10. , while their

distribution per fuel assembly are given respectively in fig'sl. 14,1.15,1.16 andl. 17. Also the
smeared density coefficients rating (pcm/m) axial distribution for each average assembly, of
the first 10 (fuel) channels are given in fig'sl. 18,1.19,1.20 andl. 21 respectively.

TABLE 1.10. DENSITY REACTIVITY COEFFICIENTS DISTRIBUTION PER ZONE
AND CHANNEL.

L.E.Z
M.E.Z
H.E.Z
B.A.B
Rd.Blk
Na-Layer
Steel Plugs
C.Rods
Others
Core

Fuel
1.7994E-1
1.3678E-1
1.1788E-1
1.2102E-2
8.3758E-3

4.550&E-1

SS
-1.3960E-2
-4.839 IE-3
5.4562E-3
8.7071E-3
3.2322E-3
6.5788E-3
7.7920E-3
6.4467E-3

7.7091E-3
2.7123E-2

Na
-2.5347E-3
5.870 IE-4
4.4814E-3
4.0894E-3
1.2992E-3
1.7303E-2

7.5293E-4
1.7476E-2
1.4268E-3
4.488 IE-2

-2.6752E-3
1.2246E-3

-1.4506E-3

Fuel

channel
SS

A%(*)

Na B4C

01
02
03
04
05
06
07
08
09
10
11
12

3.4221E-2
4.367 IE-2
3.6255E-2
7.0460E-2
7.837 IE-2
3.0643E-2
3.2250F-2
4.4574E-2
5.6819E-2
1.9439E-2
8.3758E-3

1

+25.37
+23.26
+22.50
+20.27
+ 14.23
+15.09
+ 9.35
+ 4.09
+ 3.59
+ 3.06
- 9.95

8.4460E-4
5.2947E-4
8.0574E-4
2.0967E-3
3.6726E-4
1.0238E-3
1.1001E-3
2.3014E-3
5.1941E-3
2.8204E-3
3.2454E-3
6.7939E-3

5.1292E-3
5.1700E-3
4.9792E-3
9.9805E-3
3.6627E-3
1.9006E-3
2.1098E-3
2.8823E-3
4.7191E-3
2.0755E-3
1.3045E-3
9.6722E-4

-3.2356E-4
-4.9638E-4
-5.0796E-4
-8.5585E.4

3.0233E-4
1.2439E-4
1.4054E-4
1.7338E-4
2.3569E-4
8.6233E-5

/
-3.2938E-4

A=(enea-ippe)/ippe
Text cont. on page 50.
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FIG. 1.14.Fuel density coefficients (pcm), total and active core per fuel assembly for the
BN-800 /1500 MWth reactor.
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FIG. 1.15. Sodium density coefficients (pan), total and active core per fuel assembly for
the BN-800 /1500 MWih benchmark core. . .
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FIG. 1.16. Structural (SS) density coefficients (pern), total and active core per fuel
assembly for the BN-800/1500 MWih benchmark core.
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FIG. 1.17.Structural (B4C) density coefficients (pcm) per fuel & c.r. assemblies for the
BN-800/1500 MWth benchmark core.
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F/G. 1.18. Smeared fuel density coefficients (Ak/k/m) axial distribution per fuel channel
for the BN-800 /1500 MWth benchmark core.
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FIG. 1.19. Smeared sodium density coefficients (Ak/k/m) axial distribution per fuel channel for the
BN-800/1500 MWth benchmark core. (Active core length normalized distance; origin in bottom).
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F/G. 1.20.$meared structure (SS) density coefficients (Ak/k/m) axial distribution per fuel channel
for the BN-800 /1500 MWth benchmark core. (Active core length normalized distance; origin in
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TABLE 1.11..INTEGRAL VALUES FOR NA-VOID COEFF'S AK/K, FROM MCNP4A
TRANSPORT CALCULATIONS, FOR THE BN-800/1500 MWTH BENCHMARK CORE.
(l$=3.3769E-3)

1. 2D(R.Z) Homogeneous model 1000000 neutron histories
l.A Nominal Configuration (with fission products):

KRef = 1.00183±0.00064
Kvow= 1.00215±0.00067

(AK/K) = + 0.0946 S± 0.2744 $

1 .B Non-Nominal Configuration (without fission products):
KRef= 1.03801 ±0.00067
Kvoid= 1.03018±0.00071

(AK/K) = - 2.2338 S ± 0.2891 S
2. 3D(HEX.Z) Homogeneous model. 1000000 neutron histories

2.A Nominal Configuration (with fission products):
Kref= 1.00323+0.00074
Kvoid= 1.0004710.00073

(AK/K) = - 0.8147 S ± 0.3087 $

2.B Non-Nominal Configuration (without fission products):
KRef= 1.03748+0.00070
Kvoid= 1.0291310.00064

(AK/K) = - 2.3834 S 1 0.2809 $
3. 2D(R.Z) Homogeneous model. 2000000 neutron histories

3.A Nominal Configuration (with fission products):
KRef= 1.0021510.00046
Kv«d= 1.0023010.00045

(AK/K) = + 0.0443 $ ± 0.1906 $
3.B Non-Nominal Configuration (without fission products):

KRef= 1.03810+0.00048
Kvoid= 1.03053+0.00048

(AK/K) = - 2.1594 S + 0.2010 $
4. 3P(Hex,Z) Homogeneous model. 2000000 neutron histories

4.A Nominal Configuration (with fission products):
Kref= 1.0029910.00048
Kvoid=1.0007110.00048

(AK/K) = - 0.6732 S± 0.2014 S
4.B Non-Nominal Configuration (without fission products):

Kref= 1.0382110.00047
Kvoid= 1.02955+0.00047

(AK/K) = - 2.4701S± 0.1968$
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About the density coefficients we observe an acceptable difference for the fuel density
coefficient: + 13.22%, but not so for the steel. Based on the [1.2] input data for the SS the
relative difference is + 57.8%.

Sodium void effect coefficients: Sodium void effect analysis was performed in both diffusion
and transport theory. The first one, based on 3D(Triang,Z) geometry, is related to the
necessity of a comparison with the IPPE provided results. The second approach, based on
2D(R,Z) and 3D(Hex,Z) geometry with homogeneous cells, is the one to define the reactivity
values of the voided zones. A detailed investigation zone by zone based in the second
geometry was performed. The voided zones taken into account are the following: three fissile
zones, lower axial blanket, radial blanket, sodium layer and pin plugs zones; therefore
voiding the whole core means deal with the set of all the previous zones. From the obtained
results, given in tab. 1.4, and particularly in the 2*106 neutron histories transport approach,
we option:

- 2D(R,Z) geometry:
knef =1.00215±46pcm
kw.c - 1.00230± 45 pcm so: Ak/k = (+ 0.0443 ± 0.1906)$

- 3D(Hex,Z) geometry:
kRef=1.00299±48pcm
kw.c = 1.00071 ± 48 pcm so: Ak/k = (- 0.6732 ± 0.2014)$.

These results show that the 2D(R,Z) geometry is inadequate to correctly describe the
whole core voiding problem, at least for the configuration with fission products, for the
heterogeneous benchmark core. Therefore the single zone values are those of the 3D(Hex,Z)
geometry.

In this study the "interaction effect" between single voided fuel zones and voided active
core, as well as the active core and sodium layer zones were evaluated. From the results
reported in tablel. 12, one can see that the simple sum of the single fuel zone reactivity
worths under-estimates the positive actual value of the active core by 5.5%, and the simple
sum of the active core and sodium layer zone reactivity worths under-estimates the positive
actual value of the whole zone by 11.5%. Finally the simple sum of all the fuel zones and
sodium layer zone under-estimates the positive actual value of the created " whole" zone by
33.8%.

To complete the sodium void effect analysis, it was repeated without the lumped fission
product in the core, in order to evaluate its influence on the sodium void effect. Eliminating
lumped fission products and following the former approach the following results were
obtained:

- 2D(R,Z) geometry:
kRef =1.03810±48pcm
kw.c = 1 -03053 ± 48 pcm so: Ak/k = (- 2.1594 ± 0.2010)$

- 3D(Hex,Z) geometry:
kRef= 1.03821 ±47pcm
kw.c = 1.02955 ± 47 pcm so: Ak/k = (- 2.4701 ± 0.1968)$.

These results show the strong influence of the fission products evaluated, as large as
some 2$ for the BN-800/1500 MWth benchmark core. Moreover the fission products
influences the interaction effect too.
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TABLE 1.12. SINGLE ZONE VALUES FOR N A-VOID COEFF'S AK/K, IN 3D(HEX,Z)-
HOMOG. MODEL & 2-10« HISTORIES, AND "INTERACTION EFFECT"
EVALUATION, FROM MCNP4A TRANSPORT CALCULATIONS, FOR THE
BN-800/1500 MWTH BENCHMARK CORE.

A. Nominal Configiguration (with F.P)

KREF = 1.00299±0.00048
KLEZ = 1.01193±0.00048 (AK/K)= + 2.639510.2010 S
KMEZ = 1.00714±0.00046 (AK/K)= + 1.2253±0.1969 $
KHEZ =1.0008710.00047 (AK/K)= - 0.625910.1989$
KA.C. =1.0146010.00045 (AK/K)= + 3.427810.1948 $
KLAYER= 0.9939210.00048 (AK/K)= - 2.677910.2010$
KA.C.+LAY= 1.0058610.00044 (AK/K)= + 0.847410.1928 S
KPLUGS= 1.0026410.00045 (AK/K)= - 0.103310.1948 $
KAX.BLK= 1.0011710.00046 (AK/K)= - 0.537410.1969$
KRD.BLK= 1.0010310.00046 (AK/K)= - 0.578710.1969 $

2fsi(AK/K)fsi = + 3.238810.3447 $
ZA.C.&Layer(AK/K) = + 0.749810.2800 $

IfSi&Layer(AK/K) = + 0.560910.3991 S

%[Zfti(AK/K)fsi - (AK/K)A.c.]/( AK /K)A.c. — 5.5
%[ZA,c.&Layer(AKyK)- (AK/K)A.c.+LAY]/( AK/K)A.C.+LAY =- 11.5
%[Sfsl&Layer(AK/K)- (AK/K)A.C.+LAY]/( AK/K)A.C.+LAY =- 33.8

B. Not-Nominal Configuration (without F.P)

KREF = 1.00382110.00047
KLEZ = 1.0460410.00049 (AK/K)= + 2.233410.2011 S
KMEZ = 1.0405610.00050 (AK/K)= + 0.670310.2032 S
KHEZ = 1.0359410.00048 (AK/K)= - 0.647510.1989$
KA.C. = 1.0464710.00046 (AK/K)= + 2.356010.1948 $
KLAYER= 1.0300510.00048 (AK/K)= - 2.327510.1989 S
KA.C.+LAY= 1.0345510.00050 (AK/K)= - 1.043910.2032$
KPLUGS= 1.0394910.00050 (AK/K)= + 0.365110.2032 $
KAX.BLK= 1.0368910.00046 (AK/K)= - 0.376510.1948 $
KRD.BLK= 1.0366910.00051 (AK/K)= - 0.433610.2054$

Zfs!(AK/K)fsi = + 2.256210.3483 $
ZA.C.&Layer(AK/K) = + 0.028510.2785 $
Zfsl&Layer(AK/K) =-0.071310.40 1 1 $

%[Zfsi(AK/K)fsi - (AK/K)A.c.]/( AK/K)A.c. =- 4.2
%[ZA.c.&Layer(AK/K)- (AK/K)A.c.+LAY]/( AK/K)A.c.+LAY =- 102.7
%[ZfSl&Layer(AK/K) - (AK/K)A.C.+LAY]/( AK/K)A.C.+LAY =- 93.2

1.3. JAPANESE CALCULATIONS

1.3.1. Introduction

As an input data of the neutronics calculation, the end-of-the- equilibrium cycle
(EOEC) core data was used, as provided by the IPPE document[1.2] . The core horizontal
cross- section is illustrated in fig.l. 4.

Calculation methods are outlined in Fig. 1. 22. Both diffusion and Monte Carlo transport
calculations in RZ and HexZ configurations were performed with the latest Japanese nuclear
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(a) Diffusion Calculation

X-sec. lib.(70g)
(JFS3J3)

SLAROM

CITATION
(R-Z model)

prepared by JAERI (based on
JENDL-3.2).

calculate eff. X-sec. at 3 temps.
900, 1200 and 1500k.

calculate k-eff, power
distribution, etc.

(b) Transport Calculation

JENDL-3.2

NJOY91

MCNP-4A

Japanese Evaluated Nuclear
Data Library Version-3.2

generate MCNP lib. at temp.
1500k.

calculate k-eff, power
distribution, etc.

FIG. 1.22. Calculation methods.

data library JENDL-3.2 . In diffusion calculations, a seventy group cross-section set JFS3-J3
based on the JENDL3.2 was processed by the SLAROM code to generate the effective cross-
sections at the three different temperatures (900, 1200, 1500K) of the core. The CITATION
code was used to calculate the keff, power distributions, etc., in the RZ configuration. In the
Monte Carlo transport calculation, JENDL3.2 was processed by the NJOY91 code to generate
the MCNP cross-section library at the temperature 1500K. The cross-sections of each FP
element were not generated in the present calculation. The MCNP-4A code was used to
calculate the core characteristics in the RZ and HexZ configurations.

Since the burnup dependent atom density data of each fuel assembly was not provided
by the IPPE document, a fuel subassembly batch factor was ignored in both calculations.

1.3.2. Results of calculations

Power distribution: The zone-wise power distributions are shown in tables 1. 13 and 1.14,
based on the diffusion and transport calculations. No significant difference is seen between
the diffusion and transport calculation results for the core configuration in which the above
core sodium-layer is flooded.

Doppler coefficient: The calculated zone-wise Doppler coefficients Tdk/dT based on a
diffusion theory are shown in table 1.15 for the sodium-unvoided and voided core
configurations.
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TABLE 1.13. ZONE-WISE POWER DISTRIBUTIONS BASED ON DIFFUSION
CALCULATIONS

MW

LEZ
MEZ
HEZ

BAB(4)
GasVolZone(14)

Na-layer(6)
Ax Shield(7)

HeadZone(17)
CRod(9,H,12)

Rad Blkt(5)
Others
Total

Upper
148.50
115.96
114.80

Middle
221.50
167.35
160.66

Lower
189.78
139.30
131.87

Total
559.5
422.6
407.3

50.6
1.3
0.3
1.4

0.02
2.3

50.7
3.9

1500.0

Peak power density 551.9 W/cc
Peak linear power 380.8 W/cc

TABLE 1.14. ZONE-WISE POWER DISTRIBUTIONS BASED ON TRANSPORT
CALCULATIONS

MW

LEZ
MEZ
HEZ

BAB(4)
Gas Vol Zone(14)

Na-layer(6)
Ax Shield(7)

HeadZone(17)
CRod(9,ll,12)

Rad Blkt(5)
Others
Total

Upper
136.56
116.42
115.25

Middle
227.71
167.52
160.15

Lower
195.15
140.02
132.02

Total
561.4
424.0
407.4

49.5
1.3
0.3
1.4

0.03
2.3

46.1
6.3

1500.0

TABLE 1.15. CALCULATED ZONE-WISE DOPPLER COEFFICIENTS
TDK/DT OR THE SODIUM UNVOIDED AND VOIDED CORE
CONFIGURATION

10-3TdK/dT
_______________________Unvoided____________Voided*______

LEZ 3.401 2.221
MEZ 1.721 0.959
HEZ 0.965 0.507
BAB 0.761 0.724

_____Rad Blkd_______________0.424_______________0.353______

*Voided region: LEZ,MEZ,HEZ,BAB, Rad Blkt, Na-layer, Pin steel plug.
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Sodium void reactivity: The calculated whole core sodium void reactivities are shown in
tablesl. 16.(diffusion Calc.) and 1.17 (Monte Carlo transport Calc.). Since the present MCNP
calculations treated no FPs, an additional diffusion calculations in which all the FPs are
removed from the core are performed for comparison. Monte Carlo base analysis includes the
wrapper heterogeneity effect. The heterogeneous assembly model, which explicitly treats the
hexagonal duct and interwrapper sodium, is illustrated in fig.l. 23 in comparison with the
homogeneous model.

The results are summarized in fig.l. 24. The void reactivity difference up to a dollar
was seen between the 2-D diffusion and Monte Carlo transport calculation results. However,
this difference is almost offset by 3-D geometry effect and wrapper heterogeneity effect. The
estimated void reactivity will be about -0.9 dollars at the EOEC condition.

TABLE 1.16. CALCULATED WHOLE CORE SODIUM VOID REACTIVITIES
(DIFFUSION CALC.)

(a)Core with Fps
k-eff void reactivity, S

Unvoided 1.008329
100% voided 1.004333 -1.13

(b)Core without Fps
____________________k-eff______________void reactivity. S
Unvoided 1.025336
Voided_____________1.018274_____________-1.93

TABLE 1.17. CALCULATED WHOLE CORE SODIUM VOID REACTIVITIES
(MONTE CARLO TRANSPORT CALC.)

(a)RZ model (106 neutron histories)

______________________k-eff______________void reactivity. S_____
Unvoided 1.02576±0.00048

_______Voided___________1.02200010.00051____________-1.02±0.20_______

(b)HexZ homogeneous model (4x 106 neutron histories)

________________________k-eff_____________void reactivity. S_____
Unvoided 1.02665±0.00024

_______Voided____________1.02140±0.00025____________-1.43±0.10_______

(c)HexZ heterogeneous model (4x 106 neutron histories)
__________________________________k-efT______________void reactivity. $______

Unvoided 1.02677±0.00024
_______Voided____________1.02056±0.00025______________-1.69±0.10_____
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FIG. 1.23. A heterogeneous assembly model in comparison with the homogeneous model.
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FIG. 1.24 Void reactivity results summary.
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1.4. COMPARATIVE ANALYSIS OF NEUTRONICS CALCULATIONS

Criticality parameters: table 1.18 gives K«ff values compared with the results obtained by the
researchers. ENEA and ERL values are very close to each other. The agreement of IPPE Keff
values with results of other researches can be recognized as reasonable.

Power distribution: About the power distribution (table 1.19) a good agreement is observed
for the fuel zones, (discrepancies are less than 2% for the integral results and 4.1% for the
peak linear power) but not for the absorber and other structural zones. This may be attributed
to the capture energy-yield of the B10 in the B4C, as well as to the slowing-down energy-loss
evaluation for the Na 3 in the sodium layer zone.

Kinetics parameters: Satisfactory agreement is observed for kinetics parameters (tablel. 20).
For example, the differences between the IPPE and ENEA results on integral kinetics
parameters are -5.22%, +4.11%, +8.44% for effective delayed neutron fraction, prompt
neutron life time and mean decay constant, respectively. The IPPE and ERL values of
effective delayed neutron fraction differ from each other by ~1%.

The observed difference in the decay constants of the delay neutron nuclei is mainly
caused by the realized method of their averaging on the contributions by the different fissile
nuclides:

- averaging on the basis of fission number balance as in the case of averaging of the
decay constant values are considered as independent constant factors in the kinetics equation;

TABLE 1.18. EFFECTIVE MULTIPLICATION FACTOR (DIFFUSION THEORY)

IPPE ENEA ERL (Hitachi)
2D (R,Z) geometry 1.00445 1.00835 1.008329

finite-dif. method,
26 groups

2D (R,Z) geometry 1.006282
synthetic method

26 groups
3D(Z-HEX) 1.006762 1.00882
geometry 11 groups

TABLE 1.19. POWER DISTRIBUTIONS (DIFFUSUON CALCULATINS)

LEZ
MEZ
HEZ
BAB

Gas Voi.
Zone

Na-layer
Ax. Shield
Head Zone

C. Rods
RB

Others
Total

IPPE
550.6
419.5
405.9
47.5
1.3

0.3
4.1
0.1
5.9

51.5
12.4

1500.0

ENEA
560.5
421.2
405.9
46.8
1.3

0.7
1.8

0.03
2.9

50.7
7.9

1500.0

ERL
559.5
422.6
407.3
50.6
1.3

0.3
1.4

0.02
2.3

50.7
3.9

1500.0
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TABLE 1.20. NEUTRONICS PARAMETERS.

IPPE(BNAB Library)*)
Group

ip
Peff

Lp, sec
A,;, I/sec

Pleff p2eff P3eff P<?eff

7.67E-5 7.68E-4 6.56E-4 1.31E-3
0.3563E-2

0.4418E-6 (RADAR)
0,0128 0,0303 0,126 0,332

p5eff p6eff
5.92E-4 1.65E-4

1,235 3,015
IPPE(TATL Library)

sp
Peff

Lp, sec
X,i, I/sec

8.5343E-5 6.7765E-4 5.4146E-4 1.2906E-3
3.6208E-3

4.4776E-7 (RHEIN)
0.01340 0.030781 0.11742 0.30824

7.5260E-4 2.7316E-4

1.2418 2.9500
ENEA results

IP
Peff

Lp, sec
A,;, I/sec

8.146E-5 6.3114E-4 5.1423E-4 1.1941E-3
3.3769E-3
4.2435E-7

0.2920 0.030712 0.12947 0.304082

7.0349E-4 2.5249E-4

1.2746 3.3770
ERL results

Peff 3.5E-3

*'This results are presented as Input data.

- averaging on the basis of balance of number of fissions with isotope "weight"
(proceeding from kinetics equation for the predecessor nuclei content) or with "weight" as in
case of ENEA. This difference is caused by the methods of further application of the decay
constants in the neutron kinetics equation.

The effect of differences in the results of the conjugate flux and integral values of the
fission neutron worth cannot be analyzed on this stage because of the lack of necessary data.
Nevertheless the fact of good agreement between the results obtained by the IPPE and ENEA
for the same data bases testifies to sufficiently reasonable agreement in the conjugate integral
fluxes as well. Some preliminary conclusion on possible coordination in the integral neutron
spectra as well can be drawn from the comparison of Lp value showing in addition more hard
spectrum in the ENEA analysis.

It is to be noted that the difference in peff and reactivity coefficients (effect) values
presented in the results compared is an argument in favour of results presentation in AK/K
terms but not in $ terms. Benchmark calculations of the decay neutron absolute yield (TATRL
and BNAB data libraries), carried out earlier in Russia for the point kinetics have shown that
BNAB version application gives more pessimistic evaluation of ULOF type accident other
things being equal.

Sodium void and density reactivity effects: The program of current works was not aimed at
defining SVRE evaluation accuracy, in contrast to [1.11], and therefore the main results on
this reactivity effect obtained in Russia were based on the application of diffusion approach,
the error being well known. On the base of previous Russian and international experience of
experimental and theoretical studies [1.11,1.12] of the SVRE, one can make the following
conclusions:

- results of SVRE evaluations, carried out in different countries using various
calculation codes based on the same approach and geometry are sufficiently similar;
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- diffusion approach gives satisfactory SVRE description for the core and introduces
significant error if the sodium is removed from sodium plenum or control rod subassemblies;
calculational packages based on kinetics approaches, give higher negative value of the SVRE
in the dried zones under consideration (including sodium plenum) as compared to that
obtained in the framework of diffusion approach;

- SVRE values obtained in Russia are shifted to positive as compared to those obtained
in other countries for all configurations of voided zone, remaining more positive in the core
and more negative in the sodium plenum;

- the experiments have elicited the fact that some error compensation of SVRE integral
values for the sodium plenum and the core calculated in diffusion approach using BNAB data
base library (78 and subsequent versions;) is observed thus bringing the diffusion results
nearer to those of the experimental studies.

The attempt to compare single zone values for sodium void reactivities obtained at the
IPPE, ENEA and ERL-Hitachi is presented in the table 1. 21. The values reported in the table
were calculated using different computational tools with different approaches, nevertheless
ENEA and IPPE results are rather close to each other. The most difference is observed for
HEZ and "sodium layer + plugs" zones and it is equal to ~20% for both cases. As far as void
reactivity for whole reactor is concerned (table 1.22), reasonable agreement is observed
between IPPE "Input data ..." and ERL results, ENEA calculations give approximately twice
less value of this parameter as compare to the others. One more conclusion which can be
made from the data provided is that the IPPE calculations results on of SVRE that were taken
as a base for input data for ULOF accident analysis are close to those of most conservative
case as long as they give the largest magnitudes of reactivity due to LEZ and MEZ voiding
taking into account that sodium boiling initially starts in these zones.

TABLE 1.21.SODIUM VOID REACTIVITY, AK/K

ENEA
3D-Diff. 3D-Transp

LEZ
MEZ
HEZ
Core
BAB

Na- layer
+plugs

Core"*"
layer
RB

T

+0.00885
-0.00138
-0.01003

-0.00118

-0.00122

T .
+0.00891
+0.00412
-0.00226
+0.01158
-0.00182
-0.00939

+0.00280

-0.00196

IPPE
2D-Diff.

(direct calculations)
T=900°K
+0.00798
+0.00417
-0.00196
+0.01069

-0.00328

T=2100°K
+0.00887
+0.00467
-0.00175
+0.01233

-0.000962

2D-Dif
("Input data...") *>

T=1500°K
+0.00955
+0.00474
-0.00282
+0.01150
-0.00210
-0.01258

-0.00110

-0.00160

TABLE 1.22.EACTIVITY DUE TO VOIDING WHOLE REACTOR, AK/K

ENEA
3D-Tr.

-0.00226

IPPE
("Input

data...") *)
-0.00481

2D-Diff.

-0.00395

ERL
2D Transp.

-0.00357

HEX, 3D
Transp.
-0.00521

(-0.00591)**)

*) Combination of direct calculations with 1 -st order perturbation calculations.
**> Heterogenous model.

58



Fuel and steel density coefficients: The comparison of IPPE and ENEA results is carried out
in tablel. 23. About fuel density coefficient the difference is acceptable: 13%, but not so for
steel. It is impossible now to find out the reasons of the discrepancy because of the lack of
necessary information.

Doppler reactivity: From the comparison of results obtained by the IPPE, ENEA and ERL-
Hitachi (tablel..4, tablel. 9 and tablel. 15 respectively) the following conclusion can be
drawn:

- integral values are rather similar, if the results obtained in Russia using perturbation
theory are presented as a sum of Doppler constants for steel and sodium;

- different temperature ranges were used by the IPPE, ENEA and ERL-Hitachi for the
Doppler constant evaluation, resulting into interpolation error and in the requirement of
statistics increase for narrow temperature ranges when Monte Carlo calculation method is
used;

- in cases with sodium, Doppler constant values from IPPE and ENEA are similar (with
exception for the radial blanket values), while in the cases without sodium noticeable
disagreement between the IPPE and ENEA data is only observed for LEZ, more agreement
between IPPE and ENEA data taking place for other zones;

Uniform expansion coefficients: Uniform expansion coefficients calculated by the IPPE and
ENEA are compared in table 1.24. Differences between the IPPE and ENEA reactivity
coefficients caused by the materials thermal expansion are resulted from both diversity in the
material worths (the main reason) and different presentation models of these components :
perturbation theory calculation using relationships of the similarity theory at the IPPE, and
direct evaluation of linear dimension and content changes at the ENEA. The most uncertainty
exists in the model of radial expansion related reactivity coefficient. The ENEA model in
which 8R/R and 8p/p values were taken equal, but not proportional to volume , also requires
some comments. In general, material expansion related reactivity coefficients presented by
the IPPE are in the area of less negative values, i.e. the reactor self-protection under

TABLE 1.23. DENSITY REACTIVITY COEFFICIENTS DISTRIBUTION PER
ZONE, AK/K

Material

Opgan-n

LEZ
MEZ
HEZ

Reactor

Fuel

IPPE
(Input d.)
+0.1517
+0.1237
+0.1151
+0.4019

ENEA

+0.1799
+0.1368
+0.1178
+0.4551

Steel

IPPE
(Input d.)

+0.01719

ENEA

-0.01396
-0.00484
+0.00546
+0.02712

TABLE 1.24. REACTIVITY COEFFICIENTS DUE TO CORE THERMAL
EXPANSION, AK/K
(DIFFUSION APPROACH, 1-ST ORDER PERTURBATION THEORY)

Radial expansion Axial expansion
IPPE
ENEA

-0.5396
-0.5940

-0.1082
-0.13804
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accidental conditions is lower. In order to clarify the reasons for such considerable differences
in the material worths, additional more thorough studies are required with the comparison of
all the main neutronics functionals. In particular it is necessary to compare the worths of
different nuclides (spatial distribution and integral values). Extremely limited information
presented does not allow determining the reasons of differences in this phase. In this
connection, it can be reasonable to continue analytical studies on the prediction accuracy of
reactivity coefficients for the considered BN-800 reactor test model with sodium plenum.

Uncertainties: The comparative analysis of the results showed that reactivity coefficients and
other neutronics parameters calculated by different participants differ each others.

This discrepancies are the result of using of different calculational tools (different
approaches, different cross section libraries and etc.) and partly the sequence of our
insufficient knowledge of the considered phenomena. So as to evaluate the influence of the
uncertainties in the neutron-physics parameters on the ULOF accident development it was
decided on one of the consultancy meeting to perform the calculations for the set of the
parametric cases. For these cases the main neutronics input data should be varied in some
definite ranges. As a result of analysis carried out above and after long and intensive
discussion among the participants of the work it was proposed to postulate the following
uncertainties in using reactivity worth:

+ 15%inDoppIer
+ 20% in sodium void worth
± 20% in clad worth
± 5% in fuel worth

1.5. CONCLUSIONS

1. The core neutronics characteristics of the IPPE core design variant of the BN-800 type
reactor with a near-zero void coefficient were evaluated. Three countries - Russia, Italy
and Japan - participated in this evaluation with their own theoretical tools. Different
approaches and methods (diffusion theory, transport theory, Monte Carlo method) and
different cross section libraries (BNAB-78 and - Russia; JEF-1, ENDF/B-5.2 - Italy;
JENDL-3.2 - Japan) were used for analysis. Detailed and complete information about
all the neutronic parameters related to the ULOF analysis has been obtained.

2. As regards the comparison of the neutronics calculations performed by the participants
of this work, the following deductions can be made on the base of the analysis of the
results:

Power distributions. A good agreement has been found about fuel power distributions
(discrepancies less than 2% for the integral results and 4.1% for the peak linear power).

Kinetics parameters. A satisfactory agreement has also been observed for kinetics
parameters. For example, the differences between Russian and Italian calculations of
integral kinetics parameters are -5.22%, +4.11%, +8.44% for effective delayed neutron
fraction, prompt neutron life time and mean decay constant, respectively.

Doppler reactivity. The integral values are rather close for all participants. In the
unvoided cases, Doppler constant values from the IPPE and ENEA are similar (with
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exception for the radial blanket values), while in the voided cases noticeable
disagreement between the IPPE and ENEA data is only observed for LEZ, more
agreement between the IPPE and ENEA data taking place for other zones. The
discrepancies in the Doppler coefficients have to be attributed to the different cross-
section libraries and to the temperature range ; the last one rules the discrepancy
magnitude. Russian and Italian results show that Doppler constant for the reference
reactor is not additive value and depends on what reactor parts are voided.

Sodium density and void reactivity effect. In spite of the fact that reactivity calculations
were performed using different computational tools with different approaches, the
results are rather close to each other. The most difference is observed for HEZ and
"sodium layer + plugs" zones and it is equal to -20% for both cases. As regards void
reactivity for whole the reactor, reasonable agreement is observed between IPPE "Input
data ..." and ERL results, while ENEA calculations give approximately twice less value
of this parameter than others.
The sodium void reactivity effect is not additive character. The simple sum of the void
reactivities of the core parts usually underestimates void reactivity of the whole core.
Non- additivity is higher when together with the core part, the sodium layer is voided.
The higher-order methods based on the Monte Carlo theory were applied to the void
reactivity evaluation. Significant effects of the higher- order methods on the calculated
void reactivity results are seen.
The presence of the fission products in the core worsen the sodium void coefficient by
about 65-70%, effect being strongly variable and depending on the different zones of
the core. Therefore it is important to simulate space distribution of fission products
carefully.

3. Finally, regarding the ULOF analysis, the following conclusion can be made. The
temperature feedbacks are the most important features of reactor that determine the path
of the accident development. It is especially true for sodium void reactivity effect and
Doppler effect. As regards the former of the above mentioned effects the scatter for this
effect between different researches is the most because of the complexity of the
problem. However the calculations made by Russian specialists give the most
unfavourable (or very close to that) values of sodium void reactivity effect. The same
situation is observed for Doppler effect as well. Therefore as regards reactivity
feedbacks the input date prepared by Russia and additional postulate on that radial
expansion reactivity effect is negligible gives a very conservative set of the initial data
leading to the most severe path of the accident development.

4. Analysis of the results of the comparative neutronics calculations allows making some
recommendations for the future:
As long as a significant effects of high order methods on the calculated void reactivity
are found out, it can be recommended as one of the topic of future work the calculation
of sodium void worth distribution using transport theory (e.g..Sn method) based
perturbation code.

Non-additivity of sodium reactivity effect and Doppler effect was shown above. The
difference for the former amounts to 30% in total i. e., this difference is similarly large
than that originating from the use of different cross-section libraries. So as interaction
effect between different core voiding states are not negligibly small the application of
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space-time neutronics methods might become necessary for analysis of the severe
accidents that can lead to sodium boiling and this task can be characterized as an
important field of future activity.

NOMENCLATURE

H m height
Keif multiplication factor
Lp sec prompt-neutrons life time:
R m radius
RE % reactivity effect
T(<5K / ffT) j Doppler constant for nuclide «i»
T(0) °K reference temperature of material
T(i) °K temperature of material for time T
z volume fraction of material
p°, p* I/cm3 unperturbed and perturbed nuclear density
L°,L* cm unperturbed and perturbed linear size
Lp sec prompt-neutrons life time
6k , 6k+ group neutron flux and ajoint flux
ik , ik+ group neutron current density and ajoint flux
(3 delayed fraction of source neutrons
peff effective delayed neutrons fraction
A, sec"1 mean decay constant
T sec mean-neutrons life time
a^i transport cross-section of the nuclide «i» for the

group «k»
aCjfiCi,in micro crossections for the reactions: capture

fission
diffusion
inelastic scattering

Vf fraction of prompt neutron for nuclide «i»
X,k fraction of fission neutron in group for the

nuclide «k»
SVRE sodium void RE
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TABLE 1 A. 1 a. NUCLEAR CONCENTRATIONS IN CALCULATIONAL MODEL SUBZONES, 1024 NUCL/CM

Physical sub-zone number
izotopes 1
U235
U238
PU39
PU40
PU41
PU42
FP39
0
NA
FE
CR
NI
MO
NB
B-10
B-ll
C

0.1694E-04
0.5518E-02
0.8233E-03
0.3740E-03
0.1265E-03
0. 6199E-04
0.3090E-03
0.1446E-01
0.8630E-02
0.1284E-01
0.2830E-02
0.1510E-02
0.2480E-03
0.6300E-04
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

2
.1694E-04
.5331E-02
.9228E-03
.4243E-03
.1482E-03
.7070E-04
.3164E-03
.1446E-01
.8630E-02
.1284E-01
.2830E-02
.1510E-02
.2480E-03
.6300E-04
.OOOOE+00
.OOOOE+00
.OOOOE+00

3
0.1722E-04
0.5091E-02
0.1087E-02
0.4988E-03
0.1825E-03
0.8297E-04
0.2706E-03
0.1446E-01
0.8630E-02
0.1284E-01
0.2830E-02
0.1S10E-02
0.2480E-03
0. 6300E-04
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00

4
0.2751E-04
0.7757E-02
0.1053E-03
0.2526E-05
0.7811E-07
0.8315E-09
0.1698E-04
0.1582E-01
0.8630E-02
0.1284E-01
0.2830E-02
0.1510E-02
0.2480E-03
0.6300E-04
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00

5
0.4387E-04
0.1199E-01
0.2264E-03
0.4004E-05
0.7798E-07
0. 6940E-09
0.3335E-04
0.2460E-01
0.5420E-02
0.1015E-01
0.2230E-02
0. 1060E-02
0.1620E-03
0.4100E-04
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00

6
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
0.1938E-01
0.5990E-02
0.1030E-02
0.17005-04
0.6500E-04
0.1900E-04
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00

7
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
0.7190E-02
0.9920E-02
0.2060E-02
0.8700E-03
0.1700E-03
0.4400E-04
0.7890E-02
0.3200E-01
0.9960E-02

8
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
0.6190E-02
0.9100E-02
0.1950E-02
0.9260E-03
0.1650E-03
0.4200E-04
0.7890E-02
0.3200E-01
0.9960E-02

9
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
0.2096E-01
0.4300E-02
0.1060E-02
0.6420E-03
0.1080E-03
O.OOOOE+00
0.1000E-07
0.1000E-07
0.1000E-07

10
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
0.1197E-01
0.9980E-02
0.2400E-02
0.1510E-02
0.2330E-03
0.3100E-04
0.1069E-01
0.1212E-01
0.5707E-02



TABLE 1A. Ib. NUCLEAR CONCENTRATIONS IN CALCULATIONAL MODEL SUBZONES, 1024 NUCL/CM3 (cont'd.)

izotopes 11
U235
U238
PU39
PU40
PU41
PU42
FP39
0
MA
FE
cr.
MI
MO
NB
B-10
B-ll
C

U235
U238
PU39
PU40
PU41
PU42
FP39
0
NA
FE
CR
NI
MO
NB
B-10
B-ll
C

O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
0.1197E-01
0.9980E-02
0.2400E-02
0.1510E-02
0.2330E-03
0.3100E-04
0.1380E-01
0.9180E-02
0.5750E-02

21
0.1694E-04
0.5518E-02
0.8233E-03
0.3740E-03
0.1265E-03
0.6199E-04
0.3090E-03
0.1446E-01
0.8630E-02
0.1284E-01
0.2830E-02
0.1510E-02
0.2480E-03
0.6300E-04
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00

12
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
0.1197E-01
0.9980E-02
0.2400E-02
0.1510E-02
0.2330E-03
0.3100E-04
0.2180E-01
0.1900E-02
0.5920E-02

22
0.1694E-04
0.5331E-02
0.9228E-03
0.4243E-03
0.1482E-03
0.7070E-04
0.3164E-03
0.1446E-01
0.8630E-02
0.1284E-01
0.2830E-02
0.1510E-02
0.2480E-03
0. 6300E-04
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00

13
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
0.8630E-02
0.3537E-01
0.7820E-02
0.4170E-02
0.6850E-03
0.1740E-03
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00

23
0.1722E-04
O.S091E-02
0.1087E-02
0.4988E-03
0.1825E-03
0.8297E-04
0.2706E-03
0.1446E-01
0.8630E-02
0.1284E-01
0.2830E-02
0.1510E-02
0.2480E-03
0.6300E-04
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00

14
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
0.8630E-02
0.1284E-01
0.2830E-02
0.1510E-02
0.2480E-03
0.6300E-04
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00

24
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
0.8630E-02
0.2080E-01
0.4740E-02
0.2500E-02
0.4350E-03
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

15
.OOOOE+00
.OOOOE+00
.OOOOE+00
.OOOOE+00
.OOOOE+00
.OOOOE+00
.OOOOE+00
.OOOOE+00
.6450E-02
.4658E-01
.7T70E-02
.1320E-03
.5010E-03
.1460E-03
. OOOOE+00
.OOOOE+00
.OOOOE+00

16
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
0.1480E-01
0.1940E-01
0.5460E-02
0.3950E-02
0.3080E-03
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00

0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.

17
OOOOE+00
OOOOE+00
OOOOE+00
OOOOE+00
OOOOE+00
OOOOE+00
OOOOE+00
OOOOE+00
1830E-01
1110E-01
3120E 02
2260E-02
1760E-03
OOOOE+00
OOOOE+00
OOOOE+00
OOOOE+00

18
0.1694E-04
0.5518E-02
0.8233E-03
0.3740E-03
0.1265E-03
0.6199E-04
0.3090E-03
0.1446E-01
0.8630E-02
0.1284E-01
0.2830E-02
0.1510E-02
0.2480E-03
0.6300E-04
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00

0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.

19
1694E-04
5331E-02
9228E-03
4243E-03
1482E-03
7070E-04
3164E-03
1446E-01
8630E-02
1284E-01
2830E-02
1510E-02
2480E-03
6300E-04
OOOOE+00
OOOOE+00
OOOOE+00

20
0.1722E-04
0.5091E-02
0.1087E-02
0.4988E-03
0.1825E-03
0.8297E-04
0.2706E-03
0.1446E-01
0.8630E-02
0.1284E-01
0.2830E-02
0.1510E-02
0.2480E-03
0.6300E-04
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00



TABLE 1A2. SODIUM VOID REACTIVITY COEFFICIENTS, AK/K

kj
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

1
-5.47E-7
-1.60E-5
-1.15E-4
1.15E-5
9.62E-5
1.96E-4
2.67E-4
3.15E-4
3.27E-4
2.98E-4
2.41E-4
1.49E-4
5.87E-5

-4.58E-5
-1.43E-4
-7.42E-5
-6.57E-4
-1.24E-4
-2.33E-5
3.27E-7
2.87E08
4.81E-9
l.OOE-9

LI
2

-6.71E-7
-2.42E-5
-1.43E-4
1.72E-5
1.25E-4
2.53E-4
3.44E-4
4.08E-4
4.23E-4
3.87E-4
3.14E-4
1.94E-4
7.67E-5

-6.26E-5
-1.99E-4
-l.OOE-4
-7.82E-4
-1.26E-4
-2.12E-5
4.56E-7
3.81E-8
6.47E-9
1.38E-9

iZ
3

-4.97E-7
-2.31 E-5
-1.26E-4
1.16E-5
1.0 IE--:
2.08E-4
2.85E-4
3.40E-4
3.54E-4
3.24E-4
2.63E-4
1 .63E-4
6.05E-5

-4.91E-5
-1.78E-4
-8.92B-5
-6.13E-4
-1.06E-4
-1.86E-5
3.79E-7
3.22E-8
5.60E-9
1.27E-9

4
-8.14E-7
-4.23E-5
-3.01E-4
-3.30E-6
1.76E-4
3.92E-4
5.50E-4
6.62E-4
6.93E-4
6.37E-4
5.18E-4
3.19E-4
1.23E-4

-1.06E-4
-3.29E-4
-1.68E-4
-1.40E-3
-2.79E-4
-5.69E-5
8.64E-7
6.76E-8
1.24E-8
2.87E-9

5
-6.03E-7
-3.19E-5
-3.90E-4
-6.35E-5
1.15E-4
3.29E-4
4.84E-4
5.96E-4
6.30E-4
5.80E-4
4.69E-4
2.78E-4
8.65E-5

-1.47E-4
-3.23E-4
-1.39E-4
-1.50E-3
-3.72E-4
-9.39E-5
4.08E-7
7.40E-8
1.38E-8
3.19E-9

MEZ
6

-2.03E-7
-1.06E-5
-1.67E-4
-4.13E-5
2.381:5
1 .02E-4
1 .59E-4
2.00E-4
2.13E-4
1 .96E-4
1.57E-4
8.83E-5
1 .86E-5

-6.66E-5
-1.29E-4
-5.52E-5
-6.13E-4
-1.61E-4
-4.37E-5
1.15E-7
3.04E-8
5.89E-9
1.36E-9

7
-2.13E-7
-1.14E-5
-1.95E-4
-5.69E-5
1.05E-5
9.13E-5
1.50E-4
1.93E-4
2.07E-4
1.89E-4
1.49E-4
7.95E-5
8.08E-6

-8.00E-5
-1.45E-4
-6.47E-5
-7.20E-4
-1.93E-4
-5.35E-5
I . I I E - 7
3.47E-8
6.70E-9
1.59E-9

8
-2.35E-7
-1.28E-5
-2.45E-4
-9.77E-5
-3.58E-5
3.84E-5
9.23E-5
1.31E-4
1 .44E-4
1.28E-4
9.15E-5
2.88E-5

-3.51 E-5
-1.15E-4
-1.79E-4
-8.29E-5
-9.17E-4
-2.52E-4
-7.07E-5
1.13E-7
4.20E-8
7.77E-9
1 .98E-9

HEZ
9

-2.85E-7
-1.55E-5
-3.19E-4
-1.89E-4
-1.6C2-4
-1.26E-4
-1.02E-4
-8.50E-5
-8.12E-5
-9.06E-5
-1.09E-4
-1.37E-4
-1.63E-4
-1.92E-4
-2.17E-4
-1.11E-4
-1.30E-3
-3.79E-4
-1.07E-4
1.46E-7
5.03E-8
8.30E-9
2.72E-9

10
-1.01E-7
-5.21 E-6
-1.08E-4
-8.97E-5
-1.01E-4
-1.15E-4
- .26E-4
- .35E-4
- .39E-4
- .38E-4
- .33E-4
- .22E-4
-1.09E-4
-8.76E-5
-6.55E-5
-3.30E-5
-5.00E-4
-1.60E-4
-4.56E-5
-1.07E-8
6.55E-9
1.62E-9
1.01E-9

BR
11

-1.75E-7
-8.33E-6
-1.21E-4
-6.68E-5
-9.09E-5
- .18E-4
- .37E-4
- .52E-4
- .58E-4
- .55E-4
-1.45E-4
-1.25E-4
-1.03E-4
-7.24E-5
-4.33E-5
-1.69E-5
-7.28E-5
-2.02E-5
-7.57E-6
-5.55E-8
-2.26E-8
-1.82E-9
1.71E-9

RS+Stor
12

-3.21E-7
-9.91E-6
-7.09E-5
-4.55E-5
-5.96E-5
-7.51 E-5
-8.63E-5
-9.50E-5
-9.89E-5
-9.78E-5
-9.25E-5
-8.15E-5
-6.90E-5
-5.17E-5
-3.75E-5
-1.87E-5
-3.65E-5
-9.74E-6
-3.86E-6
-8.39E-7
-1.86E-7
-2.19E-8
8.29E-10

a\
01



O\ TABLE 1 A3. DOPPLER REACTIVITY COEFFICIENTS, AK/K

LEZ
k\ i

3 0
'! 0

5 0

6 0
7 0

8 0

9 0
10 0

11 0.

12 0,

13 0.

14 0,

15 0,

16 0.

I1 0.

18 0.
i H rj

20 0.

21 0.

22 0.

T_

. O O O O E - 0 0

, 5631E-04

.2888E-04

. 3542E-04

. 4285E-04

. 4 9 4 6 E - 0 4

. 5262E-04

. 5439E-04

. t>291E-04

.4813E-04

.3841E-04

, 2919E-04

, 1913E-04

. 9591E-05

OOOOE-00

, OOOOE-00

OOOOE-00

O O O O E - O C

OOOOE-00

OOOOE-00

2
0. O O O O E - 0 0

0 .7929E-04

0. 4 0 8 4 E - 0 4

0.5026E-04

0. 6088E-04

0 .7034E-04

0 . 7 4 9 1 E - 0 4

0 .7750E-04

0 .7543E-04

0.6859E-04

0.5459E-04

0 .4105E-04

0.2584E-04

0.1080E-04

O . O O O O E - 0 0

O . O O O O E - 0 0

O . O O O O E - 0 0

O . O O O O E - 0 0

O.OOOOE-00

O . O O O O E - 0 0

TABLE

Zone

LEZ
MEZ
HEZ
BAB
RB

3
0. OOOOE-00

0.6686E-04

0. 3640E-04

0. 4531E-04

0.5537E-04

0.6435E-04

0. 6880E-04

0. 7135E-04

0. 6952E-04

0.6326E-04

0.5038E-04

0. 3793E-04

0.2390E-04

0. 9740E-OS

0. OOOOE-00

0. OOOOE-00

0. OOOOE-CO

0. OOOOE-00

0. OOOOE-00

O . O O O O E - 0 0

4
O . O O O O E - 0 0 0 .

0.1305E-03 0

0 .7458E-04 0 ,

0.9336E-04 0.

0.1148E-03 0

0.1339E-03 0.

0.1436E-03 0.

0.1491E-03 0.

0 .1454E-03 0.

0.1324E-03 0.

0.1058E-03 0.

0.8035E-04 0.
0.5233E-04 0.

0 . 2 4 7 2 E - 0 4 0.

O . O O O O E - 0 0 0 .

O . O O O O E - 0 0 0.

O.OOOOE-00 0.

O . O O O O E - 0 0 0.

O.OOOOE-00 0.

O.OOOOE-00 0.

5
. O O O O E - 0 0 0 .

. 8904E-04 0.

. 4 0 5 8 E - 0 4 0.

. 5085E-04 0.

.6325E-04 0.

.7466E-04 0.

.8019E-04 0.

.8366E-04 0.

.8185E-04 0.

.7485E-04 0.

.7160E-04 0.

.56UE-04 0.

.4102E-04 0.

303TE-04 0.

. O O C O E - 0 0 0.

. O O O O E - 0 0 0.

. OOOOF.-OO 0.

O O O O E - 0 0 0.

OOOOE-00 0.

OOOOE-00 0.

MEZ
6

OOOOE-00 0.

3696E-04 0.

1684E-04 0.

2110E-04 0,

2625E-04 0.

3099E-04 0.

3329E-04 0.

3472E-04 0.

3397E-04 0.

310TE-04 0.

2972E-04 0.

2329E-04 0.

1703E-04 0.

1261E-04 0.

OOOOE-00 0.

OOOOE-00 0.

OOOOE-00 0.

OOOOE-0' j 0.

OOOOE-00 0.

OOOOE-00 0.

7
OOOOE-00

4483E-04

2043E-04

2560E-04

3185E-04

3759E-04

4038E-04

4212E-04

4121E-04

3769E-04

3605E-04

2825E-04

2066E-04

1529E-04

OOOOE-00

OOOOE-00

OOOOE-00

OOOOE-00

OOOOE-00

OOOOE-00

8
O . O O O O E - 0 0

0.2837E-04

0.1237E-04

0.1565E-04

0. 1966E-04

0.2337E-04

0.2225E-04

0.2329E-04

0.2288E-04

0.2105E-04

0.2060E-04

0. 1657E-04

0.1293E-04
0. 1114E-04

0. OOOOE-00

O . O O O O E - 0 0

O . O O O O E - 0 0

0. OOOOE-00

O.OOOOE-00

O . O O O O E - 0 0

HEZ
9

O . O O O O E - 0 0

0. 4568E-04

0.1991E-04

0.2520E-04

0.3165E-04

0.3762E-04

0.3582E-04

0.3750E-04

0.3684E-04

0.3389E-04

0.3316E-04

0.2667E-04

0.2082E-04

0. 1793E-04

O . O O O O E - 0 0

O . O O O O E - 0 0

0. OOOOE-00

O . C u O O E - 0 0

O.OOOOE-00

O . O O O O E - 0 0

10
O . O O O O E - 0 0

0.2139E-04

0.9326E-05

0.1180E-04

0 . 1 4 8 2 E - 0 4

0.1762E-04

0.1678E-04

0.1756E-04

0.1725E-04

0.1587E-04

0.1553E-04

0 . 1 2 4 9 E - 0 4

0.9753E-05

0.8398E-05

O . O O O O E - 0 0

O . O O O O E - 0 0

O . O O O O E - 0 0

O . O O O O E - 0 0

O.OOOOE-00

O . O O O O E - 0 0

BR

11
O . O O O O E - 0 0

0. 9543E-04

0.1600E-04

0 . 2 0 2 4 E - 0 4

0.2543E-04

0.3022E-04

0.3373E-04

0.3531E-04

0.3469E-04

0.3192E-04

0 .2742E-04

0.2206E-04

0.1722E-04

0. 1483E-04

O . O O O O E - 0 0

O . O O O O E - 0 0

O . O O O O E - 0 0

O . O O O O E - 0 0

O.OOOOE-00

O . O O O O E - 0 0

1 A4. REDUCTION FACTOR OF DOPPLER COEFFICIENTS, RDD

Sodium density relative to initial state, %
100
1.00
1.00
1.00
1.00
1.00

75
0.9084
0.9143
0.9074
1.0100
1.2219

50
0.8328
0.8299
0.8215
0.9257
1.1801

25
0.7575
0.7381
0.7664
0.8814
0.9968

0
0.6354
0.6561
0.7181
0.8214
0.9325



TABLE 1A5. AXIAL EXPANSION REACTIVITY COEFFICIENTS, AK/K/«C

k\i
3 0.

4 0.
5 0.

6 0.

7 0.
8 0.

9 0.

10 0.
11 0.
12 0.
13 0.
14 0.
15 0.
16 0.
17 0.
18 0.
19 0.

20 0.
21 0.
22 0.

23 0.

24 0.

1
9001E-06

1886E-04

3953E-06

3734E-05

8298E-05
1169E-04

1372E-04
1458E 04
1434E-04
1299E-04
1043E-04
6491E-05
1504E-05
5347E-05
1058E-04
9990E-05
6357E-05

2760E-05
7209E-07
2726E-07

3135E-09

3344E-10

1
2

0.3848E-05
0.2025E-04
0.5034E-05

0.1098E-04

0.1886E-04

0.2574E-04
0.3091E-04
0.3384E-04
0.3407E-04
0.3135E-04
0.2571E-04
0.1738E-04
0.7121E-05
0.8750E-05
0.1341E-04
0.7126E-05
0.4535E-05

0.1966E-05
0.4534E-07
0.1716E-07

0.2166E-09

0.1669E-10

TABLE 1A6.

i

:.,EZ
3

0.1270E-04

0.9717E-05
0. 1198E-04

0.2631E-04

0.4401E-04
0. 6016E-04

0.7206E-04
0.7790E-C'.
0.7709E-04
0.7018E-04
0.5860E-04
0 . 4 4 4 2 E - 0 4
0.2991E-04
0.2410E-04
0.1554E-04
0.7294E-05
0.4641E-05
0.2029E-05
0.7978E-07
0.3047E-07

0.7559E-09

0.1128E-09

4
0.3782E-04

0.9685E-04
0.5586E-05

0.3966E-04

0.8785E-04
0.1313E-03
0.1625E-03
0.1782E-03
0.1780E-03
0.1634E-03
0.1369E-03
0.1009E-03
0.5929E-04
0.5256E-04
0.5730E-04
0.4891E-04
0.3113E-04

0.1352E-04

0.3702E-06
0.1410E-06

0.2905E-08

0.4918E-09

5
0 . 4 4 2 6 E - 0 4
0.3929E-03
0.2261E-03

0.2940E-03
0.3708E-03
0.4375E-03
0.4835E-03
0.5002E-03
0.4826E-03
0.4307E-03
0.3506E-03
0.2540E-03
0.1563E-03
0.8096E-04
0.3095E--04
0.2103E-04
0.1338E-04

0.5802E-05

0.1310E-06
0.4970E-07

0.7871E-09

0.1221E-09

MEZ
6

0.1837E-04

0.1631E-03

0.9384E-04

0.1220E-03

0.1539E-03
0.1816E-03
0.2007E-03
0.2076E-03
0.2003E-03
0.1788E-03
0.1455E-03
0.1054E-03
0.6488E-04
0.3360E-04
0.1285E-04
0.8730E-05
0.5556E-05

0.2408E-05

0.5437E-07
0.2063E-07
0.3267E-09

0.5068E-10

7
0 .2229E-04
0.1978E-03
0.1138E-03

0.1480E-03
0.1867E-03
0.2203E-03
0.2435E-03
0.2519E-03
0.2430E-03
0.2169E-03
0.1765E-03
0.1279E-03
0.7870E-04
0 .4076E-04
0.1558E-04
0.1059E-04
0.6739E-05

0.2921E-05
0.6596E-07
0.2502E-07

0.3963E-09

0.6147E-10

8
0.2841E-04
0.1222E-02
0.1480E-02
0.2228E-02
0.3042E-02
0.3728E-02

0.4205E-02
0.4410E-02
0.4315E-02
0.3928E-02
0.3293E-02
0.2479E-02
0.1588E-02
0.7376E-03
0.1525E-03
0.5463E-04
0.3476E-04

0.1520E-04

0.6099E-06
0.2307E-06
0.2686E-08

0.2438E-09

0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.

0.

0.
0.

0.
0.

HEZ
9

4574E-04

1967E-02
2383E-02
3588E-02

4898E-02
6002E-02
6770E-02
7100E-02
6947E-02
6325E-02
5301E-02
3991E-02
2556E-02
1188E-02
2455E-03
8795E-04
5597E-04

2448E-04
9820E-06
3714E-06

4325E-08

3925E-09

10
0.2141E-04
0.9208E-03
0.1115E-02
0.1680E-02
0.2293E-02
0.2810E-02

0.3169E-02
0.3^24E-02
0.3252E-02
0.2961E-02
0.2482E-02
0.1868E-02
0.1197E-02
0.5559E-03
0.1149E-03
0.4117E-04
0.2620E-04

0.1146E-04
0.4597E-06
0.1739E-06

0.2025E-08

0.1837E-09

RADIAL EXPANSION REACTIVITY COEFFICIENTS, AK/K/C

i 2 3 4 5 6 7
K ri 0.3103E-01 0.4315E-01 0.4113E-01 0.9145E-01 0.1074E+00 0.4457E-01 0.5406E-01
i 8 9 10 11
Kri I 0.5808E-01 0.9351E-01 0.4378E-01 0.1876E-01 0.

12
5705E-02
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TABLE 1A7. STEEL DISPLACEMENT REACTIVITY COEFFICIENTS, AK/K.

LEZ
ki
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

1
-1.37E-6
-1.94E-5
-1.79E-4
8.00E-5
2.50E-4
4.48E-4
5.85E-4
6.80E-4
7.04E-4
6.50E-4
5.41 E-4
3.59E-4
1.79E-4

-3.75E-5
-2.37E-4
-2.84E-4
-1.32E-4
-2.70E-5
-6.49E-6
-6.99E-8
5.59E-9

1.20E-10
4.58E-10

2
-1.67E-6
-3. 1 IE-5
-2.19E-4
1.08E-4
3.25E-4
5.78E-4
7.58E-4
8.83E-4
9.15E-4
8.46E-4
7.04E-4
4.68E-4
2.30E-4

-6.34E-5
-3.49E-4
-3.S6E-4
-1.62E-4
-2.89E-5
-6.47E-6
-3.52E-8
9.58E-9

4.74E-10
6.63E-10

3
-2.02E-6
-3.13E-5
-1.93E-4
8.43E-5
2.64E-4
4.78E-4
6.28E-4
7.35E-4
7.64E-4
7.08E-4
5.09E-4
3.92E-4
1 .94E-4

-4.89E-5
-3.16E-4
-3.49E-4
-1.28E-4
-2.42E-5
-5.57E-6
-4.06E-8
7.I1E-9

2.86E-10
5.91E-IO

4
-2.02E-6
-5.91 E-5
-4.71E-4
1.20E-4
4 79E-4
9.05E-4
1.21E-3
1.43E-3
1.53E-3
1.39E-3
1.16E-3
7.75E-4
3.85E-4

-8.77E-5
-5.42E-4
-6.35E-4
-2.84E-4
-6.15E-5
-1.58E-5
-2.34E-7
1.04E-8

-7.9E-11
1.25E-9

5
-1.50E-6
-4.59E-5
-8.23E-4
1.54E-5
3.72E-4
7.92E-4
1.01E-3
1.31E-3
1.38E-3
1.29E-3
1 .08E-3
7.12E-4
3.40E-4

-1.17E-4
-4.56E-4
-4.83E-4
-2.85E-4
-7.30E-5
-2.34E-5
-4.73E-7
1.22E-8

-5.1E-10
1.40E-9

MEZ
6

-5.08E-7
-1.55E-5
-2.88E-4
-2.25E-5
1.09E-4
2.63E-4
3.76E-4
4.57E-4
4.84E-4
4.52E-4
3.77E-4
2.45E-4
1.10E-4

-5.53E-5
-1.72E-4
-1.72E-4
-9.77E-5
-2.92E-5
-1.04E-5
-2.28E-7
5.18E-9

2.48E-11
6.73E-10

7
-5.35E-7
-1.67E-5
-3. 11 E-4
-4.28E-5
9.48B-5
2.57E-4
3.75E-4
4.61 E-4
4.89E-4
4.57E-4
3.79E-4
2.43B-4
1 .03E-4

-6.85E-5
-1.91E-4
-1.98E-4
-1.12E-4
-3.42E-5
-1.25E-5
-2.73E-7
5.95E-9
8.0E-11

8.51E-10

8
-5.94E-7
-1.91E-5
-3.89E-4
-l.OOE-4
3.29E-5
1 .90E-4
3.04E-4
3.87E-4
4.15E-4
3.84E-4
3. 11 E-4
1 .82E-4
5.09E-5

-1.12E-4
-2.32E-4
-2.15E-4
-1.41E-4
-4.40E-5
-1.81E-5
-3.40E-7
7.16E-9

2.81E-1I
1.18E-9

HEX
9

-7.32E-7
-2.38E-5
5.10E-4
-2.42E-4
-l.WE-4
-6.04E-5
9.46E-6
5.91 E-5
7.45E-5
5.40E-4
8.44E-6

-8.73E-5
-1.40E-4
-2.24E-4
-2.84E-4
-3.38E-4
-2.03B-4
-8.61 E-5
-2.38E-5
-4.46E-7
3.89E-9

-8.2E-10
1.87E-9

10
-2.61E-7
-8.18E-6
-1.74E-4
-1.29E-4
-1.37E-4
-1.48E-4
-1.57E-4
-1.65E-4
-1.69E-4
-1.89E-4
-1.66E-4
-1.56E-4
-1.43E-4
-1.19E-4
-5.88E-5
-1.02E-4
-5.06E-5
-2.83E-5
-9.81E-6
-2.39E-7
-1 .42E-8
-1.03E-9
7.72E-10

BR
11

-4.60E-7
-1.38E-5
-2.07E-4
-1.22E-4
-1.64E-4
-2.10E-4
-2.44E-4
-2.70E-4
-2.81 E-4
-2.78E-4
-2.58E-4
-2.23E-4
-1.84E-4
-1.29E-4
-7.68E-5
-4.37E-5
-7.58E-5
-2.26E-5
-1.05E-5
-3.77E-7
-3.74E-8
-4.85E-9
1.37E-9

RS=Stor
12

-6.28E-7
-1.68E-5
-2.91 E-4
-1.89E-4
-2.47E-4
-3.12E-4
-3.59E-4
-3.98E-4
-4.13E-4
-4.08E-4
-3.85E-4
-3.39E-4
-2.88E-4
-2.15E-4
-1.57E-4
-7.86E-5
-1.54E-4
-4.08E-5
-1.61E-5
-3.54E-6
-3.78E-7
-2.06E-8
3.02E-10



TABLE 1 A8..FUEL DISPLACEMENT REACTIVITY COEFFICIENTS, AK/K

LEZ
k\i
2 0.
3 0
4 0
5 -
6 -
7 «~

8 -
9 -
10 -
11 -
12 -
13 -
14 -
15 -
16 -
17 0
18 0
19 0
20 0
21 0
22 0
23 0
24 0

1
OOOOE+00
.OOOOE+00
. 1791E-03
. 1641E-02
.1963E-02
. 2364E-02
.2663E-02
.2887E-02
.2968E-02
.2897E-02
.2709E-02
. 2373E-02
.2027E-02
.1608E-02
.1375E-02
.OOOOE+00
.OOOOE+00
.OOOOE+00
.OOOOE+00
.OOOOE+00
.OOOOE+00
.OOOOE+00
.OOOOE+00

2
O.OOOOE+00
O.OOOOE+00
G.2732E-03
-.2123E-02
-.2541E-02
-.3059E-02
-.3446E-02
-.3737E-02
-.3844E-02
-.3755E-02
-.3515E-02
-.3084E-02
-.2642E-02
-.2115E-02
-.1841E-02
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00

0.
0
0
-
-
-
-
-
-
-
-
-
-
-
-
0
0
0
0
0
0
0
0

3
OOOOE+00
.OOOOE+00
.2040E-03
.1756E-02
.2104E-02
.2538E-02
.2863E-02
.3111E-02
.3205E-02
.3135E-02
.2938E-02
.2582E-02
.2213E-02
.1768E-02
.1586E-02
.OOOOE+00
.OOOOE+00
.OOOOE+00
.OOOOE+00
.OOOOE+00
.OOOOE+00
.OOOOE+00
.OOOOE+00

0.
0
0
-
-
-
-
-
-
-
-
-
-
-
-
0
0
0
0
0
0
0
0

4
OOOOE+00
.OOOOE+00
.1098E 03
.3408E-02
.4108E-02
-4980E-02
.5637E-02
.6143E-02
.6343E-02
.6217E-02
.5834E-02
-5127E-02
.4390E-02
.3491E-02
.3019E-02
.OOOOE+00
.OOOOE+00
.OOOOE+00
.OOOOE+00
.OOOOE+00
.OOOOE+00
.OOOOE+00
.OOOOE+00

5
O.OOOOE+00
0.
-.
-.
-.
-.
-.
-.
-.
-.
-.
-.
-.
-.
-.
0.
0.
0.
0.
0.
0.
0.
0.

OOOOE+00
4320E-03
3766E-02
4669E-02
5795E-02
6646E-02
7304E-02
7567E-02
7414E-02
6926E-02
G022E-02
5076E-02
3914E-02
3076E-02
OOOOE+00
OOOOE+00
OOOOE+00
OOOOE+00
OOOOE+00
OOOOE+00
OOOOE+00
OOOOE+00

0.
0
-
-
-
-
-
-
-
-
-
-
-
-
-
0
0
0
0
0
0
0
0

MEZ
6

OOOOE+00
.OOOOE+00
.2587E-03
.1431E-02
.1789E-02
.2234E-02
.2572E-02
.2834E-02
.2941E-02
.2884E-02
.2695E-02
.2341E-02
.1970E-02
.1510E-02
.1166E-02
.OOOOE+00
.OOOOE+00
.OOOOE+00
.OOOOE+00
.OOOOE+00
.OOOOE+00
.OOOOE+00
.OOOOE+00

7
O.OOOOE+00
O.OOOOE+00
.3328E-03

-.1566E-02
-.1967E-02
-.2466E-02
-.2844E-02
-.3140E-02
-.3261E-02
-.3199E-02
-.2990E-02
-.2S95E-02
-.2181E-02
-.1667E-02
-.1283E-02
O.OOOOE+00
O.OOOOE+00
0 . OOOOE+00
0 . OOOOE+00
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00
O.OOOOE+00

0.
0
-
-
-
-
-
-
-
-
-
-
-
-
-
0
0
0
0
0
0
0
0

8
OOOOE+00
.OOOOE+00
.4655E-03
.2165E-02
.2802E-02
.3592E-02
.4189E-02
.4653E-02
.4842E-02
.4743E-02
.4411E-02
.3788E-02
.3132E-02
.2319E-02
.1721E-02
.OOOOE+00
. OOOOE+00
. OOOOE+00
.OOOOE+00
.OOOOE+00
.OOOOE+00
.OOOOE+00
.OOOOE+00

0.
0
-
-
-
-
-
-
-
-
-
-
-
-
-
0
0
0
0
0
0
0
0

HEZ
9

OOOOE+00
.OOOOE+00
.671GH-03
.2680E-02
.3535E-02
.4589E-02
.5387E-02
.6008E-02
.6264E-02
.6137E-02
.5700E-02
.4874E-02
.4001E-02
.2906E-02
.2095E-02
.OOOOE+00
.OOOOE+00
.OOOOE+00
.OOOOE+00
. OOOOE+00
. OOOOE+00
.OOOOE+00
.OOOOE+00

0.
0
-
-
-
-
-
-
-
-
-
-
-
-
-
0
0
0
0
0
0
0
0

10
OOOOE+00
.OOOOE+00
.2458E-03
.8911E-03
.1198E-02
.1577E-02
.1863E-02
.2086E-02
.2178E-02
.2134E-02
.1979E-02
.1686E-02
.1375E-02
.9792E-03
.6700E-03
.OOOOE+00
.OOOOE+00
.OOOOE+00
.OOOOE+00
.OOOOE+00
.OOOOE+00
.OOOOE+00
.OOOOE+00

BR
11

O.OOOOE+00
O.OOOOE+00
-.2725E-03
-.4164E-03
-.5787E-03
-.7617E-03
-.8936E-03
-.9941E-03
-.1035E-02
-.1016E-02
-.9466E-03
-.8108E-03
-.6592E-03
-.4471E-03
-.2496E-03
-.5314E-04
-.1058E-03
-.3403E-04
-.2518E-04
-.1278E-05
-.1040E-06
O.OOOOE+00
O.OOOOE+00

R.shield
12

0 .OOOOE+00
O.OOOOE+00
.1312E-04

-.1714E-04
-.2686E-04
-.3744E-04
-.4490E-04
-.5048E-04
-.5272E-04
-.5158E-04
-.4767E-04
-.4010E-04
-.3179E-04
-.2082E-04
-.1251E-04
-.5396E-05
-.1007E-04
-.2771E-05
-.1080E-05
--9239E-07
-.9637E-08
0 . OOOOE+00
0 . OOOOE+00

o\
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Chapter 2
EVALUATION OF STEADY STATE CALCULATIONS OF

THE FUEL PIN BEHAVIOUR DURING POWER OPERATION IN
A BN-800 LIKE REACTOR CORE

2.1 INTRODUCTION

Within the framework of the IAEA/EC comparative exercise for an evaluation of consequences
of a severe accident in a BN-800 like reactor core with a near zero void coefficient, steady state
calculations have been performed to study the thermal-mechanical behaviour of the fuel pin design for
the three batch equilibrium cycle operation as foreseen by the project. Six countries participated in the
exercise, namely Russia, France, UK, India, Germany and Japan. This summary report compares
results of the different contributions to the exercise and identifies areas of modelling where
uncertainties of knowledge would need more refined analyses.

2.2 BASIS OF THE CALCULATIONS

2.2.1 Case set-up

Calculations were performed on the basis of input data provided by the Institute of Physics and
Power Engineering (IPPE) from Obninsk, Russia [2.1]. The fuel pin design data are given in Table
2.1. The fuel pin height consists of a 0,65 m long lower fission gas plenum followed by a 0,35 m long
lower axial breeder zone. Fissile core height amounts to 0,84 m only followed by a 0,05 m long end
cap region which acts as an upper axial reflector. Fissile pellets are hollow pellets with chamferred
edges.

The cylindrical equivalent fissile core radius amounts to 1.1869 m which results in an H/D-ratio
of 0.3538. The total thermal power output amounts to 1500 MWth and the total coolant mass flow
through the core is 6.027 t/s. With a core inlet temperature of 627.15 K this results in an average
coolant heat-up along the core by about 190 K. The coolant pressure difference between the feeding
header inlet and the argon gas plenum amounts to 0.59 MPa with a pressure drop along the fuel pin
bundle length of 0.302 MPa and along the lower subassembly tail and the pin bundle inlet of 0.11
MPa.

The reactor is designed to operate on a three batch re-loading cycle, with a total residence time
for a particular subassembly of 420 equivalent full power days (i.e. 3 cycles, each of length 140 days).
The core wide radial power distribution is determined by the three enrichments of the fissile fuel pins
which vary from 20.08% in the inner low enrichment zone (LEZ) up to 27.35% in the outer high
enrichment zone (HEZ). The local power variation within the different enrichment zones is
represented by the definition of representative subassembly groups (SAGs), four groups for the LEZ
and three for the MEZ and the HEZ, respectively. Each of the representative SAGs are subdivided
into one third portions representing the three batch loading scheme. The radial breeder zone is
represented by one characteristic subassembly group with a residence time of 490 days. As
consequence of this core representation we simulate the reactor core with 30 SAGs in the fissile core
region and one in the radial breeder region. In Table 2.2 the following characteristic data of the case
set-up are listed: SAG-number, number of SAs, their residence time, the normalized SA-power, the
coolant mass flow per pin, the normalized power to flow ratio, the peak burn-up and the peak clad
dose.

The clad material used for the fuel pin design shows nearly no clad swelling up to dose values
of about 50 dpa/NRT. At higher dose values a considerable swelling starts which could result in
reopening of the fuel clad gap. The threshold value of 50 dpa/NRT is only exceeded in the high power
subassembly groups after onset of the third power operation cycle.
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In addition IPPE provided experimental data and correlation's to determine the temperature
dependence of clad mechanical properties as ultimate tensile strength, yield stress and failure strain.
Information on dose and strain rate dependence of these data was however poor though these data are
of rather large importance to predict failure conditions under transient fuel pin loading with some
precision. For performance of calculations with the SAS4A- code family these experimental data were
taken into consideration to modify well evaluated correlation's normally used for the type of clad
material in the SAS4A code. Reliability of the correlation's used in SAS4A were qualified by
numerous experiments performed within the CABRJ project. Adjustment of the SAS4A correlation's
to meet experimental data of the BN- 800 clad material was done by varying the strain rate as input
parameter. Applying different strain rates led to results of the theoretical prediction which envelops
the scatter band of experimental data as provided by IPPE.

TABLE 2.1 PIN SPECIFICATION DATA (293 K)

Fissile pins Breeder pins

Fuel
inner radius
outer radius
pellet length
chamferring

O/M
U235/(U235 + U238)

Pu/(U+PU)
grain diameter

porosity

0.825 mm
2.8mm
8 mm

0.25x0.25 mm
1.98

0.004
0.2008/0.2317/0.2735

11 (am
4% total, comprising

(guessed)
3% coarse
0.5% fine

0.000mm
6.5 mm
8 mm

0.25 x 0.25 mm
2.00
0.004
0.00

11 fim
2.4 % total, comprising

(guessed)
1.8 % coarse
0.3 % fine

0.5 % on grain boundaries 0.3 % on grain boundaries

Fuel Stack
length of stack 840mm 1840mm

Clad
material

initial cold work strain
inner radius
outer radius

grain diameter

316 cw-like
20%

2.9mm
3.3 mm
8.5 urn

316 cw-like
20%

6.6mm
7.0 mm
8.5 um

Plenum
lower plenum volume
upper plenum volume

filling gas
filling gas pressure

1.770xlO-5m3

1.149xlO-6m3

95% He
0.1 MPa

4.105xlO-5m3

8.895 xlO-6m3

95% He
0.1 MPa
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TABLE 2.2 CORE CHARACTERIZATION AT EOEC-CONDITIONS (P, = 1500 MW^; Qt = 6.027 t/s)

SA-Group

1/1
Yz
1/3
2/1
2/2
2/3
3/1
3/2
3/3
4/1
4/2
4/3
5/1
5/2
5/3
6/1
6/2
6/3
7/1
7/2
7/3
8/1
8/2
8/3
9/1
9/2
9/3
10/1
10/2
10/3

Number of
SAs

10
11
10
14
14
14
12
12
12
24
24
24
24
24
24
10
10
10
12
12
12
16
16
16
26
26
26
12
12
12

Residence
Time [d]

141
282
423
141
282
423
141
282
423
141
282
423
141
282
423
141
282
423
141
282
423
141
282
423
141
282
423
141
282
423

normalized
SA-power

0.990
0.962
0.947
0.970
0.942
0.927
0.959
0.932
0.917
0.947
0.920
0.905
1.000
0.973
0.950
0.945
0.919
0.898
0.894
0.870
0.849
0.934
0.911
0.890
0.781
0.761
0.744
0.618
0.602
0.589

coolant mass
flow per pin

102fkg/sl
9.808
9.808
9.808
9.572
9.572
9.572
9.476
9.476
9.476
9.346
9.346
9.346
9.711
9.711
9.711
9.646
9.646
9.646
9.457
9.457
9.457
9.487
9.487
9.487
8.767
8.767
8.767
7.035
7.035
7.035

norm, power
to flow ratio

0.979
0.951
0.936
0.982
0.954
0.939
0.981
0.953
0.938
0.982
0.954
0.939
1.000
0.971
0.948
0.950
0.924
0.902
0.917
0.892
0.871
0.954
0.930
0.910
0.863
0.841
0.823
0.851
0.830
0.811

peak bum-up
at%

2.8
5.3
7.8
2.7
5.2
7.6
2.7
5.2
7.5
2.6
5.1
7.4
2.6
5.0
7.3
2.4
4.7
6.9
2.3
4.5
6.5
2.6
5.0
7.2
2.1
4.1
6.0
1.7
3.3
4.7

peak clad dose
dpa/NRT

29.8
50.0
72.7
25.3
49.1
71.4
25.2
48.7
70.8
24.8
48.1
69.9
24.8
48.0
69.6
23.5
45.5
65.9
22.2
43.1
62.4
24.8
48.1
69.7
20.7
40.2
58.3
16.4
31.8
46.1

11 84 490 0.183 12.432 0.111 0.2 13.2

Tensile properties of the non irradiated clad material

As can be seen in Fig. 2.1 experimental data of the ultimate tensile strength and of the yield
stress are available at a temperature range between 20°C up to 800°C. These data show a scattering
around average values of about 10 %. Failure strain data for low strain rate show a much more
pronounced scattering in the considered temperature domain ( see Fig. 2.2).

Tensile properties of the irradiated clad material

Two correlation's were provided for the temperature dependence of the ultimate tensile
strength and the yield strength respectively (see Fig. 2.1). They indicate considerable strain hardening
especially for low clad temperatures. Failure strain data for the irradiated clad material were not made
available.

In the SAS4A code several correlation's are provided for the temperature dependence of the
yield strength and the ultimate tensile strength of different clad materials. These correlation's have
been deduced from an extensive experimental data base including measurements for irradiated clad
material. For part of these experimental campaigns influence of the strain rate on yield strength and
ultimate tensile stress has been investigated. When comparing results of the different correlation's
with the experimental results provided for the BN-800 clad material it appears that the correlation's
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FIG. 2.1. BN-800 tensile properties [MPa] (ultimate tensile strength and yield stress) of irradiated
and non-irradiated materials versus temperature [°CJ.
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FIG. 2.2. BN-800 failure strain [%] of non-irradiated materials versus temperature [°C].
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deduced for the 15/15 Ti stabilised clad material compares best with the provided experimental data
of the BN-800 clad material (see Fig. 2.3 and 2.4). Ultimate tensile stress data for high strain rates
(10/s) and for low strain rates (ICTVs) bound the scatter band of experimental results of the BN-800
clad material. However, the yield stress data are consistently below measurements for the BN-800
clad material. Failure strain data represent well the average of the scatter band of measurements for
the BN-800 clad material when compared to the correlation's used in the SAS4A code (see Fig. 2.5).

Therefore use of the mentioned SAS4A correlation's represent a reasonable approximation of
the expected behaviour of the BN-800 clad material. However, some concern was raised whether dose
dependence of mechanical clad properties might change compared to the theoretically predicted
behaviour when approaching higher dose values. In view of the reported clad swelling behaviour it is
expected that failure strain as well as ultimate tensile stress might reduce considerably on the
background of knowledge deduced from the behaviour of other clad materials. It is recommended to
evaluated this aspect in subsequent analyses campaigns in more depth.

For comparison of the fuel pin states at the end of the three different power operation cycles
three positions out of the 10 characteristic subassembly groups were chosen: the highest rated
subassembly group of the LEZ i.e. SA group 1/3, the medium rated subassembly group of the MEZ
i.e. SA group 6/3 and the lowest rated subassembly group of the LEZ i.e. SA group 10/3. The
variation of the linear rating with the residence time was deduced from the input data specification
provided by IPPE. This agreed upon procedure resulted in the power history for the three SA groups
as listed in Table 3.3. However, it turned out that the total thermal power output did not perfectly
match the value of 1500 MWu, as specified by IPPE. Therefore, two different sets of variations of
linear ratings with the residence time were used by the participants: one resulting in a total thermal
power output of about 1725 MWth (KONDOR, PINCH, GERMINAL) and one resulting in a value of
1525 MWth (SAS4A, GERMINAL). The GERMINAL calculations provided results for both cases. In
addition it has to be mentioned that this procedure was agreed upon by the participants of the exercise
only after some iterations. The contribution by the UK participant is based on a specification of the
power dependency with time which corresponds to an initially agreed procedure and therefore is
slightly different than the one applied at the end of this exercise by the other participants (see Table
2.3).
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FIG. 2.3. Correlations evaluated in the SAS4A code for validation of the VIGGEN-4 experiments
(yield stress).
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FIG. 2.4. Correlations evaluated in the SAS4A code for validation of the VIGGEN-4 experiments
(ultimate tensile strength).
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FIG. 2.5. Correlations evaluated in the SAS4A code for validation of the VIGGEN-4 experiments
(failure strain).
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TABLE 2.3 VARIATION OF PEAK LINEAR RATINGS DURING POWER OPERATION

Residence Cycle Channel 1/3 [kW/m] Channel 6/3 [kW/m] Channel 10/3 [kW/m]
time

[d]

1
141

142
282

283
423

I II

I 44.16 42.11
40.20 ' 37.96

II - 40.20
36.24 36.24

III 38.85
32.28 35.3

III

40.25
35.77

37.95
33.86

36.17
32.26

I II

31.95 35.03
33.47 36.62

33.47
35.00 35.00

32.08
36.52 33.54

III

33.43
34.44

31.58
32.60

29.82
30.80

I II

26.61 25.91
24.82 24.04

24.82
23.03 23.03

23.82
21.23 22.10

III

24.46
22.44

23.15
21.23

21.92
20.08

I power history specified in the initial phase of the exercise
(TRAFIC-results)

II power history leading to a total reactor power of 1725
(KONDOR-, GERMINAL-, PINCH-results)

III power history leading to a total reactor power of 1525
(GERMINAL SAS4A-results)

-4
-J



2.2.2 Characterization of the applied fuel pin mechanics code packages

Different tools were applied by the participants to this exercise. They will shortly be
characterized hereafter and compared with each other.

France applied the computer code GERMINAL 1.2 which is part of the French licensing
procedure [2.2]. The code is developed by CEA/DEC to study the fuel pin thermal-mechanical
behaviour during steady state and incidental conditions in Fast Breeder Reactors. This version
includes the modelling of high burn-up effects on the fission gas release and fuel-clad materials
accumulation Cjoint oxyde gaine" JOG). This code version has been validated on 29 irradiations
corresponding to various experimental conditions: solid and annular pellets, burn-up's from 0 to 20
at%, stoichiometries from 1.90 to 1.999, enrichments between 15 and 30% Pu, different clad materials
and so on. GERMINAL 1.2 is a highly sophisticated fuel pin mechanics code package with a broad
background of experimental qualification.

The UK applied the latest version of the TRAFIC fuel pin performance code TRAFIC 2.6 [2.3].
The TRAFIC code package is a highly sophisticated fuel pin mechanic code as the GERMINAL 1.2
code. It was developed by AERE Winfrith and continuously validated against a number of irradiation
experiments.

Germany applied the SAS4A code package with its parametric fuel pin performance model
DEFORM-4C [2.4] developed mainly by Forschungszentrum Karlsruhe on basis of the original
approach provided by the Argonne National Laboratory. The code package is validated against 5
irradiation experiments performed within the different CABRI-programmes. These cover solid and
annular pellets behaviour of burn-up's from 0 to 12 at% and different clad materials. A parametric
approach to simulate the fuel to clad materials behaviour (JOG-materials) is included.

Russia applied their KONDOR code package [2.5] which is a detailed fuel pin performance
code developed by IPPE. Qualification of the models is mainly based on results being available in the
open literature.

India applied their PINCH code package [2.6] which is a parametric fuel pin performance code
developed by IGCAR on the basis of modelling approaches being available in the open literature.
Integral validation of the code against irradiation experiments is hardly available.

All code packages applied in this comparative exercise represent the dominant physical
processes governing the fuel pins behaviour during irradiation however with a different degree of
detail. When trying to characterize the modelling features applied by the different participants in the
exercise the following ranking of modelling features could be used:

- D - detailed deterministic model
- P - parametric model approach
- S - simplified model approach

This type of ranking has been used to characterize model features of the different code
packages to simulate the solid fission product swelling, the fission gas induced fuel swelling, the
JOG-materials behaviour, the fuels thermal behaviour, the fission gas release, the fuels mechanics
behaviour, the clad swelling behaviour, the clad mechanics behaviour and the fuel to clad heat
transfer. Results of this agreed upon ranking are listed in table 2.4. This overview on model features
indicates that the codes used in this comparison cover the whole spectrum of currently available
model capabilities ranging from detailed deterministic model approaches realized in codes as
GERMINAL and TRAFIC up to simplified parametric approaches as the ones of SAS4A and the
PINCH code. The approaches of KONDOR are somewhere in between these two modelling
approaches.
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TABLE 2.4 OVERVIEW ON MODELLING ASPECTS OF THE APPLIED CODE SYSTEMS

Code system TRAFIC GERMINAL KONDOR SAS4A

D - detailed deterministic model;
P - parametric model;
S - simplified model approach

L - linearized power history (2nd Consultancy)
T - tooth like power history (3rd Consultancy)
1 scaled to a total power output of 1552 MWu,
2 scaled to a total power output of 1725 MWUl

PINCH

Solid fission product swelling
Fission gas induced fuel
swelling
JOG-materials behaviour

Fuels thermal behaviour
Fission gas release
Fuels mechanics behaviour

Clad swelling law
Clad mechanics behaviour

Fuel to clad heat transfer

Power operation history

S
D

not applied

D
D
D

15/15
D

D

L

S
D

D

D
D
D

IPPE
D

D

rpl,2

IPPE law
IPPE law

-

D
P
D

IPPE
D

D

T2

S,P
P

P

D
P
S

IPPE
S

D

T!

IPPE law
IPPE law

-

D
P
S

IPPE
S

S

T2



2.3 SUMMARY OF RESULTS

Individual results provided by the different participants of this exercise are documented in
detail in several reports [2.7, 2.8, 2.9, 2.10, 2.11]. In this summary report only a few aspects of the
calculated results are compared with each other and are commented. It concentrates on the fuels
thermal behaviour with burn-up, the fission gases behaviour and the clad materials behaviour. The
individual results obtained at the peak power position are plotted as function of the residence time in
the reactor and compared with each other.

2.3.1 Fuels thermal behaviour

The fuels thermal state is characterized by the evolution of inner and outer fuels temperatures at
the peak power position and the temperature difference between inner and outer fuel temperatures in
the three representative subassembly groups. The respective values are plotted in Fig. 2.1-2.3, 2.4-2.6
and 2.7-2.9.

For the high power SAs of channel 1/3 the calculated inner fuel temperatures of GERMINAL,
KONDOR and SAS4A are relatively close together decreasing during the first cycle by about 200 to
300 K (see Fig. 2.6). They stay nearly unchanged during the second cycle and increase during the
third cycle again but more strongly in the GERMINAL and KONDOR calculations. These differences
are related to the fact that gap size variation after onset of clad swelling is calculated differently in the
three calculations. The calculated inner fuel temperatures of the PINCH calculation are lower than the
ones calculated by the other participants. A more detailed comparison of the TRAFIC results with the
other contributions is difficult due to the different power history applied.

The temperature evolution for the medium power SAs of channel 6/3 in the different cycles
look similar to the ones of the high power channel 1 (see Fig. 2.7). However, the inner fuel
temperature variations are not so pronounced because of the slightly reduced linear ratings and the
increase of the linear rating during the cycle length. The linear ratings at the end of the cycles are
close to the values obtained at the end of the cycles for the high power SAs. The absolute values of
the inner fuel temperatures are therefore quite close together in the GERMINAL, KONDOR and
SAS4A calculations. The same holds for the PINCH calculation but the inner fuel temperatures are
again considerably lower than the ones calculated by the other participants.

The inner fuels temperature level for the low power SAs of channel 10/3 is considerably lower
than the ones of the other two channels considered in this comparative evaluation (see Fig. 2.8): The
calculated values of GERMINAL and SAS4A are close together, the ones of KONDOR and PINCH
are lower by about 150 to 300 K.

The variation of the outer fuel surface temperatures in the three representative coolant channels
during power operation are plotted in Fig. 2.9-2.11. The values as calculated by SAS4A are
principally higher than the ones calculated by the other codes because they calculate the effect of
JOG-formation and of surface roughness differently what influences the fuel to clad heat transfer
coefficient from the very beginning of power operation. In the GERMINAL calculation JOG-
formation is assumed to start only after a burn-up value of about 6 at% is exceeded which is
consistent with experimental observations.

Common to the calculations is the fact that the fuel surface temperatures stay relatively
constant during the first two cycles of the three batch power operation cycles. However, the fuel
surface temperatures increase considerably during the third cycle of the power operation in the two
high power and medium power coolant channels because clad swelling results in a partial reopening
of the fuel to clad gap in the GERMINAL and the KONDOR calculations. Fuel surface temperature
increases are more pronounced in the GERMINAL calculation than in the SAS4A calculation because
the calculated reopening of the fuel to clad gap is more pronounced in the GERMINAL calculation
than in the SAS4A calculation. The effect is not to be seen in the TRAFIC calculation because this
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calculation is based on the assumption that a low swelling clad material is used in the design and a
slightly different power history is applied. In the results of the PINCH calculation this marked
influence of the clad swelling behaviour on the fuel surface temperatures is not represented. The
effect does not appear in the results of the low power coolant channel 10/3 because the accumulated
dose of the clad material does not exceed the threshold value of the pronounced clad swelling onset.

The variation of the fuels temperature difference between the inner and the outer fuel
temperatures in the peak power node is plotted in Fig. 2.12-2.14 versus power operation time. This
value is an indicator for the impact of transient variation of the radial fuel porosity distribution and
thus the fuel conductivity on the radial fuel temperature profiles. These values stay nearly constant in
the calculations performed with GERMINAL, KONDOR and SAS4A. However, they decrease
continuously in the calculations performed with TRAFIC and PINCH. This behaviour reflects the
impact of the difference in the imposed power variation during the cycles operation in case of the
TRAFIC calculation but it is clearly indicating that PINCH contains either a coding error or a basic
model deficiency because the fuel temperature differences reduce to zero in case of the low power
channel 10/3 which is simply wrong. The differences in the calculations amount to about 100 to 150
K with an increasing tendency for the lower power coolant channel 10/3. This reflects the fact that
predictive capabilities of the fuel pin behaviour during power operation are less reliable in the low
fuel temperature domain than in the high power domain with currently available computer codes.
However, if the differences are put into relation to the value of the total fuel temperature difference,
the deviation of results could be interpreted as a ± 5 to 10% accuracy of our current predictive
capability for the fuel temperature difference along pellet radius. This is felt satisfactory in view of
the complexity of the involved physical phenomena and the different complexity of the codes
participating in this exercise.

2.3.2 Fuel to clad heat transfer

The variation of the fuel to clad heat transfer coefficients in the peak power node of the three
characteristic coolant channels is plotted in Fig. 2.15 to 2.17. The timely variation of the calculated
results show rather large differences between the different codes, especially for the first two cycles of
the power operation in the high power coolant channels. The SAS4A code calculates the lowest
values especially at the beginning of the second cycle of the power operation period. This reflects the
fact that closure of the initially open fuel to clad gap takes longer in this calculation than in the
GERMINAL or TRAFIC calculations. For subsequent power operation cycles the calculated values
come closer to each other considering results of the GERMINAL, KONDOR and SAS4A codes. Due
to the different power operation history and the different clad swelling behaviour simulated in the
TRAFIC calculation values of the TRAFIC calculation are systematically higher than in the other
calculations. Results of the PINCH calculations are systematically higher than the other ones too
which seems curious in view of the calculated high fission gas release values (see chapter 2.3.3).

Results for the low power coolant channel of GERMINAL and SAS4A are close together. They
show no pronounced dependency on the power operation period due to the fuel to clad width staying
open during the whole power operation time period. The respective values of the KONDOR
calculation stay considerably above these values. Consequently the calculated fission gas release
remain small during the whole low power operation time period. The values calculated by TRAFIC
increase systematically with time which is consistent with the applied power operation history and the
clad swelling law.

Absolute and relative deviations between the differently calculated fuel to clad heat transfer
coefficients are considerably higher than the ones observed for the fuel temperatures. Relative
deviations amount to ± 15 to 30 % becoming largest after the first power cycle operation time period.
This reflects the fact that different modelling features are used in the codes for the initial phase of fuel
swelling at low burn-up values. For higher burn-up values the fuel swelling behaviour comes closer to
each other in the different calculations thus reducing the intermediately large differences to values in
the order of ± 10 to 15%.
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2.3.3 Fission gas release during power operation

The integrated fission gas release fraction as function of the power operation time is plotted in
Fig. 2.18 to 2.20 as provided by GERMINAL, TRAFIC, KONDOR and SAS4A. The respective
values of the PINCH calculation represent the fission gas release fraction in the peak power node.

Results of the GERMINAL and SAS4A calculations for the representative coolant channel 1/3
are close together for the first two power operation cycles. During the third power operation cycle the
calculated incremental increase of the GERMINAL calculation exceeds the one of the SAS4A
calculation due to the calculated gap reopening during this third cycle as consequence of the enhanced
clad swelling. The fractional fission gas release as calculated by the KONDOR code increases nearly
linearly with power operation time. This indicates that modelling of the fission gas release is not
deterministically coupled to the actually established fuel temperature level. The results provided by
the TRAFIC calculation reflect the differences of the case set-up forming the basis for this calculation
with its monotonically varying power versus power operation time and applying a clad swelling law
leading to a small clad swelling only. The calculated dependency of the integral fission gas release of
the medium power coolant channel 6/3 show a very similar behaviour.

The fractional fission gas release variation with power operation time of the coolant channel
10/3 shows a different behaviour. In the GERMINAL and SAS4A calculation the fractional gas
release increases nearly monotonically with power operation time reaching a maximum value of only
about 47% after 420 d. The fractional gas release values calculated by the KONDOR code are
considerably smaller not exceeding values of 20% during the first two power operation cycles. These
values seem to be exceptionally low when compared to the results of the other calculations but they
correspond qualitatively to the low fuel temperature levels calculated for this coolant channel.

2.4 CONCLUSIONS AND RECOMMENDATIONS

In the framework of the IAEA/EC comparative exercise for an evaluation of consequences of a
severe accident in a BN-800 like reactor core with a near zero void coefficient steady state
calculations have been performed to study the thermal-mechanical behaviour of the fuel pin design for
the three batch equilibrium cycle operation as foreseen by the project. Five countries participated in
this exercise with different code systems: Russia with their KONDOR code package, France with the
GERMINAL code, United Kingdom with the TRAFIC code, Germany with the DEFORM-4C code
package as part of the SAS4A code and India with the PINCH code package. The different codes
applied in this comparative exercise cover the whole spectrum of currently available model
capabilities ranging from detailed deterministic model approaches realized in codes as GERMINAL
and TRAFIC up to simplified parametric approaches as DEFORM-4C and PINCH, KONDOR being
somewhere in between these two modelling approaches.

Comparison of results provided by the participants to the exercise leads to the following conclusions:

- Results of the PINCH calculations are partly apart from the ones provided by the other
participants. Calculated values of the fractional fission gas releases are unreasonably high when
related to the relatively low fuel temperature levels calculated. Other inconsistencies of the results
might be related to the consistently too small temperature differences between the inner and outer
fuel temperatures. It is felt that partly modelling assumptions are inconsistently chosen. Review
and refinement of the chosen approach is strongly recommended.

- Results of the TRAFIC code calculations are difficult to compare to the results of the other
participants because differences are mainly determined by the differently simulated power history
for the 420 d power operation time and the simulation of a clad which leads to a low clad swelling
only even for high doses. However, differences of the results to the ones of the other calculations
are clearly explained by the different assumptions taken in the case set-up which were agreed upon
at an early stage of the comparative exercise.
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- Results of the KONDOR, GERMINAL and DEFORM-4C calculations are relatively close to each
other. However differences in between the calculations become more pronounced when medium
burn-up levels of about 5 at% are exceeded. It appears as if more refined modelling approaches
need to be developed for the KONDOR code system for an improved description of the fuel pin
mechanics behaviour approaching high burn-up levels of 8 to 10 at% and for low linear ratings.
Differences between DEFORM-4C and GERMINAL calculations evolve partly from quite
different approaches to simulate JOG-formation and its behaviour during power operation. This is
a topic of the current research and development activities in this field, which needs more refined
analyses and model development and most importantly a broader experimental data base.

For evaluation of the reliability of the provided code predictions about the performance of the
BN-800 fuel pins under power operation it would be necessary to compare calculated results with
experimental results for the specific BN-800 fuel pins considered in this exercise. This holds
especially for results provided on the basis of parametric modelling approaches as the results of
DEFORM-4C. Impact of fuel fabrication and clad material properties variation with burn-up can only
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be evaluated reliably in view of detailed experimental results. This was not the objective of this
comparative exercise. However, it is strongly recommended that results should be compared in more
depth with the experimental data base available in Russia from power operation of respective fuel
pins in the BN-350 and the BN-600 reactors.

For the purpose of this exercise comparison of the results has shown that the calculated fuel pin
states at the end of the equilibrium cycle are rather close together. Therefore transient calculations
start from initial conditions sufficiently close to each other so that possible differences in the transient
calculations should not be dominated by differences in the steady state fuel pin characterization after
power operation. However, differences are to be expected between the transient calculations provided
by India, Russia and Japan on the one side and France and Germany on the other side because these
two groups of calculations start from a total thermal power output being about 11 % apart from each
other. This difference results from the fact that the first three calculations normalized the steady state
thermal power output to meet the linear ratings as specified in the case set-up provided by IPPE
resulting in a total thermal power output of 1725 MWth and the second two calculations normalized
the linear ratings to meet the specified total thermal power output of 1500 MW,h resulting in about
11% smaller values of the peak linear ratings. It is to be noticed that for the transient calculations
France will use as Germany and Japan the SAS4A code.
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Chapter 3
PREBOILING ANALYSIS OF ULOF ACCIDENTS

3.1. INTRODUCTION

In this chapter the results of transient calculations, upto onset of boiling, of an
IAEA/EC benchmark exercise on comparative calculations for unprotected loss of flow
(ULOF) accident in BN-800 type reactor with near zero void reactivity, are presented. France,
Germany, India, Japan and Russia are participating in this exercise. First, a brief description is
given of the code system used by different countries and the modeling aspects that can lead to
different predictions are highlighted. Following this, the results are presented in terms of onset
of boiling, channel number in which the boiling is initiated first and power and reactivity levels
at the onset of boiling. Power and flow profile and different reactivity components as a
function of time are also presented.

The preboiling phase calculations were performed by most of the participants for the
two cases. In case 1, referred to as base case, the radial feedback due to load pad effect is
ignored and in case 2, referred to as parametric case the feedback is considered. In addition,
a set of calculations is also done by considering uncertainties in the core physics parameters
like Doppler coefficient and reactivity worths of fuel, clad and the coolant. The calculations
have been done for the 31 channel representation of the reactor (30 for core and 1 for radial
blanket). FZK Germany also performed many calculations in a 17 channel representation of
the core.

In this chapter, first a brief description is given of the computer codes used by different
participants and then the results in terms of onset of boiling, channel number in which the
boiling is initiated first and power and reactivity levels at the onset of boiling and their time
profile are presented for base case as well as parametric case. This is followed by the results of
uncertainties in core physics parameters.

3.2. COMPUTER CODES USED

IPPE Russia

The IPPE used the GRIF-SM code for the transient calculations [3.1]. The GRTF-SM
code performs the solution of non-stationary equations of neutronics, hydrodynamics and heat
transfer. The code is suitable to investigate the whole core accident like ULOF and
Unprotected Transient Over Power (UTOP) requiring simulation of the whole reactor and
flow blockage accident in a single subassembly. The reactor power is calculated using point
kinetics model with 6 groups of delayed neutrons. Reactivity feedbacks from thermal
expansion of sodium and boiling, axial and radial expansion of the core as a whole, fuel and
clad material density changes, expansion of absorber rods and its drives and Doppler effect are
accounted. Sodium boiling is described by slip model of two phase flow; the friction factors
and slip ratio being defined by Lockhart and Martinelli correlation. The phenomena like heat
transfer in one and two phase flow, forced liquid and vapor sodium flow, boiling of
underheated sodium, bubble and film boiling, film dryout when heat flux exceeds critical flux
and film condensation are considered. Two dimensional temperature distributions is also
calculated for subassembly wrapper which is important for correct simulation of sodium vapor
condensation in top part of the core subassemblies. Inter wrapper sodium boiling is simulated
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in 2D model. Fuel and clad melting is calculated and latent heat of melting is accounted for.
The equations are solved numerically by the method of iterations. Equations involving space
derivative are numerically integrated on computational grid with variable steps. The code for
single phase calculations has been checked on a number of standard problems of
hydrodynamics of incompressible flow requiring calculations of 2D or 3D distributions of
velocity. The sodium boiling subroutine is validated against experiments conducted in KFK
Germany. The gap conductance during transient is taken to be the same as that existed during
steady state.

IPSN France, FZK Germany and PNC Japan

IPSN France, FZK Germany and PNC Japan have been using the version of the
SAS4A code [3.2] improved by the respective individual organizations. SAS4A code was
originally developed at ANL and is the next generation of the SAS3D code 3.3. It is validated
through inpile safety experiments such as TREAT and CABRI. SAS4A code is a multichannel
code; one channel being represented by one pin. The primary and secondary coolant loops are
also modeled. The boiling model is a ID, multibubble boiling model similar to SAS3D; its
main new feature being a variable coolant flow cross section treatment which allows consistent
coupling with the pin mechanics and clad motion models. Major improvements made in the
code by France, Germany and Japan are in the areas of fuel pin mechanics module, pre and
post failure in-pin fuel motion, reformulation of the two phase sodium flow, introduction of a
new fission gas mass transfer model as well as JOG model and a new formulation of a chunk
jamming model.

IPSN France and FZK Germany used a version of SAS4A, namely, SAS4A. REF96
[3.4, 3.5]. This code version introduces the newest state of the knowledge into the discussion
of the BN-800 analysis. Representation of the BN-800 subassemblies is detailed. The primary
and secondary loops are simulated using the scaled-down LSPB-PRIMAR4 representation.
The calculations are performed with a basically modified two-phase flow model and balance of
force model to determine axial fuel pin expansion.

PNC Japan used a variant of the SAS4A code for the transient calculations [3.6] which
is close to the one used by Germany and France especially prior to the onset of boiling. The
code used the JOG model with the input provided by IPPE. Interwrapper sodium void effect is
considered.

The gap conductance during transient is calculated deterministically by the codes from
the three countries.

IGCAR India

IGCAR, India used the PINCHTRAN code for the transient calculations. One
subassembly is represented by one pin and all the subassemblies in a ring are represented by
one subassembly. The code employs the point kinetics for power calculations and calculates
the reactivity feedback effects due to fuel, clad and coolant expansion including core boundary
movements and sodium boiling, fuel melting and slumping, steel vaporization, control rod
drive expansion and grid plate expansion. Lumped model of heat transfer is used in calculating
the fuel, clad and coolant temperatures. Central line temperature of fuel is calculated by
assuming the steady state temperature profile in the fuel pellet and subsequently it is used in
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calculating the fuel melt fraction. Sodium boiling model used is similar to the one used in ANL
developed code, SAS1A [3.7]. Vapor condensation in the above core structure and flow
reversal are not modeled. Fuel pin mechanics calculations during the transient are not
performed but the clad temperature limits and fuel melt fraction limits are used as criteria for
fuel pin failure. The code in its previous form [3.8] has been validated against the European
LOFA benchmark problem [3.9] and SEFOR transient [3.10]. The gap conductance during
transient is taken to be the same as that existed during steady state.

3.3. RESULTS

The following flowcoast down rule is employed by all the participants [1].

Wj = 5.5 / (t+5.5) for 0 < t < 49.5

Wi = (120-t)/705 for 49.5 < t < 120

Wi = 0 for t > 120

where Wi is the normalised pump rotation speed and the time, t is expressed in seconds.
Results of the analysis are presented below. Results are interpreted keeping in view that initial
steady state temperatures are different in all the cases, gap conductance remains constant
during the transient in Russian and Indian studies while it is time dependent in SAS4A based
calculations. Further, fuel axial expansion is determined based on balance of force model in
SAS4A based calculations while it is constant and free expansion in the case of Russian and
Indian studies. Also the initial power is 1525 MWt for French, German, Indian and Russian
studies and 1725 MWt in Japanese studies.

The important design and reactivity parameters of the reactor are given in the appendix
for ready reference.

3.3.1. Base case

All the computer codes predict the initiation of boiling in the core and therefore
establish that the negative feedback from the sodium plenum is not sufficient to prevent the
onset of boiling. All the computer codes also predict uniformly that boiling is initiated first in
channel number 5/1 (first channel of medium enrichment zone with 140 fpd operated fuel pins)
which has the highest power to flow ratio.

Time of onset of boiling, channel in which the boiling takes place first, normalised
power, net reactivity and reactivity feedbacks from, axial fuel expansion and Doppler effect at
the time of onset of boiling predicted by different codes are compared in Table 3.Lit can be
seen that the time of onset of boiling is predicted between 16.72 s and 19.01 s; the maximum
deviation being 14%. The approaches that consider transient fuel pin mechanics and the
transiently varying gap conductance (French, German and Japanese studies) predict initiation
of boiling between 18.93and 19.01 s. Russian and Indian predictions are 16.72 and 17.60 s
respectively.

Power at the time of onset of boiling predicted by the various codes lies in the range of
0.63 to 0.71 times the nominal power. Again it is seen that German, French and Japanese
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predictions are close to each other and Russian and Indian predictions are close to each other.
The French and Japanese predictions are almost identical. It can also be observed that in the
present design of BN-800 reactor with near zero sodium void coefficient of reactivity, the
power at the time of onset of boiling is in the range of 60 to 70 % of the nominal power,
where as for the conventional design core the power level is much higher [3.11]. Thus in the
new design, the fuel pin failure is delayed as compared to the conventional design.

Table 3.1: Results at Onset of Boiling (Base Case)
Parameter

Time (s)

Channel No.

Axial position from core
bottom (cm)
Normalised Power

Net Reactivity ($)

Doppler Reactivity ($)

Fuel Axial Expansion
Reactivity ($)
Sodium Reactivity ($)

Germany

17.96

5/1

84-90

0.66

-0.170

0.026

-0.003

-0.207

France

18.93

5/1

95

0.63

-0.183

-0.005

+0.015

-0.205

Japan

18.96

5/1

87-94

0.63

-0.183

-0.004

+0.014

-0.205

Russia

16.72

5/1

85

0.71

-0.135

+0.039

+0.017

-0.188

India

17.60

5/1

84

0.71

-0.147

+0.027

+0.020

-0.223

The net reactivity at the onset of boiling is predicted between -0.135 $ and -0.183 $.
Again the predictions based on modified SAS4A code, are closer to each other and the
Russian and Indian predictions are close to each other. Predictions of reactivity feedbacks
from sodium expansion is in the range of -0.188 $ and -0.223 $. The predictions of Japan and
France are very close to each other. Russian studies predict the lowest reactivity from the
sodium. The contribution of the Doppler and fuel axial expansion is relatively small.

The comparison of time variation of flow and power and net reactivity upto onset of
boiling is depicted in Figs. 3.1 and 3.2 respectively. The flow variation has been depicted up to
the earliest onset of boiling only. The variation of various reactivity components (sodium
expansion, Doppler and fuel axial expansion) upto onset of boiling is shown in Figs. 3 to 5
respectively. In this case, Doppler reactivity is positive at the onset of boiling in the German,
Russian and Indian calculations. The reactivity is negative initially and attains positive value
before onset of boiling. The French and Japanese values of Doppler reactivity are negative
throughout the preboiling state and are almost identical. However, the fuel axial expansion
reactivity feedback is positive at the onset of boiling in all the cases except the German one
where it is negative throughout. The Russian and Indian results are closer together and the
French and Japanese results are almost identical. The closeness of predictions by IPPE and
IGCAR and the SAS4A based results is also reflected in Figs.3.1 and 3.2 and is probably
because IPPE and IGCAR use constant gap conductance model while FZK, IPSN and PNC
use transiently varying gap conductance during the transient. The differences in the predictions
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FIG. 3.1. Power ( base case).
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FIG. 3.5. Fuel axial expansion reactivity (base case).

of sodium reactivity feedback is also due to different space discretisation scheme used by
different organizations. The fuel axial expansion feedback is small and the differences in the
predictions arise from different models used for fuel expansion.

FZK Germany also did many calculations in 17 channel representation of the core and
reflector. The predictions of the parameters in 17 channel representation is close to the
predictions of the 31 channel representation. The results presented in this section are taken
fromRef. [3.4,3.11-3.16].

3.3.2. Parametric case

In this case additional negative feedback from the load pad radial expansion is
accounted for. The load pad reactivity is calculated by the participants using the reactivity
coefficients and the associated time constants as provided by IPPE Russia. Results from FZK,
PNC, IPPE and IGCAR are available in this study. FZK performed these calculations with 17
channel representation of the core and blanket. The ULOF results of Germany are taken from
Ref.[3.4j.

In this case also, the codes predict the initiation of boiling inspite of the radial
reactivity feedback. However, the onset of boiling is delayed. The initiation of boiling is
delayed considerably from 16.72 to 18.96 s in the base case to 28.88 to 33.16 s in the
parametric case. As in the base case, all the codes predict the first boiling in channel 13 (5/1)
where power to flow ratio is maximum.

The normalised power is considerably lower as compared to the base case as it should
be expected. It is in the range of 0.39 to 0.45.
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Due to the sodium plenum being heated up, the sodium void reactivity is large and
negative as in the base case. However, the dominant reactivity in this case is the load pad
reactivity. There is a fair agreement in the calculation of this reactivity effect as can be
expected due to the calculation methodology being the same.

Doppler and axial feedbacks are positive at the time of onset of boiling. However,
these feedbacks are slightly negative at the beginning. These cross over to positive values at
roughly the boiling onset in the SAS4A series of codes for base case, but the crossover is
relatively earlier in the parametric case. The crossover to positive values is predicted earlier, in
base case as well as parametric case by the Russian and Indian codes. The results in terms of
time, channel number, normalised power and reactivity components at the boiling onset are
given in Table 3.2. The time profile of these parameters is depicted in Figs. 3.6-3.11. As
observed in the base case, SAS4A code based results are close to each other and the Russian
and Indian results fall together.

Table 3.2: Results at Onset of Boiling (Parametric Case)
Parameters

Time (s)

Channel No.

Axial position from
core bottom (cm)
Normalised Power

Net reactivity ($)

Doppler reactivity ($)

Fuel axial expansion
reactivity ($)
Sodium Reactivity ($)

Radial Core Expn.
Reactivity ($)

Germany

28.88

5/1

84-91

0.43

-0.295

+0.183

+0.174

-0.223

-0.418

France

-

-

-

-

-

-

-

-

Japan.

33.16

5/1

87-94

0.39

-0.299

+0.153

+0.220

-0.230

-0.432

Russia

31.4

5/1

-

0.44

-0.244

+0.292

+0.100

-0.203

-0.432

India

32.29

5/1

84

0.39

-0.278

+0.263

+0.100

-0.219

-0.454

IPPE Russia, in one set of calculations assumed reactivity feedback from control rod
drive mechanism expansion which is negative. The onset of boiling is delayed from 31.4 s to
36.4 s. The feedback is not enough to prevent the onset of boiling.

3.3.3. Uncertainties in core physics data

A set of calculations have been carried out to check the sensitivity of the results to the
uncertainties in core physics parameters. PNC, IPPE and IGCAR participated in this exercise.
Japan and India assumed the uncertainties in the core physics parameters as: +5% in fuel,
+20% in steel, -20% in sodium expansion and +15% in Doppler effect (case 1). This is to
maximise the positive reactivity feedback and minimise the negative reactivity feedback
(conservative case). The results indicate that the onset of boiling is advanced by 0.4 and 1.0 s
respectively. In addition, India made one more set of calculations with uncertainties in core
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physics parameters as: +5% in fuel, +20% in steel, +20% in sodium and +15% in Doppler
effect (case 2). This case being optimistic with respest to sodium void reactivity feedback
shows that the onset of boiling is delayed by 0.75 s because of increased negative feedback
from sodium plenum. Russian results obtained by considering an increase by 15% in Doppler
coefficient (case 3) shows that the onset of boiling is advanced by a fraction of a second and
when steel worths are increased by 20% (case 4 ), the onset of boiling is delayed by fraction of
a second. By and large, it is concluded that the uncertainties in core physics parameters do not
lead to much changes in the results.

3.4. CONCLUSIONS

The following conclusions can be drawn from the study.

All the codes predict the onset of boiling and therefore establish that the negative feedback
from the sodium plenum is not sufficient to prevent the onset of boiling. However, the
sodium plenum reactivity feedback is influential in delaying the onset of boiling. The power
at this time is also low (63-71% times the nominal power) and net reactivity is negative
which are favorable to the reactor safety.

All the codes predict uniformly that onset of boiling takes place in the 5/1 channel (first
channel of medium enrichment zone with 140 fpd operated fuel pins) where the power to
flow ratio is maximum.

The prediction of the time of onset of boiling by different codes compares well within
14%.

Study indicates that the results are not very sensitive to the uncertainties in the core
physics parameters.

It is observed that SAS4A based results fall close to each other (Japanese and French
results are almost identical) and IPPE and IGCAR results fall close to each other. This is
mainly because SAS4A based calculations use transiently varying fuel to clad heat transfer
coefficient while IPPE and IGCAR use constant gap heat transfer coefficients. The
differences in predictions of sodium reactivity feedback is also due to different space
discretisation scheme followed in different codes. Doppler and fuel axial expansion
reactivity feedbacks are of smaller magnitude and hence the scatter in predictions can be
expected. Fuel axial expansion feedback is also dependent whether one follows the balance
offeree model (as followed by IPSN, FZK and PNC) or free axial expansion of the fuel (
as followed by IPPE and IGCAR). Radial expansion feedback is dependent on the
precision of calculations of the temperature of sodium and upper core structure.
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APPENDIX

A. Some of the Important Design Data of BN-800 Reactor

Power (MWt)
Core Height (cm)
Fuel Pellet Radius (cm)
Fuel Pellet Central Hole Radius (cm)
Clad inner surface radius (cm)
Clad outer surface radius (cm)
Lower plenum length (cm)
Lower plenum volume (m^)
Upper plenum length (cm)
Upper plenum volume (m^)
Filling gas

Filling gas pressure (MPa)

Core
1376.09
84
0.28
0.0825
0.29
0.33
67
1.77xlO-5

4.35
1.149xlO-6

95% He
& 5% air
0.1

Blanket
60.54
84
0.65
-
0.66
0.70
30
4.11xlO-5

6.50
8.90xlO-6

95% He
&5%

0.1

B. Reactivity Parameters

(i) Reactivity worth of fuel, steel & sodium

Material Reactivity worth (pcm)
Core Total

Sodium
Steel
Fuel

1150
3424

• 39471

-1318
+ 1753
- 40584

(ii) Reactor Kinetics Parameters

Parameters Value

Delayed neutron fraction (pcm)
Prompt neutron lifetime (us)
Wet Doppler coefficient, T dk/dT (pcm)
Dry Doppler coefficient, T dk/dT(pcm)
Temperature reactivity coefficients (pcm/°C)
Power reactivity coefficient (pcm/MWt)

356.3
0.44
-617
-401
-1.842
-0.404

NEXT PAGE(S)
left BLANK
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Chapter 4
BOILING AND POST FAILURE ANALYSIS RESULTS OF ULOF ACCIDENTS

This chapter describes the boiling and post-failure analyses of ULOF-accidents in a
BN-800 type core design. The chapter consists of three sections, which are (1) boiling and
post-failure phase transients, (2) core configuration at the end of the initiating phase, and (3)
conclusions.

4.1. BOILING AND POST-FAILURE PHASE TRANSIENTS

Analytical codes
Boiling phase calculations are continued following those of the pre-boiling phase by

each code of the participants (see Chapter 3). The code used are:

IPSN /France
FZK /Germany
IGCAR /India
PNC /Japan
IPPE /Russia

SAS4ARef.96. V1.15,
SAS4ARef.96.rel l.OMod.FZK
PINCHTRAN,
SAS4A Ref.96.rel 1 Mod.PNC, and
GRIF-SM.

Regarding the PINCHTRAN and the GRIF-SM, the characteristics of each code are
already explained in Chapter 3.

SAS4A code family is used by the participants from France, Germany and Japan.
The code version used by these three participants are based on the identical version, SAS4A
Ref.96 release 1, but each participant performed some modifications independently in order to
apply to this reactor. The French participant introduced mechanical properties of 15/15 Ti
stabilized cladding and improved the sodium EOS in the post failure module. The German
participant modified and improved the fuel pin mechanics model and two-phase boiling model
in order to cope with the boiling behaviour at low-power level. The Japanese participant
improved the treatment of clad motion by means of switching over from clad motion model to
material motion model and thus extended the applicability of the model.

Void and steel worth of the core
Table 4.1 shows the void worth of each core region and steel worth in the fissile

region of this reactor. It can be understood from this table that the positive void worth of the
core region (+4.5 $) is almost similar to that of a typical MOX-fueled core of this size, but the
strong negative void worth in the upper sodium layer (-3.3 $) makes total reactivity zero or
negative (-0.6 $). It is also indicated that displacement of the steel from the fissile region
introduces positive reactivity effect (+5.2 $). When molten clad moves from the fissile region
to the upper sodium layer or lower blanket region, a significant positive reactivity effect is
expected because reflector effect of the steel at the core edge is superimposed to the steel
displacement reactivity effect.

Analytical cases and conditions
As a basis of the present comparative exercise, two cases are investigated in this

phase similarly to the pre-boiling phase transient (see Chapter 3).
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TABLE 4.1. VOID AND STEEL WORTH IN BN-800 TYPE CORE

region

positive worth region

fissile region

upper sodium layer region

fissile reg. + up. sod. layer

void worth [$]

+4.5

+2.7

-3.3

-0.6

displacement of
steel [$]

—

+5.2

—

—

Base Case: radial expansion reactivity effect is neglected, and
Parametric Case: radial expansion reactivity effect is fully considered based on the IPPE 's

proposal.

Nominal reactivity coefficients are used for Doppler, sodium void, fuel axial
expansion, clad motion and fuel motion in both cases.

Evaluation of these cases were complemented by analyses of consequences of an
early blowout of fission gases from the upper fission gas plenum to the coolant channel by
Japan. As it turned out that this effect does not modify the integral event sequence drastically
it was agreed to neglect this effect in most of the analyses. However, it is thought reasonable
and necessary to re-evaluate the case when more reliable results are to be provided or if it
would come to licensing of the reactor design.

Thermal expansion of the control rod drive line (CRDL) leads to negative reactivity
insertion. However, because its time constant of the expansion is not verified in the present
reactor conditions, it is considered to be overly optimistic to superpose the 100% of CRDL
expansion effect on the 100% of radial core expansion effect. Therefore it was concluded that
the assumption of the CRDL expansion is beyond the domain of this comparative exercise. It
is needed to be reviewed if more rapidly developing consequences of CRDL expansion could
be demonstrated.

4.1.1. Base case results

Outline
All the codes predict onset of coolant boiling and dryout of the cladding in Base

Case. Furthermore the SAS4A code family reaches the phenomena of molten cladding
motion, fuel breakup and its motion. The calculated results by each participant are
summarised in Table 4.2. Coolant boiling is onset in Channel* 13 (the hottest subassembly
group located in MEZ) at about 17 to 19 s into transient. Table 4.3 shows the order and
timing of the boiling onset in the earliest five channels. Following the boiling onset in the first
channel (Ch. 13), it is predicted in Channels 1, 4, 7, and 10 within 2 seconds in all the codes.

* Channel (Ch.) : a group of subassemblies with similar design parameters such as power,
coolant flow, and burnup.
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TABLE 4.2. SUMMARY OF THE ULOF CALCULATION (BASE CASE)

Parameters \ Participant France Germany
BOILING ONSET

IstCh. 13(5/1) 13(5/1)
time[s] 18.93 17.95

DRYOUT
time after LOF 21.57 20.20
(time after B.O. [s]) (+2.64) (+2.32)
axial position from BFC [cm] 65 -72 64-71

CORE STATE AT THE FIRST CLAD MELTING
time after LOF 23.98 23.33
(time after B.O. [s]) (+5.05) (+5.38)
Channel No. 13(5/1) 13(5/1)
Normalized Power 0.61 0.46
Net Reactivity [$] -0.062 -0.440
Doppler Reactivity [$] +0.035 +0.089
Fuel Axial Expansion Reac. [$] +0.079 +0.069
Clad Axial Expansion Reac. [S] +0.0 1 0 +0.0 1 6
Sodium Reactivity [$] -0. 1 86 -0.614

CORE STATE AT THE FIRST FUEL MOTION
time after LOF (model limit. 28.33
(time after B.O. [s]) reached (+10.38)
Channel No. before 13(5/1)
Normalized Power fuel motion 1 .62
Net Reactivity [S] start) +0.326
Doppler Reactivity [$] -0.25 1
Fuel Axial Expansion Reac. [$] -0.121
Sodium Reactivity [$] +0.353
Clad Motion Reactivity [$] +0.248

CORE STATE AT THE END OF THE CALCULATION
time [s] 29.095 30.283
Normalized Power 1.24 1.25
Net Reactivity [S] +0.47 1 +0.161
Doppler Reactivity [$] -0.071 -0.359
Fuel Axial Expansion Reac. [S] -0.055 -0.098
Clad Axial Expansion Reac. [$] +0.041 +0.166
Sodium Reactivity [$] +0.074 -0.544
Fuel Motion Reactivity [S] 0 -0.1
Clad Motion Reactivity [$] +0.481 +1.14
Core Average Fuel Tem. [K]

India

13 (5/1)
17.60

64.0
(+47.4)

84

68.0
(+51.4)
13 (5/1)

0.64
+0.325
+0.095
+0.057
+0.057
+0.281

69.08
(+52.48)
13 (5/1)

32
+0.912
-1.050
-0.813
+3.051

—

69.123
62

+0.891
-1.118
-1.805
+0.131
+3.265
0.788

0

MAXIMUM NET REACTIVITY IN THE CALCULATION AFTER BOILING
Max. Net Reactivity [$] +0.482 +0.754
time [s] 29.03 27.725
Normalized Power [Po] 1.23 3.09
Major Component steel motion steel motion

MAXIMUM POWER IN THE CALCULATION AFTER BOILING
Max. power [Po] 1.24 3.31
time [s] 29.095 27.875
Net Reactivity [S] +0.471 +0.728

+1.030
69.122

95
void

ONSET

Japan

13 (5/1)
18.96

21.44
(+2.48)
65-72

23.68
(+4.72)
13 (5/1)

0.55
-0.187
+0.042
+0.086
+0.008
-0.323

30.68
(+11.72)
13 (5/1)

24
+0.952
-0.304
-0.378
+0.407
+1.142

31.300
1.6

+0.070
-0.438
-0.422
+0.097
-0.587
-0.666
+2.086

2611
ONSET

+0.961
30.670

22.8
steel motion

24.9
30.673
+0.956

Russia

13 (5/1)
16.72

18.80
(+2.08)
63-70

19.44
(+2.72)
13(5/1)

0.69
-0.051
+0.088
+0.040

-0.177

(calculation
stop at

clad melting)

19.44(*1)
0.687
-0.051
-0.088
+0.040

-0.177
0
0
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TABLE 4.3. ORDER OF BOILING ONSET UP TO THE 5TH CHANNEL
(ULOF BASE CASE)

Order of B.O.
IstCh.
time [s]
2nd Ch.
time [s]
3rd Ch.
time [s]
4th Ch.
time [s]
5th Ch.
time [s]

France
13 (5/1)
18.93
1 (1/1)
19.73

4 (2/1)
19.82

7 (3/1)
19.95

10 (4/1)
20.05

Germany
13 (5/1)

17.95
1 (1/1)
18.64

4 (2/1)
18.78

7 (3/1)
18.92

10(4/1)
19.01

India
13 (5/1)
17.60

4 (2/1)
18.26

10 (4/1)
18.36

7 (3/1)
18.37

.1 0/1)
18.43

Japan
13 (5/1)
18.96
1 d/1)
19.76

4 (2/1)
19.85

7 (3/1)
19.99

10(4/1)
20.09

Russia
13 (5/1)

16.6
B.O. in

Chs. 1/1,
2/1, 3/1,
and 4/1
occurs at
17.2 [s]

Dryout of the cladding occurs at 2.1 - 2.6 s after boiling onset in most codes (see
Table 4.2). The axial position of dryout initiation is at about 80 % of the fissile length. The
sodium boiling model in the PINCHTRAN code is based on the formulations similar to ANL
code SAS1A which is thought to be too simple and insufficient. Consequently the results of
the boiling transients with PINCHTRAN code are very slow compared with those of the
other codes.

Clad melting is predicted to occur at about 3 to 5 s after boiling onset except for
PINCHTRAN code. The power level is 0.5 to 0.7 Po (Po : nominal power) and the net
reactivity is sub-critical (-0.1 to -0.4 $).

The calculation with the GRIF-SM is terminated at 19.4 s (2.7 s after boiling onset)
because clad melting is predicted and the phenomena after clad melting are not yet modeled in
the code.

After a few seconds from clad melting onset, molten steel starts to move mainly
upward. This steel motion introduces positive reactivity and causes a mild power transient.
The calculation by French participant stops at 4s after clad motion onset because model
limitation is reached. Just after this power transient caused by cladding motion, a fuel breakup
and motion is predicted in the calculations by German and Japanese participants. The core
state at the fuel breakup/motion onset is shown in Table 4.2. The net reactivity becomes
positive and the power level exceeds the nominal value (1 Po).

The core state at the end of the calculation and the maximum net reactivity and
power in the calculation are summarized in Table 4.2. It is clear that the power transient is
very mild mainly due to the negative reactivity effect in the upper sodium layer, but removal
of the molten steel from the core region leads to a positive reactivity insertion and it drives
power increase resulting in fuel breakup. It is commonly concluded based on the present
results that the accident enters into the transition phase.
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(2) Transient behaviour of the reactivity and power in the boiling phase up to fuel pin
breakup

Figures 4.1 (1) - (5) show the results of the reactivity and power transient behaviour
in the boiling phase calculated by each participant and the order of boiling onset upto the 5th
Channel is shown in Table 4.3. The general tendency which could be perceived from these
figures is summarized in Table 4.4. An oscillation of the net reactivity is repeated a few times
and the final positive reactivity insertion due to steel motion at +8 to +10 s after boiling onset
causes a mild power increase leading to fuel breakup.

Voiding zone extension in Ch.13
Figures 4.2. (1) - (3) show the extension behaviour of the voiding zone in Ch.13

calculated by Germany, Japan and Russia respectively. All the figures show a common
behaviour that the voiding region extends upward more rapidly, nevertheless the lower
interface enters into the fissile region without delay. The lower interface of the voiding zone
passes the core mid-plane at about 2 s after the boiling onset in these figures.

Figures 4.2. (1) and (3) also show the sodium void reactivity of Ch.13 itself together
with the voiding zone extension. Both the figure show that the sodium void reactivity
decreases to about - 0.2 $ at 1.8 s after boiling onset as the upper interface enters into the
upper sodium plenum region. Then the lower interface enters into the fissile region without
delay and the sodium void reactivity of this channel is compensated with the positive void
reactivity at the fissile zone. It reaches the saturation value, i.e. +0.07 $ at 4.4 s after boiling
onset.

The voiding behaviour of the other channels are similar to that of Ch. 13 as shown in
Fig. 4.2, therefore the increase of the sodium reactivity and the net reactivity during +2 to +6
s after boiling onset, which is described in Table 4.4, is caused by extension of the lower
interface into the fissile region in the following boiling channels (see Table 4.3 too).

Figure 4.2. (3) also shows the extension behaviour of the dryout zone. It is clear that
the lower interface of the dryout zone follows the lower interface of the voiding zone
extension within 1 s of delay in the middle part of the fissile region because the linear power
density is higher there.

General behaviour of the void reactivity insertion due to boiling extension over the core
Figure 4.3 shows the transient behaviour of the sodium void reactivity of each

channel (Base Case, Japan). It can be observed from this Figure that the void reactivity in
every Channel decreases first but it increases within a few seconds and approaches to a
saturated value which corresponds to a fully voided channel condition of each coolant
channel. The saturated value is positive in the low enrichment zone (LEZ) (Ch.l to Ch. 12)
and half of the medium enrichment zone (MEZ) (Ch 13 to Ch.l5). On the other hand, this
value is nearly zero or negative in the rest of MEZ (Ch.l6 to Ch.21) and high enrichment
zone (Ch.22 to Ch.30). Because boiling onset occurs earlier in the hotter channels i.e. LEZ
and MEZ (high-powered Channel such as Ch. 13 or Ch. 1), this incoherent boiling behaviour
reveals first the characteristics of positive (non-negative) void worth of the core, even though
the total void worth of the core is nearly zero or slightly negative as described in Table 4.1.
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TABLE 4.4 TRANSIENT BEHAVIOUR AFTER BOILING ONSET UP TO FUEL BREAKUP

time after boiling ,0 observationonset

\ +n 4.9 net reactivity decreasing to -0.4 ~ -0.5 $ due to negative void reactivity
insertion, power decreasing to 0.4 ~ 0.5 Po

7\ +7 +*; net reactivity increasing to 0 $ due to positive void reactivity insertion,
power increasing to 0.6 ~ 0.7 Po

. , „ decreasing of sodium reactivity but increasing of steel motion reactivity,
totally decreasing of net reactivity to -0.7 $ and power decreasing to 0.4 Po

increasing of net reactivity to positive value due to positive reactivity of
void and steel motion, and power exceeding 1.0 Po

Steel motion behaviour
Figures 4.1 (1), (2), and (4) include the power and reactivity behaviour after steel

motion onset. It is read from these figures that steel motion begins at 5 to 6 s after boiling
onset, and the steel motion reactivity gradually increases up to 0.5 $ at 10 s after boiling
onset. Figures 4.4 (1) and (2) show the steel motion reactivity of each channel. Its behaviour
of Ch. 13 is similar between the results from France and Japan up to 0.2 $ at 10 s after boiling
onset, but the results from Japan, Fig. 4.4 (2), shows a further increase up to 0.4 $ in Ch. 13
at 11 - 12 s. This is because the switching over of the calculation models from the clad motion
model (CLAP) to a general material motion model (LEVITATE).

Molten steel motion behaviour calculated by Japanese participant is presented in
detail in Fig. 4.5. This shows that the initial motion of the molten steel goes downward to the
core mid-plane (see Fig. 4.5 (1)) and this motion results in several cents of negative reactivity
insertion. Steel crust is formed on the cladding at the lower part of the fissile zone (see Fig.
4.5 (2)). After about 1 s after clad motion onset, molten steel reaches at the top node of the
fuel (see (3)), then the calculation model is switched from the clad motion model to a general
material motion model. Molten steel moves upward up to the reflector zone and forms some
crust on the reflector surface ((4) ~ (6)). This upward steel motion leads to positive reactivity
insertion and, together with the void reactivity insertion, it causes a power increasing of 25
Po and net reactivity reaching 0.961 S at 30.67 s (Fig. 4.1 (4)).

Fuel motion behaviour
Just after the power increase due to the positive reactivity insertion of the steel

motion together with the voiding extension, a fuel breakup and motion is predicted at 28 to
31 s in the calculation of SAS4A by Germany and Japan (Table 4.2). Figures 4.6 (1) and (2)
show the power and reactivity behaviour after fuel motion initiation.

Fuel motion behaviour is presented in detail in Fig. 4.7 (Japan). The fuel and steel
moves mainly upward direction because of the sodium vapor flow (see Fig. 4.7 (2) ~ (5)), but
most of them remains within the fissile zone (see (6) ~ (8)). The wrapper wall structure is
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ablated by the molten fuel and steel in the coolant channel and dispersed mainly upward
together with the molten fuel. This displacement of the wrapper tube steel also gives an
additional positive reactivity effect. A half of the wrapper wall thickness is ablated at 31.36 s
(see Fig. 4.7 (8), 0.7 s after fuel breakup) . This situation is judged to be one of the model
limitations of SAS4A because the wrapper tube strength is lost and a radial material motion
could occur soon. The power level is higher than 1 Po and the net reactivity stays around
delayed critical. Consequently entering the transition phase is inevitable but very slowly
because the fuel stays mainly in the fissile region and fuel escape from the core region is not
sufficient to lead the core to the permanent shut down.

The result from Germany (Fig. 4.6 (1)) shows that a very mild power transient
occurs at 27.7 - 27.9 s up to 3.3 Po due to positive reactivity effect of both the steel motion
and the voiding evolution. The switching over of the calculation models from the clad motion
model to a general material motion model is not taken into account. Nevertheless, this power
increase is sufficient to cause fuel breakup in Ch.13 at 28.33s. Fuel dispersal is not significant
compared with Fig. 4.6 (2) (Japan) because the preceding power increase is much milder, and
thus the fuel reactivity stays around the original level (see Fig. 4.6 (1)). Model limitation
(wrapper wall melting and initiation of the radial material motion) is also reached at 2 s into
fuel breakup. The power level is around 1 Po and the net reactivity is about 0.2 $.
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It is indicated based on the results that the transient behaviour of the initiating phase
in this type of core becomes very mild compared with that of the conventional design core.
Prompt critical will not be exceeded. These are attributed to the characteristics of the reduced
void worth in this core design. Moreover, it is also clarified that steel motion reactivity plays
an important role to drive the net reactivity and power increase in the initiating phase instead
of the positive void reactivity in a conventional core design.

4.1.2. Parametric case results

Parametric Case was
and Russia.

investigated by the participants from Germany, India, Japan

Outline
The event progression in Parametric Case is similar to that in Base Case except for

the time scale which is prolonged due to full consideration of the radial core expansion effect.
The calculated results by each participant are summarised in Table 4.5.
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All the codes predict boiling onset in Parametric Case, too. The first coolant boiling
occurs in Ch. 13 as well as in Base Case but the time is at about 29 to 33 s into transient
which is almost double (see Table 4.5). Dryout of the cladding is predicted in Parametric Case
by all the participants. Table 4.5 summarizes the timing and axial position of dryout in Ch. 13.
Dryout occurs at 5 s after boiling onset in the result from Russia and 13 - 17 s by Germany
and Japan. The axial position of dryout is higher than 90 % of the fissile length and this is
higher than that of Base Case because of the slower extension of the voiding zone.

It is concluded based on the presented results that clad melting occurs in Parametric
Case, too. The results of clad melting and following phenomena are presented from Germany
and Japan (see Table 4.5). Clad melting is predicted to occur at about 20 - 23 s after boiling
onset. The power level at this time is about 0.3 of the nominal power and the net reactivity is
negative (-0.2 to -0.5 $). These values are smaller than those in Base Case (-0.1 to -0.2 $),
because radial core expansion reactivity reaches about -0.5 $ in both the cases.
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FIG. 4.6. Power and reactivity behavior after fuel motion (ULOF BASE CASE)
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TABLE 4.5. SUMMARY OF THE ULOF CALCULATION (PARAMETRIC CASE)

Parameters \ Participant
BOILING ONSET

IstCh.
time [s]

DRYOUT
time after LOF
(time after B.O. [s])
axial position from BFC [cm]

Germany India

13(5/1) 13(5/1)
28.88 32.29

42.13 (dryout
(+13.25) predicted)
78-85

Japan Russia

13 (5/1) 13 (5/1)
33.16 31.4

50.57 36.5
(+17.41) (+5.1)
72 - 79 77 - 84

CORE STATE AT THE FIRST CLAD MELTING
time after LOF
(time after B.O. [s])
Channel No.
Normalized Power
Net Reactivity [$]
Doppler Reactivity [$]
Fuel Axial Expansion Reac. [$]
Clad Axial Expansion Reac. [$]
Sodium Reactivity [$]
Radial Core Exp. Reac. [$]

CORE STATE AT THE FIRST FUEL
time after LOF
(time after B.O. [s])
Channel No.
Normalized Power
Net Reactivity [$]
Doppler Reactivity [$]
Fuel Axial Expansion Reac. [S]
Sodium Reactivity [$]
Clad Motion Reactivity [$]
Radial Core Exp. Reac. [S]

49.05 (clad melting
(+20.17) predicted)
13 (5/1)

0.27
-0.529
+0.288
+0.270
-0.008
-0.569
-0.510

MOTION
61.42 (calculations

(+32.54) stop at
13(5/1) onset of

0.88 fuel melting)
+0.227
-0.162
-0.011
+0.485
-0.536
+0.354

55.9 (clad melting
(+22.73) predicted)
13 (5/1)

0.32
-0.161
+0.239
+0.291
-0.011
-0.186
-0.491

80.46 (*) (calculations
(* after stop at
model clad melting)

limitation
reached)

CORE STATE AT THE END OF THE CALCULATION
time [s]
Normalized Power
Net Reactivity [$]
Doppler Reactivity [$]
Fuel Axial Expansion Reactivity |
Sodium Reactivity [$]
Radial Core Expansion Reacivity
Fuel Motion Reactivity [$]
Clad Motion Reactivity [$]
Core Average Fuel Tem. [K]

62.11
0.9

+0.264
-0.193
-0.007
+0.083
-0.542
-0.084
+0.35
N.A.

77.5 (calculations
0.26 stop at

-0.914 clad melting)
-0.014
-0.003
-1.164
-0.440
-

+0.670
1795

MAXIMUM NET REACTIVITY IN THE CALCULATION AFTER BOILING ONSET
Max. Net Reactivity [$] +0.710 +0.541
timefs] 60.205 76.233
Normalized Power [Po] 1.675 0.976
Major Component_________Steel motion___________steel motion_________

MAXIMUM POWER IN THE CALCULATION AFTER BOILING ONSET
Max. power [Po] 1.896 0.976
time [s] 60.655 76.233
Net Reactivity [$]___________+0.641_________________+0.541_______
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Steel motion is also predicted in the results from Germany and Japan. Because the
steel motion leads to positive reactivity insertion, net reactivity and power increase
furthermore. Fuel breakup is predicted at 61 s during a very mild power increase in the results
from Germany (~2 Po). The results from Japan shows fuel breakup at 80 s into transient, but
it is later than model limitation is reached (wrapper wall melt-through) at 77.5 s.

The core state at the end of the calculation and the maximum net reactivity and
power in the calculation are summarized in Table 4.5. It is observed that the power transient
is milder than Base Case due to radial core expansion effect in addition to the negative
reactivity worth in the upper sodium layer. However removal of the molten steel from the
core region also leads to a positive reactivity insertion and it drives a mild power increase
resulting in fuel breakup. It is concluded based on the present results that the accident enters
into the transition phase even if the radial core expansion effect is fully considered.

Transient behaviour of the reactivity and power in the boiling phase
Figures 4.8 (1) - (3) show the reactivity and power transient behaviour in the boiling

phase of the Parametric Case by the participant from Germany, Japan and Russia. It is clear
from the Figures that the transient behaviour becomes milder compared with the Base Case
due to consideration of the core radial expansion feedback which is approximately -0.4 $ at
boiling onset and reaches -0.5 $ during boiling phase. Although the deviation of the results
among the codes becomes somehow notable, the general tendency seems to be similar to that
of the Base Case except for the enlarged time scale.

After boiling onset at about 28 to 33 s under 0.4 of the normalized power, voiding
zone extension introduces negative reactivity first and then positive values later. This basic
behaviour of the void reactivity insertion from each channel causes an oscillatory behaviour of
the total void reactivity. Clad melting is predicted at 49 to 56 s (SAS4A code family) and
results in molten clad motion. This positive reactivity causes a mild power transient and leads
to fuel breakup.

Extension of the voiding region in Ch.13
Figure 4.9 (1) - (3) show the calculated results by Germany, Japan and Russia of the

extension behaviour of the voiding zone in Ch. 13 for the Parametric Case. In Fig. 4.9 (3) the
voiding zone extends as similar as that in the Base Case. But on the other side in Fig. 4.9 (1)
and (2) the voiding is reduced within several seconds and it appears again. This cycle
continues for 12 to 13 s and then a typical extension of the voiding zone is observed. After
the lower interface entering into the fissile region, the phenomena become similar to those of
the Base case.

Figure 4.9 (2) also shows the extension behaviour of the dry out zone. The general
tendency is similar to that observed in Fig. 4.2 (2) except that the axial position of the initial
dryout onset is higher in Parametric Case.

Void reactivity behaviour of each Channel is presented in Fig. 4.10 (Japan). It is
shown that, prior to voiding zone extension which is characterized by reaching the saturation
of the void reactivity, negative reactivity insertion is repeated due to bubble generation/
disappearance in the upper sodium layer.
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Steel and fuel motion behaviour
Based on the results from Japan, Fig. 4.8 (2) shows that steel motion begins at 25 s

after boiling onset. Steel motion reactivity and detailed material motion behaviour is
presented in Figs. 4.11 and 4.12 respectively. At first the molten steel drains down (see Fig.
4.12 (2) ) and form a steel crust at the lower end of the fissile column (Fig. 4.12 (3) - (5) ).
Some steel is driven upward and form a crust on the wrapper wall and the reflector surface
(Fig. 4.12 (6) - (8) ). This behaviour is similar to that of Base Case (Fig. 4.5). A model
limitation is reached at 77.5 s (Fig. 4.12 (9); wrapper wall melt through). During this
transient, the maximum net reactivity is +0.541 $ and the maximum power is 0.98 Po at
76.233 s (see Fig. 4.13 (2) ). Although the net reactivity decreases at 44 s due to boiling
onset in several Channels with their initial negative void reactivity insertion, net reactivity
increases again due to continuous steel motion and voiding zone extension into the fissile
zone.

The result from Germany (Fig. 4.8 (1) ) shows that a mild power transient occurs at
60.2 - 60.7 s reaching 1.9 Po and +0.710 $ (see also Table 4.5) which is driven by reactivity
insertion due to voiding zone extension and steel motion. This power increase causes fuel
breakup in Ch. 13 at 61.42 s. Negative reactivity effect due to fuel dispersal is not remarkable
because the energy injection rate is low (see Fig. 4.13 (1) ). Therefore the net reactivity
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begins to increase again due to steel motion reactivity insertion. Model limitation is also
reached at 0.7 s into fuel breakup. The power level is around 1 Po and the net reactivity is
about 0.3 $.

It is shown that the transient behaviour of Parametric Case is much milder than that
of Base Case due to consideration of the radial core expansion effect. However displacement
of the molten steel from the core region to the upper or lower region of the core also leads to
a positive reactivity insertion and it drives a mild power increase resulting in fuel breakup. It
is concluded based on the present results that the accident enters into the transition phase
even if the radial core expansion effect is fully considered.
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Additional parametric case
The effect of the superposition of the negative reactivities due to CRDL expansion

and radial core expansion has been investigated in detail in a case with GRIF-SM code,
though this case is beyond the domain of this comparative exercise. It shows significant
mitigation of the event progression up to 100 s into transient such as nearly stable boiling
continues without cladding dryout, while the increase of the inlet sodium temperature does
not yet occur during this time period. It is pointed out that the influence of the transient
variation of the fuel to clad heat transfer on the boiling and dryout behaviour should be
evaluated, and also that the effect of inlet temperature increase should be analysed carefully.
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4.2. CORE CONFIGURATION AT THE END OF THE INITIATING PHASE

The core configuration at the end of the calculation is shown in Figs. 4.14 and 4.15
for the Base Case and the Parametric Case respectively.

In the results of the Base Case from France (Fig. 4.14 (1)), sodium boiling is
predicted in about half of the core subassemblies at the end of calculation (29.095 s). Steel
motion is also predicted in some channels.

In Figure 4.14 (2) (Germany), coolant boiling is observed in most of the channels
and fuel breakup occurs in Ch. 13 and Ch. 1. Because fuel in these channels still remains
within the fissile region a permanent reactor shutdown is never attained at this moment.
Therefore the accident will enter into the transition phase although the progression might be
very mild.

In the Base Case of Japan (Fig. 4.14 (3)) in which the calculation is proceeded up to
31.3 s, all the channels are voided and thus the void reactivity is already saturated at about -
0.6 $ (note the consistency with the value in Table 4.1). Clad melting is predicted in almost all
the channels, and fuel breakup is predicted in Ch. 13 (24 SAs), Ch. 1 (10 SAs) and Ch. 4 (14
SAs). Because the melt-through of the wrapper tube occurs at the time of model limitation,
this situation could be thought as the end of the initiating phase. Because the steel motion
reactivity is still increasing and the core average temperature is high (exceeding 2600 , see
Fig. 4.6 (2) ), it can be concluded that the accident will enter into the transition phase with
containing practically solid fuel within the original fissile region.

In the Parametric Case results from Japan (Fig. 4.15 (2)), at the time of model
limitation, the region of the boiling zone does not spread so widely yet compared with the
Base Case. Nevertheless, because the steel motion reactivity is increasing, it can be foreseen
that a further power increase could occur. Figure 4.13 (2) shows an increase of power and the
core average fuel temperature which is driven by steel motion reactivity insertion, though it is
after model limitation is reached. Judging from these results, it can be concluded that the
accident will also enter into the transition phase.

Termination of the ULOF transient is only possible if fissile core material is
efficiently removed from the original core region. At the end of the initiating phase relocation
paths are difficult to become accessible and material relocation is rather limited as long as the
fuel stays practically solid as indicated in the results. Therefore a mild progression to the
transition phase is foreseen in these analytical cases.

Within this exercise no analyses were performed for the transition phase. It is hardly
possible to predict the behaviour of the core design during this phase. Most probably it is
characterised by a slowly progressing core melt-down interrupted by multiple recriticality
events. Whether these might lead to mechanical loading of the heated-up structures of the
primary system cannot be predicted without detailed analyses. Thermal and mechanical
loading of structures of the primary system can only be determined by analyses of the
transition phase and post-accident material relocation/heat removal phase. In this sense it is
not yet demonstrated that this innovative core design leads only to benign consequences in
terms of thermal and mechanical loading of structures of the primary system.
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4.3. CONCLUSIONS

The negative reactivity feedback contribution due to the voiding of the upper sodium layer is
a quite efficient measure to mitigate the impact of the positive reactivity feedback
contribution when the coolant along fissile core height becomes heated up and subsequently
voided.

As consequence of the ULOF the power becomes considerably reduced and is nearly
stabilized at a low value after boiling onset. However, this power reduction is not sufficient to
prevent clad dryout and clad melting to occur in several channels. This hold for both the Base
Case and Parametric Case.

In the subassemblies where clad relocation is calculated blockages of the coolant channels at
the upper fissile core end and more massive ones at the lower fissile core end are calculated to
become established in a few seconds. Clad relocation results in a considerable positive
reactivity feedback.

Several seconds after clad relocation onset fuel breakup occurs in the hotter subassemblies
due to the net reactivity increase upon clad relocation. However dispersed fuel remains within
the original core region and thus the permanent shut down of the reactor is hardly attained
within the presented calculation results.

Termination of the ULOF transient is only possible if fissile core material is efficiently
removed from the original core region. At the end of the initiating phase relocation paths are
difficult to become accessible and material relocation is rather limited as long as the fuel stays
practically solid.

The ULOF transient is not at all finished at the end of the calculated results of the
participants. Establishment of long-term coolability of the partially disrupted core is not to be
expected neither in the Base Case nor in the Parametric Case. A quite complicated transition
phase will follow where material relocation phenomena will deviate considerably from the
quasi-one-dimensional behaviour in the initiating phase due to an expected early wrapper wall
melting.

It is hardly possible to predict the behaviour of the core design during transition phase. Most
probably it is characterised by a slowly progressing core melt-down interrupted by multiple
recriticality events. Whether these might lead to mechanical loading of the heated-up
structures of the primary system cannot be predicted without detailed analyses.

Results of the comparative exercise does not allow yet to conclude that ULOF-transients in a
BN-800 type reactor core design leads only to benign consequences in terms of the thermal
and mechanical loading of structures of the primary system. However the results have shown
that the upper sodium layer is a quite efficient design measure to prevent the net reactivity to
approach or exceed prompt criticality in the initiating phase of a ULOF-transient.

Thermal and mechanical loading of structures of the primary system can only be determined
by analyses of the transition phase and post-accident material-relocation/heat-removal phase.
In this sense it is not yet demonstrated that this innovative core design leads to less severe
consequences of core disruptive accidents when compared with conventional core designs.
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Conclusions from this comparative exercise hold for the as-specified case set-up.
They need to be reviewed when some of the design features change or when more detailed
evaluations lead to different input data. It is thought that there are possibilities for
improvement of the analyses and/or for optimization, especially when a more realistic core
design would be considered. However, the comparative exercise has shown as well that
consequences of these type of modifications need to be analysed carefully and in detail on a
case to case basis. The use of more sophisticated theoretical models might be helpful to
improve the reliability of results.
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Chapter 5
TRANSIENT ANALYSIS RESULTS OF UTOP AND UTOP/ULOF ACCIDENTS

5.1. INTRODUCTION

In the framework of the IAEA/EC collaborative project, a comparative exercise have
been performed in order to study the consequences of a severe accident in a BN-800 type
reactor core with a near zero void coefficient. Two different initiators [unprotected transient
overpower (UTOP) as well as unprotected transient overpower driven loss of coolant flow
(UTOP/ULOF)] were taken into account for the evaluation of the transient core behaviour
under such hypothetical accidents. Two UTOPs simulating a control rod withdrawal were
studied: a slow UTOP which simulates a 0.05 $/s reactivity insertion as well as a fast one
whose reactivity insertion corresponds to 0.5 $/s. Four countries participated in the
exercise : Russia, France, Germany and India.

This chapter compares the results of the different contributions to the exercise and identifies
the complementary studies which appear to be necessary in order to describe until the very
end of the accident, the behaviour of the core.

5.2. BASIS OF THE CALCULATIONS

5.2.1. Case set-up

Calculations were performed on the basis of input data provided by the Institute of
Physics and Power Engineering (EPPE) from Obninsk, Russia [5.1]. On this basis, the
neutronic data were evaluated [5.2] as well as the steady state calculations of the fuel pins
behaviour during power operation [5.3]. The core is characterised by an upper sodium layer
which significantly reduces the sodium void coefficient of the core. The reactor is supposed
to operate using a three batch management scheme. At the end of equilibrium cycle (EOEC)
the burnups of the pins reached 140, 280 and 420 effective full power days and the
postulated accident is supposed to occur.

Two UTOPs simulated a control rod withdrawal were analysed : a slow one which
simulates a 0.05 $/s reactivity insertion and a fast one whose reactivity insertion
corresponds to 0.5 $/s. It is to be noticed that the total reactivity added is restricted to a
maximum value of 3.9 $.

Then a UTOP-ULOF simulating an unauthorised withdrawal of six compensator rods from
the core accompanied by the failure of all scram system absorber rods was analysed. This
accident leads to a first reactivity ramp insertion (0.05 $/s for 10s) and to an additional one
(0.05 $/s for 100 s) when the power reaches 1.15 nominal, associated one second later to a
coolant mass-flow reduction down to 25 % nominal flow.

Russia, France, Germany and India performed calculations which were finalised and
presented during eight consultancy meetings. This chapter mainly synthetised the update
presentation of each country [5.4, 5.5, 5.6, 5.7, 5.8, 5.9]. In all the base case calculations,
the reactivity effect due to hypothetical radial core expansion is not taken into account. The
detailed input data of these calculations can be found in [5.1, 5.2, 5.3].
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5.2.2. Codes applied

Different tools were used by the participants to the exercise.

Germany and France applied the SAS-4A code. This code was originally developed by
ANL [5.10] and was during the last years significantly improved on the basis of an
international collaboration (France, Japan, Germany). The main improvements concern the
multibubles boiling model, the fuel pin mechanics module as well as the particle jamming
model. As improvement of the code is a continuous process, it must be noticed that France
and Germany applied slightly different variants of a common agreed reference version of the
code. The SAS-4A code is a multichannels code, each channel is represented by one pin.
The phenomena which are expected to occur in UTOP and ULOF accidents are sodium
boiling, fuel melting, fuel pin break-up, mechanical clad failure, clad melting, clad motion,
post-failure fuel and clad motions and relocations, fuel coolant interaction. The accident
sequence can be evaluated until the melting of the hexcan. At that time of the accident, the
one dimensional approach of the SAS-4A code is not sufficient to be extended to radial
molten material relocation which can affect the whole core. The SAS-4A code is validated
against experiments performed in the frame of the different TREAT and CABRI
programmes. All the SAS-4A calculations were performed using input data set provided by
FZK and the balance offeree option for the evaluation of fuel and clad expansions.

The clad material properties of the BN-800 reactor distributed by IPPE, have been
evaluated by FZK. It was noted that these data showed some uncertainties, especially no
strain rate dependencies, higher ultimate tensile strengths and yield stresses for irradiated
than for non-irradiated material, and a large scattering for failure strains, where
measurements are only available for non irradiated material. Although the experimental data
are partially taken into account in the SAS-4A code (15/15 Ti-stabilised steel), they were
compared with those given by FZK modified modelling for steel material properties. As a
conclusion from the comparison of the experimental data of BN-800 and the well evaluated
data for 15/15 Ti-stabilised steel, calculations for the BN-800 safety analysis with the
material properties of a 15/15 Ti-stabilised steel were performed by FZK with a high and a
low strain rate to bound the scatter band of the experimental data of ultimate tensile
strength. Yield strength data are consequently below measured values, but the difference
between the experimental yield stress and ultimate tensile strength was kept constant.
Failure strain data represent well the average of the scatter band of measurements for BN-
800, taking into account that failure strains for irradiated material are lower than those for
non-irradiated material.

On the contrary, IPSN takes the SAS-4A original 15/15 Ti-stabilised steel data using a low
strain rate dependency (10~2 s"1) for the UTOP analysis and a high strain rate dependency (1.
s'1) for the UTOP/ULOF analysis.

Russia (IPPE) applied the GRIF-SM code [5.11] to investigate the UTOP accident. Sodium
boiling is calculated using a slip model. Interwrapper sodium boiling is simulated in 2D
model. Fuel and clad melting are calculated but the code can only be applied until fuel pin
failure conditions based on a local fuel melt fraction (50 %). At that time, the present limit
of applicability of the code is reached

For the UTOP-ULOF analysis, the clad motion modelling CANDLE was coupled to the
GRIF-SM code and thus the calculation is allowed to be continued until significant molten
steel relocation and occurrence of fuel melting.

152



India (IGCAR) run the calculations using his own developed PINCHTRAN code which is a
modified version of the PREDIS code [5.12]. It was validated using European loss of flow
benchmark. Sodium boiling without flow reversal effects and fuel melting are modelled.
Fuel pin failure can be assessed by two different criteria, the first one being a local fuel melt
fraction (50 %) and a second one is based on damage parameters deduced from experiments
performed in the TREAT reactor. No post-failure modelling allows to continue the
calculation.

5.3. TRANSIENT RESULTS FOR THE FAST UTOP (0.5 $/S)

The fast UTOP (0.5 $/s) simulates a fast control rod withdrawal. It is recalled that the
total reactivity inserted is restricted to a maximum value of 3.9 $ which is reached 7.8 s
after the beginning of the reactivity insertion.

The scenarios of the accident, as calculated by FZK and IPSN using the S AS-4A code are
very similar. Nevertheless, they slightly differ due to the fact that FZK uses his own
evolution of the pin mechanics module (DEFORM-4C) which induces a different axial fuel
pin extension and thus a different associated reactivity feedback. FZK also starts the
transient calculations from different EOEC conditions and performs a different failure
analysis taking into account more appropriately IPPE modified mechanical properties of the
irradiated cladding [5.13].

The scenarios of the accident, as calculated by IGCAR and IPPE do not differ from the
SAS-4A one until the first pin failure onset. The failure time is estimated very roughly on
basis of a molten fuel fraction (50 % - IPPE - IGCAR) or of an improved manner based on
a damage parameter criterion of Bars (IGCAR). Unfortunately no post failure calculations
were performed by IPPE and only a very simple modelling in the PINCHTRAN code allows
to end the accident sequence.

Tables 5.1, 5.2 and 5.3 summarized the results at boiling onset and the failure conditions
found by the different participants to the exercise.

TABLE 5.1. BN-800 FAST UTOP (0.5 $/s) RESULTS AT BOILING ONSET

Boiling onset (s)

Channel number

Relative power

Net reactivity

SAS-4A

FZK (1) IPSN

GRIF-SM

IPPE

PINCHTRAN

IGCAR

BASE CASE

4.116

5/1

8.15

0.64

4.270

5/1

6.41

0.55

4.125

4/1

7.4

3.57

5/1

PARAMETRIC
CASE (2)

NO
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TABLE 5.2. BN-800 FAST UTOP (0.5 $/s) RESULTS AT FIRST FAILURE TIME

Failure time (s)

Channel number

Relative power

Net reactivity ($)

Failure location (%)

Molten fuel fraction (%)

Clad plastic strain (%)

SAS-4A

FZK
(1)

DPSN

GRIF-SM

IPPE

PDVCHTRAN

IGCAR

BASE CASE

4.645

5/1

2.24

-0.38

83

52

0.6

5.25

5/1

5.13

0.45

62.

65.

0.5

4.5 (3)

8/3

-

3.3 (4)

1/1

71.

4.35 (3)

5/3

3.84

0.43

58.

50.

-

PARAMETRIC
CASE (2)

5.0 (3)

5/3

3.59

0.40

58.

50.

-

(1) updated EOEC - conditions
(2) with radial core expansion feedback
(3) based on 50 % fuel melt fraction
(4) based on damage parameter criterion of Bars

TABLE 5.3. BN-800 FAST UTOP (0.5 $/s) RESULTS AT FIRST FAILURE TIME

Failure time (s)

Net reactivity ($)

Doppler ($)

Fuel axial expansion ($)

Clad axial expansion ($)

Sodium ($)

External reactivity ($)

SAS-4A

FZK (1) IPSN

GRIF-SM

IPPE

PEVCHTRAN

IGCAR

BASE CASE

4.65

-0.38

-0.915

-0.741

0.088

-1.135

2.322

5.25

0.45

-0.93

-0.66

0.10

-0.69

2.62

4.5 (3)

0.52

4.35 (3)

0.43

-0.92

-0.56

0.03

-0.12

2.17

PARAMETRIC
CASE (2)

5.0 (3)

0.40

-1.0

-0.61

0.03

-0.15

2.50

Linked to slightly different reactivity feedbacks, boiling is reached at 4.125s in the IPPE
calculation, at 3.57s in the IGCAR base case calculation and at 4.27s in the IPSN
calculation. At 5.0 s boiling is not reached in the IGCAR parametric calculation which takes
into account the radial core expansion feedback (table 5.1).

During the two first seconds of the reactivity ramp insertion, the net reactivity and thus the
relative power increase (figure 5.la). Then, the net reactivity is rapidly stabilised and the
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FIG. 5.1. Fast UTOP, reactivity and power behavior, core configuration (Germany)

imposed reactivity ramp is mainly counterbalanced by the Doppler effect and by the axial
fuel expansion feedback. The negative reactivity effect due to the sodium heating also play a
role. A quasi-linear power ramp is initiated in all the calculations. In the SAS-4A calculation
performed by FZK, sodium boiling is reached at 4.116 s in channel 5/1 at the top of the
core.
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In the SAS-4A calculations, boiling is calculated to extend radially over about half of the
core. Nevertheless, the voiding of the sodium processes in a slightly different way in the
FZK and IPSN calculations due to a lower power reached at boiling onset in the IPSN
calculation. In the FZK calculation, the boiling phase prior to failure is very short (0.53 s).
Boiling extends radially in 18 channels and upwards in the upper sodium layer and in the
upper structure zone (figure S.lb) leading to a decrease of the sodium reactivity, of the net
reactivity and thus of the power.

In the IPSN calculation, the boiling phase prior to failure is significantly longer (0.98 s).
Boiling extends radially in 16 channels. During the beginning of the boiling phase, boiling
extends also upwards leading to a decrease of the sodium reactivity and of the net reactivity
and thus of the relative power (figure 5.2) but 0.7 s after boiling initiation, voiding extends
downwards towards the center of the core in the channel 5/1 leading to an increase of the
voiding reactivity in this channel and thus of the net reactivity and of the power. This
phenomenon is amplified due to a similar behaviour of the voiding in the highest power
channels.

The IPPE boiling results are very similar to the FZK results. The boiling phase prior to
failure is very short (0.38 s) and leads to a decrease of the relative power. It is also to be
noticed that fuel melting is calculated to occur prior to sodium boiling in channel 5/1 at
2.857 s.

In the IPSN calculation, four channels fail (channel 5/1 at 5.25 s). The first mechanical clad
failure occurs at 62 % core height when the clad strain reaches 0.5 % and the molten fuel
fraction 65 %.

In the FZK calculation, two channels fail (channel 5/1 at 4.645 s). The first mechanical clad
failure occurs at 83 % core height when the clad strain reaches 0.6 %.

Based on a 50 % fuel melt fraction criterion, clad failure is predicted to occur at 4.5 s in
channel 8/3 by IPPE and at 4.35 s in channel 5/3 by IGCAR. These results indicate that the
evaluations of the failure times by IPPE and IGCAR are very consistent (tables 5.2 and 5.3).

Based on damage parameter criterion of Bars, failure is predicted to occur prior to sodium
boiling at 3.3 s by IGCAR. It was noticed that in accordance with the SAS-4A results, using
this failure criteria shifts the failure location in the upper part of the core.

Post-failure SAS-4A results obtained by IPSN indicate that during the first 15 ms following
the first failure, limited fuel accumulation near core mid-plane leads to an increase of the
fuel reactivity and thus of the net reactivity (figure 5.3) and of the relative power which
reaches 6. Later significant fuel dispersal leads the fuel reactivity, net reactivity and power
decrease. At the end of the transient (5.6s), hexcan melting is calculated in channel 5/1 so
that the limitation of the use of the SAS-4A code is reached. At that time, the relative
power is 0.77.

Post-failure SAS-4A results obtained by FZK are rather similar (figures 5.1c and 5.4), but
due to a higher failure location, fuel relocation initiates a rapid shut-down of the reactor.
Nevertheless, average fuel temperature at core mid-plane reaches 3538K in channel 5/1.
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In the IGCAR calculations, a fuel coolant interaction drives the fuel in the region outside
the core at a velocity of 7 m/s giving a rapid negative reactivity insertion rate of - 5 $/s
shutting down the reactor. It is clear that the post-failure modelling of the PINCHTRAN
code needs improvement. In particular, no compensating effect due to sodium voiding is
taken into account.

IGCAR performed a parametric calculation taking into account radial core expansion
feedback. In spite of a significant negative reactivity effect, the scenario of the accident is
not very much affected and pin failure cannot be avoided. Based on a 50 % fuel melt
fraction criterion, failure onset is delayed by only 0.65 s (failure at 5.0 s).

FZK performed a parametric calculation using a low strain rate dependency of the ultimate
tensile strength of the clad. Strong influence on the results were evidenced due mainly to the
dependency of the post-failure calculations with regard to the failure axial location.

On basis of all the fast UTOP calculations performed by all the participants to this
exercise, it can be concluded that:

• a clear scenario of the accident can be found in all the calculations (appendix 5.1) :
negative reactivity feedback of the BN-800 type core are not enough efficient to prevent,
in case of a rapid reactivity ramp insertion (0.5 $/s), the increase of the power which in
most of the calculations leads to sodium boiling and in all cases to clad failures,

• a rapid axial fuel relocation is the dominant phenomenon which shuts down the reactor,

• fuel axial expansion feedback needs to be carefully evaluated due to the impact on the
accident,

• the results are strongly dependent on the reliability of the calculated failure time and
more importantly of the failure location; calculations depend on the reliability of
assumptions of the dose and strain rate dependencies of the clad material properties ; the
data base for these assumptions should be strengthened to defend the provided results ;
thus it is strongly recommended to evaluate experimentally the strain rate and
temperature dependencies of the mechanical properties of the irradiated BN-800 clad
material up to dose values of 70 - 100 dpa NRT,

• taking into account the negative reactivity due to the hypothetical radial core expansion
cannot avoid the pin failure,

• the lack of deterministic clad failure analysis as well as the lack of post-failure modelling
in the GRIF-SM code of IPPE is a strong limitation of the use of this code,

• the post-failure modelling in the PINCHTRAN code of IGCAR needs significant
improvements,

• at the end of the reactor shutdown, due to the fuel relocation, hexcan melting and partial
blockage formation in the concerned subassembly groups, high fuel enthalpies as well as
the coolant heat-up hardly allow long-term in-place coolability of the partially
restructured core configuration.
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5.4. TRANSIENT RESULTS FOR THE SLOW UTOP (0.05 $/S)

The slow UTOP (0.05 $/s) simulates a slow control rod withdrawal. It is recalled that
the total reactivity inserted is restricted to a maximum value of 3.9 $ which is reached 78 s
after the beginning of the reactivity insertion.

As for the fast UTOP calculations, FZK uses his own evolutions of the pin mechanics
module (DEFORM-4C). This induces when compared to the IPSN results, a different axial
fuel pin extension and thus a different associated reactivity feedback. FZK also starts the
transient calculations from different EOEC conditions and performs a different failure
analysis taking into account more appropriately IPPE modified mechanical properties of the
irradiated cladding [5.13]. This leads to two scenarios which differ slightly. But, as the
reactivity ramp rate due to the UTOP is ten times lower than for the fast UTOP, the
accident processes slower than in the fast UTOP accident. In this case, contrary to all the
other calculations, sodium boiling is reached only in the IPSN calculation.

The scenarios of the accident, as calculated by IGCAR and IPPE do not differ from the
SAS-4A one obtained by FZK until the first pin failure onset. The failure time is estimated
very roughly on the basis of a molten fuel fraction of 50 %. Unfortunately, as for the fast
UTOP case, no post failure calculations were performed by IPPE and only a very simple
modelling in the PINCHTRAN code allows to end the accident sequence.

Tables 5.4, 5.5 and 5.6 summarized the results at boiling onset and the failure conditions
found by the different participants to the exercise. Some transient characteristics are
presented at the relevant figures.

During the ten first seconds of the reactivity ramp insertion, the net reactivity and thus the
relative power increase (figure 5.5). Then, the net reactivity is stabilised and the imposed
reactivity is mainly counter-balanced by the Doppler effect and the axial fuel expansion
feedback. From the negative reactivity effect due to the sodium heating also play a role.
A quasi-linear power ramp is initiated in all the calculations.

TABLE 5.4. BN-800 SLOW UTOP (0.05 $/s) RESULTS AT BOILING ONSET

Boiling onset (s)

Channel number

Relative power

Net reactivity

SAS-4A

FZK (1) IPSN

GRIF-SM

IPPE

PINCHTRAN

IGCAR

BASE CASE

NO 37.876

5/1

3.29

0.18

NO NO

PARAMETRIC
CASE (2)

NO

(1) updated EOEC - conditions
(2) with radial core expansion feedback
(3) based on 50 % fuel melt fraction
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TABLE 5.5. BN-800 SLOW UTOP (0.05 $/s) RESULTS AT FIRST FAILURE TIME

Failure time (s)

Channel number

Relative power

Net reactivity

Failure location (%)

Molten fuel fraction (%)

Clad plastic strain (%)

SAS-4A

FZK (1) IPSN

GRIF-SM

EPPE

PESfCHTRAN

IGCAR

BASE CASE

35.966

5/2

3.13

0.172

67

65.

1.7

41.095

5/1

3.11

0.12

79.

55.

0.5

33.3 (3)

8/3

36.75 (3)

5/3

2.50

0.14

58.

50.

-

39.9 (4)

2/1

-

-

92.

-

-

PARAMETRIC
CASE (2)

43.3 (3)

5/3

2.48

0.12

58.

50.

-

TABLE 5.6. BN-800 SLOW UTOP (0.05 $/s) RESULTS AT FIRST FAILURE TIME

Failure time (s)

Time interval
between failure and
boiling onset (s)

Net reactivity ($)

Doppler ($)

Fuel axial expansion
($)
Clad axial expansion
($)
Sodium ($)

External reactivity
($)

SAS-4A

FZK (1) IPSN

GRIF-SM

EPPE

PINCHTRAN

IGCAR

BASE CASE

35.966

0.172

-0.906

-0.810

0.086

0.004

1.798

41.095

3.219

0.12

-0.98

-0.73

0.10

-0.32

2.05

33.3 (3)

0.18

36.75 (3)

0.14

-1.0

-0.53

0.03

-0.16

1.83

39.9 (4)

-

-

-

-

-

-

PARAMETRIC
CASE (2)

43.3 (3)

0.12

-1.02

-0.54

0.03

-0.16

2.16

(1) updated EOEC - conditions
(2) with radial core expansion feedback
(3) based on 50 % fuel melt fraction
(4) based on damage parameter criterion of Bars.
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In the SAS-4A calculation performed by IPSN, fuel melting is predicted to occur in channel
5/1 at 19.14 s and sodium boiling is reached in the same channel at 37.876 s (table 5.4).
Boiling extends radially in 9 channels. During the beginning of the boiling phase, boiling
extends also upwards leading to a decrease of the sodium reactivity and of the net reactivity
(figure 5.6) and thus of the relative power, but 3 s after boiling initiation, voiding extends
downwards towards the center of the core in the channel 5/1 leading to an increase of the
voiding reactivity in this channel and thus of the net reactivity and of the power.

In the IPSN calculation, only one channel fails (5/1) at 41.095 s, 3.2 s after first boiling
onset. Figure 5.7a shows the voiding pattern of the core at onset of pin failure. The
mechanical clad failure occurs at 79 % core height when clad strain reaches 0.5 % and
molten fuel fraction 55 %.

In the FZK calculation, only channel 5/2 fails at 35.966 s (figure 5.7b). The mechanical clad
failure occurs at 67 % core height when the clad strain reaches 1.7 %. When compared to
the IPSN calculation, this result reflects the consequences of the lower sodium temperature.

Based on a 50 % fuel melt fraction criterion, clad failure is predicted to occur at 33.3 s in
channel 8/3 by IPPE. Using the same criterion, IGCAR predicted the clad failure in channel
5/3 at 36.75 s. Based on damage parameter criterion of Bars, IGCAR obtained a clad failure
at 3 9.9 sin channel 2/1.

Post-failure SAS-4A results obtained by IPSN indicate that during the first 10 ms following
the failure, limited fuel motion leads to an increase of the fuel reactivity and thus of the net
reactivity and of the relative power (figure 5.8) which reaches 3.35. Later, significant axial
fuel dispersal in channel 5/1 leads the fuel reactivity, net reactivity and power decrease. At
41.726 s hexcan melting is calculated in channel 5/1. Thus the limit of applicability of the
one dimensional material motion, multi-channels SAS-4A is reached. At that time the
relative power is 0.6.

After the failure, SAS-4A results obtained by FZK indicates an increase of the void
reactivity and thus of the net reactivity and of the power (figure 5.9). This is a consequence
of the fuel-coolant interaction. Then, the fuel reactivity increases slightly until 160 ms after
failure time. Only 170 ms after failure time, significant fuel and clad dispersals occur and
initiate a rapid shut down of the reactor. In this accident sequence, only the channel 5/2
fails. The average fuel temperature at core mid-plane reaches 3287 K.

In the IGCAR calculations, as for the fast UTOP case, a fuel coolant interaction drives the
fuel in the region outside the core at 7 m/s giving a rapid negative reactivity insertion rate of
- 5 $/s shutting down the reactor. It is clear that the post-failure modelling of the
PINCHTRAN code needs improvement. In particular, no compensating effect due to
sodium voiding is taken into account.

IGCAR performed again a parametric calculation taking into account the radial core
expansion feedback. Pin failure cannot be avoided and, based on a 50 % fuel melt fraction,
is delayed by 3.4 s (failure at 43.3 s).

165



Os
ON

3.

2.5

2.

1.5

1.

0.5

0.

-0.5

Reactivity ($)

-1.
0. 0.5

Relative power

1.5 2. 2.5

Time (s)

3.4

3.3

3.2

3.1

3.

2.9

2.8

3.5

REACTIVITY RELATIVE .POWER
BN800 - boiling results prior to failure (UTOP 0.05 $/s)

Net
Coolant

Doppler

F ax. exp

Rad exp

Imposed

F motion

C motion
R- Power

FIG.5.6

SAS4A
REF97.V1.15



2.5 (m) (channels)

-0.5

"0. 10000. 20000. 30000. 40000. 50000. 60000. 70000
(pins)

TIME

41.095

LIQ. NA

VOIDING

BN800 SAS-4A REF97.V1.15
REACTOR VOIDING (UTOP 0.05$/s : first failure) a SAS4A

REF97.V1.15

channel-number
core 1 ——•-{••—• cor« 2 —^f-«—— care 3 •

I
Q. in.

Oc

® boiling onset
13 fuel pin failure

10 J1 12 33

650

35 36 37

time (s)

case-Id.
time

norm, power
coravold

BNBOO 31 Ch. 5 ct/a
55.973 8
3.2
1.3 %

liquid sodium
boiling region
rip length
fuel front

tboll « 0.000 pboll - 0.00
talump= is.966 pslump" 3.13
tmax = i6.660 pmsx « 3.17

Fig.5.7. Slow UTOP, voiding phase. Core configuration [France(a), Germany (b)]

167



00 Reactivity ($) Relative power
3.5

2.5

-4 100. 200. 300.400.

1.5

1.

0.5

500. 600. 700.

REACTIVITY RELATIVE POWER
BN800 - postf allure results (UTOP 0.05 $/s)

Net

Coolant

Doppler

F ax exp

Rad exp

Imposed

F motion

C motion

FIG.5.8

SAS4A
REF97.V1.15



/cm/

IS |4l5|6l7t8|S|10|lll12 13|14 151

channel-number radiai
core ! ———:__ core 2 ————— core 3

© boiling onset
13 fuel pin failure

} "\i
I

e

d ~
0

: \

___ ___ — -±

g

^

o

o

.
0 0.07 O.K oil 0-2= C"33

(aSure ems, sec

30 3.2 53 34 35

failure time (s)
56 57

case-id.

norm, power
corevoid

BN800 31 Gh. S ct/s

1.1
7.5 %

^ liquid sodium
! boiling region

break-up front
rip length
fuel front

stee! front
tbofl = 0.000
tslurnp= £5.9.66
tmax = 5.6.001

pboi! =
pslump=
prnax =

0.00
3,13
3.67

Fig.5.9. Slow UTOP, post failure. Reactivity and power behaviour, core configuration (Germany)



On basis of all the slow UTOP calculations performed by all the participants to this exercise,
it can be concluded that:
• a clear scenario of the accident can be found in most of the calculations (appendix 5.2) :

negative reactivity feedback of the BN-800 type core are not enough efficient to prevent,
in case of a slow reactivity ramp insertion (0.05 $/s), the increase of the power which
leads in all cases to clad failure in one channel,

• a rapid axial fuel relocation is the dominant phenomenon which shuts down the reactor,

• SAS-4A calculation performed by IPSN is the only one which leads to sodium boiling
prior to clad failure ; thus, pin mechanics and the associated calculated fuel axial
expansion feedback need to be carefully evaluated due to their impact on the kinetics of
the accident,

• at the end of the reactor shutdown due to the fuel relocation in one subassembly group,
hexcan melting and partial blockage formation in the concerned subassembly group
results in a configuration which can hardly by cooled in-place on a long-time scale ; the
accident most probably will enter into a slow core melt down with a progressive core
destruction by a thermally induced subassembly to subassembly propagation.

Similarly to the fast UTOP analysis, it can be added that:

• realistic clad mechanical properties need to be taken into account due to their impact on
the time and location of the failure which affects the post-failure results,

• the lack of deterministic clad failure analysis as well as the lack of post-failure modelling
in the GRIF-SM code of IPPE is a strong limitation of the use of this code,

• the post-failure modelling in the PINCHTRAN code of IGCAR needs significant
improvements.

5.5. TRANSIENT RESULTS FOR THE UTOP-ULOF ACCIDENT

The UTOP-ULOF accident studied in this paragraph simulates an unauthorised
withdrawal of six compensator rods from the core accompanied by the failure of all scram
system absorber rods.

The scenarios of this accident assumes the following sequence of accidental events :
• wrong phase alternation on sections of the first source of reserve power supply of

absorber rods,

• loss of power supply of rod drives from the first main source,

• failure of interlock preventory transfer of rods group to the first reserve source with
wrong phase alternation,

• transfer of power supply of absorber rods group to the first source,

• withdrawal of one control rod from the core caused by the wrong power supply of its
drive,

• formation of scram signal when the reactor power is increased by 15 % (two sets of
devices with « two out of three »logic in each set),

• upwards movements of six compensator rods, supplied from the first reserve source,
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• de-energization of primary and secondary pumps after appearance of scram signal and
their further low speed operation (25 % of rated value),

• failure of all other absorber rods which should be inserted into the core (9 safety rods, 6
compensation rods, 1 control rod, 3 passive safety rods).

For the calculation, this accident leads to the following scenario :

• first reactivity ramp insertion : 0.05 $/s for 10s,

• when the power reaches 1.15 times nominal, an additional reactivity ramp is inserted :
0.05 $/sfor 100s,

• one second later, a coolant mass flow reduction is initiated down to 25 % nominal flow ;
before flow stabilisation, the rotation speed w of the pump is assumed to decrease with
the time t according with the following law :

5.5
w =

+ 5.5

A very coherent scenario is calculated by all the participants to the exercise.

Preboiling calculations

Due to the reactivity ramp initiation (0.05 $/s) figure 5.10), the net reactivity and thus the
relative power increase.

The power reaches 1.15 times nominal at 1.97 s in the IGCAR calculation (figure 5.11), at 3
s in the IPPE and IPSN calculations (figures 5.12, 5.10) and at 3.2 s in the FZK calculation
(figure 5.12).

When the power reaches 1.15 times nominal, an additional reactivity ramp is initiated
(0.05 $/s, figures 5.11). It leads to a more rapid net reactivity increase (figures 5.10, 5.12)
and power increase.

One second later, the loss of flow is initiated. Until 10 s (end of the first reactivity ramp
rate), axial fuel expansion feedback, Doppler effect and additional negative coolant
reactivity due to sodium heating have a tendency to stabilise the net reactivity (figures 5.10,
5.12) and thus limits the power increase rate.

After 10 s, in the IPSN, FZK and IPPE calculations, due to the end of the first reactivity
ramp the net reactivity and thus the power (figures 5.10, 5.12) decrease.

Boiling calculations

Boiling onset is reached, in channel 5/1 in the upper sodium layer above the core at
9.8 s in the IGCAR calculation, at 10.25 s in the IPSN calculation, at 10.74 s in the IPPE
calculation and at 11.11 s in the FZK calculation (table 5.7). Nevertheless, the agreement on
the boiling onsets obtained by IPPE and IGCAR with regard to those obtained in the SAS-
4A calculations (IPSN and FZK) is a consequence of an overestimation of the Doppler
effect in the GRIF-SM-CANDLE and PINCHTRAN codes due to the use of a low and
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constant fuel to clad gap conductance compensated by an underestimation of the fuel axial
expansion reactivity feedback due to a less refined modellisation of this transient effect in
these codes (table 5.7).

Voiding calculations

The voiding calculations differ significantly depending on the degree of refinements in
the different codes.

Using a simplified approach, the PINCHTRAN calculation performed by IGCAR leads
to a significant voiding of the upper sodium layer without core voiding. Thus, the sodium
void reactivity decreases strongly by about 1 $ (figure 5.11) leading to a significant
decreases of the net reactivity and of the power. Nevertheless, the calculation was stopped
too early because a constant sodium void reactivity _is reached during the last four seconds
of the calculation inducing, due to the continuation of the reactivity ramp, an increase of
both net reactivity. Without any doubt the accident will continue but a lack of modelling
(pin break-up, clad and fuel motions and relocations) does not allow a continuation of the
calculation of the accident.

The voiding calculations performed by IPPE lead only to a partial voiding of the core
which is counter-balanced by the upper sodium layer voiding (figure 5.12). Modelling needs
refinements as it can be observed in the results that, during the last ten seconds of the
calculation, nearly constant sodium reactivity is obtained in spite of an increase of the
power. This is contradictory with the use of a constant fuel clad heat transfer coefficient and
leads to avoid the voiding propagation downwards towards the core where the void
reactivity effect is positive. This can only be partially explained by the clad rewetting
modelling which does not allow sodium vaporisation to occur. It is also to be noticed that
no significant clad temperature increase rate after cladding dry-out is calculated indicating
that the clad-sodium heat transfer coefficient after dry-out must be improved.

TABLE 5.7. BN-800 UTOP-ULOF (base case) RESULTS AT BOILING ONSET

Boiling onset (s)

Relative power

Net reactivity ($)

Doppler ($)

Fuel axial expansion ($)

Clad axial expansion
($)
Sodium ($)
External reactivity ($)

SAS-4A

FZK (1)

11.11

1.50

0.102

-0.306

-0.351

0.043

-0.177

0.893

IPSN

10.25

1.68

0.17

-0.26

-0.30

0.05

-0.18

0.86

GRIF-SM-CANDLE

IPPE

10.74

1.62

0.13

-0.42

-0.16

0.88

PINCHTRAN

IGCAR

9.8

1.45

0.1

-0.35

-0.15

-

-0.18

0.9
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The calculations performed by IPSN and FZK using the SAS-4A code are very similar
and lead to the following scenario. During the first second of the boiling phase, voiding
extends radially in the high power channels in the upper sodium layer leading to a decrease
of the sodium voiding reactivity (figures 5.13 and 5.13a) and thus to the net reactivity and
of the power. Then, voiding extends axially in the higher power channels downwards
towards the center of the core in the high power channels : this leads for about 1.5 s to an
increase of the sodium voiding reactivity and thus of the net reactivity and of the power.
Extensive sodium layer voiding leads then to decrease the sodium voiding reactivity but
downwards voiding extension in lower power channels leads finally to reactivity and power
increase. 25 channels and 28 channels are predicted to boil respectively in the IPSN and
FZK calculation. It must be noticed that this oscillatory behaviour of the sodium voiding
reactivity and thus of the net reactivity and power is similar to the one calculated in the
ULOF scenario with the SAS-4A code but the sequence is faster due to the superposition of
the reactivity ramps. It can be noticed also that this voiding behaviour is even more complex
due to the inlet plenum pressure increase consecutive to the extensive downwards voiding
propagation in the high power channels (figure 5.14) which leads the boiling in lower power
channels to disappear (figures 5.15).

Clad motion

In the SAS-4A calculations performed by IPSN and FZK, clad motion is predicted to
occur respectively 2.26 s and 2.09 s after boiling onset (table 5.8). The status of the voiding
as calculated by IPSN using the SAS-4A code is plotted in figure 5.16.

In the GRIF-SM-CANDLE calculation performed by IPPE (table 5.8), the time interval
between clad motion and sodium boiling is much larger (5.11 s). This is a consequence of
the too low and constant fael to clad heat transfer coefficient as well as the too high clad
melting temperature (1500°C) used in the GRIF-SM-CANDLE calculation and also of the
too low sodium voiding reactivity which is linked to the lack of downwards voiding
propagation and which leads to a too low net reactivity and power (table 5.8).

In the SAS-4A calculations performed by IPSN and FZK, clad motion is predicted to occur
respectively in 5 channels and 14 channels. After a limited reactivity effect during the first
half second of the motion, a significant positive reactivity ramp rate due to clad motion
outside the center of the core towards the fissile ends is superposed to the positive sodium
void reactivity effect (figures 5.13). This leads to a significant increase of the power (figures
5.13a).

The same scenario is calculated by IPPE using the GRIF-SM-CANDLE code (figure 5.12)
but in this calculation clad relocation occurs only upwards. It is to be noticed that during the
whole boiling phase of the accident, in spite of a significant power increase and of fuel
melting reached 20 s after accident initiation, no significant Doppler and fuel axial expansion
reactivity feedbacks are calculated which indicated a need of modelling improvements. A
lack of modelling after fuel melting is evidenced.

It is to be noticed that during this stage of the accident, massive core voiding as well as
significant axial steel relocation are predicted to occur.
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TABLE 5.8. BN-800 UTOP-ULOF (base case) RESULTS AT CLAD MOTION
ONSET

Clad motion onset (s)

Time interval between clad motion and
boiling onset (s)

Relative power

Net reactivity ($)

Doppler ($)

Fuel axial expansion ($)

Clad axial expansion ($)

Sodium ($)

External reactivity ($)

SAS-4A

FZK (1)

13.2

2.09

1.37

0.108

-0.267

-0.341

0.052

-0.334

0.998

IPSN

12.51

2.26

1.99

0.34

-0.27

-0.33

0.06

-0.10

0.98

GRIF-SM-CANDLE

IPPE

15.85

5.11

1.14

-0.31

-0.72

1.14

(1) updated EOEC - conditions

Steel blockage

In the SAS-4A calculation performed by IPSN, upper steel blockages in the upper pin plugs
zone are predicted to occur 3.50 s after first boiling onset. Thus the limit of applicability of
the SAS-4A code is reached. It is to be noticed that, at the end of the calculation, the net
reactivity ramp rate reaches 2.2 $/s, the net reactivity reaches 0.43 $ and the relative power
2.29. This means that very rapidly fuel pin break-up is expected to occur.

GRIF-SM-CANDLE calculation indicated also a significant clad relocation in the upper part
of the core.

Fuel pin break-up

In the SAS-4A calculation performed by FZK, fuel pin break-up occurs (table 5.9) and
is followed by fuel dispersal. Nevertheless, the increase of the void reactivity and of the steel
reactivity only allow a significant decrease of the net reactivity and of the power 55 ms after
the first fuel pin break-up time. It is to be noticed that fuel pin break-ups are calculated to
occur in 16 channels.

The main results at the end of the calculations are compared in table 5.10. Figure 5.16
shows the voiding pattern calculated using the SAS-4A code by IPSN and figure 5.17
clearly indicates the status of the core as calculated by FZK using the SAS-4A code.
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TABLE 5.9. BN-800 UTOP-ULOF RESULTS AT FAILURE TIME

Failure time (s)
Time interval between failure
time and boiling onset (s)

Relative power

Net reactivity ($)
Doppler ($)

Fuel axial expansion ($)
Clad axial expansion ($)

Sodium ($)

Fuel motion ($)

Clad motion ($)

External reactivity ($)

SAS-4A

IPSN

Parametric case (2)

14.322

4.072

13.1

0.877

-0.42

-0.48 -

0.12

0.59

0.

0.

1.07

FZK (1)

Base case

15.12

4.014

30.84

0.95

-0.44

-0.42

0.09

0.20

0.

0.43

1.05

TABLE 5.10. BN-800 UTOP-ULOF RESULTS AT THE END OF THE CALCULATION

End of calculation (s)

Time interval between end of
calculation and boiling onset
(s)

Relative power
Net reactivity ($)

Doppler ($)

Fuel axial expansion ($)

Clad axial expansion ($)

Sodium ($)

Fuel motion ($)

Clad motion ($)

External reactivity ($)

SAS-4A

BPSN

PARAMETRIC
CASE (2)

14.946
(hexcan melting)

4.696

0.30

-7.09

-0.53

-0.74

0.15

-0.41

-9.33

2.67

1.10

FZK (1)

GRIF-SM-
CANDLE

D?PE

BASE CASE

13.74
(steel blockage)

3.50

2.29

0.43

-0.31

-0.39

0.09

-0.60

0.60

1.04

15.22
(coding error)

4.11

3.34

0.27

-0.53

-0.81

0.11

0.668

-1.26

+1.0

1.10

20.64

9.9

1.65

0.21

-0.40

-0.68

0.

0.08

1.38

(1) updated EOEC - conditions
(2) without clad motion prior to fuel pin break-up
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Parametric calculation

In order to avoid the limitation of the SAS-4A code due to steel blockage and to try to
get some results at the end of the accident scenario, IPSN performed a parametric
calculation switching off the clad motion calculation. A more extended sodium voiding is
calculated (30 channels) leading to a large sodium voiding reactivity increase and thus net
reactivity increase and power increase (figure 5.18). First fuel melting is reached in channel
5/1, 13.89 s after accident initiation. First fuel pin break-up occurs in channel 5/1 at 14.32 s
(4.07s after the first boiling onset). At that time, the relative power reaches 13.1
(table 5.9).

Extended fuel pin break-ups occur mainly at core mid-plane in 22 channels. During the first
30 ms after the first fuel pin break-up, reactivity.increases mainly due to steel relocation
effect and thus a power peak of 230 times nominal is triggered (figure 5.19). Later,
extended fuel dispersal out of the core leads the reactivity decrease and thus shuts down the
reactor. Hexcan melting is predicted to occur in channel 5/1 at 14.95 s (4.8 s after first
boiling onset). At that time, the relative power is 0.3 and the limit of applicability of the one
dimensional material relocation modelling of the SAS-4A code is reached. The main results
at the end of the calculation are compared with the results of the other calculations in
table 5.10.

On basis of all the UTOP-ULOF calculations performed by all the participants to this
exercise, it can be concluded that:

• a clear scenario of the accident can be found in all the calculations (appendix 5.3) :
negative reactivity feedback of the BN-800 type core are not enough efficient to prevent
in case of a UTOP-ULOF accident, the increase of the power which leads to sodium
boiling in the upper sodium layer in all the calculations,

• the limitation of the modelling in the PINCHTRAN code avoids the downward voiding
extension towards core mid-plane where sodium voiding reactivity feedback is positive
and the calculation of the end of the accident sequence ; modelling improvements of the
PINCHTRAN code are needed,

• the limitation of the modelling in the GRIF-SM-CANDLE code underestimates
significantly the downward voiding extension towards core mid-plane; modelling
improvements of the GRIF-SM-CANDLE code are also needed, especially with regard
to heat transfer coefficients between fuel and clad and between clad and sodium as well
as clad rewetting after boiling onset,

• the SAS-4A calculations clearly show the propagation of radial voiding in the upper
sodium layer and indicate that downwards voiding cannot be avoided ; this leads to net
reactivity and thus to power oscillations ; increase of inlet plenum pressure due to core
voiding pressurisation contributes also to sodium vapour condensation in some channels,

• the clad melting is predicted by the SAS-4A and GRIF-SM-CANDLE codes ; clad
melting temperature has to be decreased in the GRIF-SM-CANDLE code,

• the steel relocation is calculated by the SAS-4A and GRIF-SM-CANDLE codes but this
later code, due to an underestimation of the downward sodium voiding, predicts only an
upward steel motion ; this steel relocation, enhanced in the SAS-4A code by further
downward sodium voiding, lead to an increase of the net reactivity and of the power,
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• the fuel melting is calculated ; modelling improvement of the GRIF-SM-CANDLE code
after fuel melting is needed,

• in spite of steel blockage which is the limit of applicability of the SAS-4A code, extended
fuel pin break-up is anticipated in the SAS-4A (IPSN) base case calculation and is
calculated in the SAS-4A (FZK) calculation as well as in a parametric study performed
by IPSN, which neglected the clad relocation; in this later case, hexcan melting is
calculated and thus the limit of applicability of the SAS-4A code is also reached,

• the integrity of a large part of the fuel pins and of the hexcans cannot be maintained.

5.6. CONCLUSIONS AND RECOMMENDATIONS

Different initiators (fast UTOP, slow UTOP, UTOP-ULOF) which are postulated in the
BN-800 type reactor HCDA were investigated using the SAS-4A code by IPSN and FZK,
the GRIF-SM-CANDLE code by IPPE and the PINCHTRAN code by IGCAR.

The fast reactivity ramp rate (0.5 $/s) accident initiator leads to sodium boiling in a large
part of the core. Then mechanical clad failures are calculated to occur in the high power
group of subassemblies in the time interval 3.3 s - 5.25 s after accident initiation. The
subsequently calculated fuel axial relocation initiates a rapid shut-down of the reactor.
Hexcan melting is calculated to occur in the same group of subassemblies less than half a
second after mechanical clad failure. Partial blockage formation, hexcan melting, high fuel
enthalpies and the heated-up coolant hardly allows long-term in-place coolability of the
partially destroyed core configuration. A more or less rapid core melt-down is to be
expected. The recriticality issue needs to be analysed carefully.

The slow reactivity ramp rate (0.05 $/s) accident initiator leads to mechanical clad failures
in one subassembly group. In one calculation, they are preceded by sodium boiling in limited
high power group of subassemblies. Due to the slower reactivity ramp rate, the accident
evolves slower than for the fast UTOP and mechanical clad failures are calculated to occur
in the time interval 33.3 s - 41.1 s after accident initiation. The subsequent calculated fuel
axial relocation initiates a rapid shut-down of the reactor. Hexcan melting is calculated to
occur in the high power group of subassemblies about half a second after mechanical clad
failure. Partial blockage formation, hexcan melting, high fuel enthalpies and the heated-up
coolant hardly allows, as for the fast UTOP, long-term in-place coolability of the partially
destroyed core configuration.

The UTOP-ULOF accident initiator, initiates coolant boiling first at the level of the upper
sodium layer in the time interval 9 .8s- 11.11 s after accident initiation. Negative reactivity
feedback due to the initial voiding of the upper sodium layer mitigates efficiently the
positive reactivity feedback due to the beginning of the voiding of the core. The events
sequence is almost similar but more rapid than the one calculated, using the same
hypothesis, for the ULOF accident initiator [5.6, 5.14]. However, the power level stays
higher due to the superimposed external reactivity ramp rate. Thus a very large propagation
of the voiding radially as well as downwards towards the center of the core cannot be
avoided. Clad melting and relocation towards the axial limits of the core are calculated.
Steel blockages, and fuel melting are predicted. In the FZK base case as well as in the IPSN
parametric case, fuel pin break-ups are calculated on a large extension of the core. In this
latter case, due to the steel axial relocation, a significant power pulse is triggered but fuel
relocation shuts down rapidly the reactor.
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From the modelling point of view, in spite of a significant improvement of the GRJDF-SM
code which was coupled to the clad motion modelling CANDLE, extension of the
modelling in the PINCHTRAN and GRIF-SM-CANDLE code are urgently needed in order
to calculate as with the SAS-4A code the whole sequence of the primary excursion. This
holds especially for a mechanistic modelling of mechanical clad failure and fuel pin break-up
taking into account appropriately the mechanical properties of the involved cladding, as well
as post-failure modelling.

From a neutronic point of view, at high temperature, it was shown that the Doppler effect is
significantly lower and the fuel worth higher than the values used in these calculations.
These effects are still to be studied.

The results of the calculations are strongly dependent on the reliability of the calculated
failure time and more importantly of the failure location. It is strongly recommended to
evaluate experimentally strain-rate and temperature dependencies of the mechanical
properties of the irradiated BN-800 clad material up to dose values of 70 - 100 dpa NRT.

It is also obvious that the as calculated accidental scenarios need to be analysed beyond this
study. The transition phase which is anticipated to follow these accidental scenarios must be
assessed in details.
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Chapter 6
PHYSICS PARAMETERS OF

PARTIALLY DESTROYED CORE CONFIGURATION

6.1. CALCULATION MODEL AND ANALYSIS METHODS

In the process of the core destruction accompanied by boiling out of considerable
amount of sodium and relocation of molten materials, reactor neutronics changes take place.
This is the basis for the use of combined analysis of dynamics of the core neutronic and
thermohydraulic conditions. Such combined analysis is quite tedious. In this connection,
decomposition methods assuming neutronics analysis for several core conditions are widely
used. This approach being clearly evident makes it possible to easily identify factors having
maximum effect on the process dynamics. It is assumed that detailed analysis should be made
for all neutronic processes on each considered specific stage of the accident. Obviously the
choice of specific states of the core between which reactivity coefficients can be assumed
constant or approximated by some simple relationships, is the main problem.

The comparison of reactivity effects will be carried out for two conditions of the BN-
800 reactor: initial state and final condition in accident with reactor heated up, sodium
removed from the core and steel relocated to the top and the bottom of the core. For
neutronic analysis the reactor calculational model in R,Z-geometry was prepared. The
calculation model is given in Fig. 6.1. The consecutive transition to the final condition is
carried out on the following stages:

- heating up of the core from 1500°K up to 2100°K;
- boiling out of sodium from LEZ and MEZ SAs (inter-wrapper sodium and sodium in

the control rods channels remains in liquid phase);
- melting of pin clad, removal of steel from the core (SA wrapper is kept intact);
-formation within SA wrapper «plugs» of molten steel at the top and the bottom of the

core.
For possible interpolations of total changing of reactivity of material intermediate

stages of the core perturbation were also considered:
- 25,50 and 75% of sodium removed from the core (LEZ+MEZ+HEZ+pin

plugs+sodium plenum);
- 25,50 and 75% of steel removed (LEZ+MEZ+HEZ);
- 50% of steel and sodium removed (LEZ+MEZ+HEZ).

Preliminarily approved assumptions were used for the development of the calculation
model. It was assumed for the final state that only sodium vapours are present within the core
(100-80% of the coolant volume according to Fig.6.1. data) at 1300°C in LEZ and MEZ and
at 800°C in HEZ. Vapour density values of 0.03443 and 0.04233 g/cm3 were assumed taking
into account presence of sodium residues (0-20%) making homogeneous mixture at ~1150°C.
Inter-wrapper sodium temperature was kept below 900°K. Fuel temperature was ~2200°K.
There were no changes of the fuel phase condition. Steel plugs on the upper and lower core
boundaries were rather thick, blocking the total cross section area of the SA. Molten steel of
the fuel element claddings were redistributed within the core volume as follows: 25% and 75%
of steel is located respectively at the level of fuel element ends and on the core/lower blanket
boundary, with 50 mm steel melt penetration to the lower blanket. Configuration and the main
input parameters of the reactor, core composition and nuclide contents in different physical
zones are given in the homogeneous representation in [1.1, 1.2]. In order to have the
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FIG. 6.1. R, Z-model of the reactor -with partial destruction of the core.
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possibility for approval of the calculation results presented below contents of the main nuclides
steel and sodium are given in the Table 6.1-6.3 for the disturbed condition. Fuel:

Core thermal expansion is taken into account.
RO=RO0(Hhot/Hcoid) - R00 86.7/86.1 = 0.99308 Ro0 for the core.
In LAB and RB concentration change caused by thermal expansion is not taken into

account. All fission products are assumed to be kept within the fuel.
The following values of thermal expansion coefficients were used:
Ofbel = 1 1 - 10'6 1/°C =18 • 10'6 1/°C, 0.0002783 1/°C

TABLE 6.1. TEMPERATURES AND DENSITIES OF MATERIALS IN ZONES ACCORDING TO
FIG 6.1.

Zones
LAB
LEZ
LEZ + «steel-
plugs»
Sodium plenum
B4C reflector
SA heads
LABHEZ
HEZ
RB
Fuel element ends

Tfuel
1150
2200
2200

-

1150
1800
900
-

Tsteel
1150
1500
1500

1150
1150
1150
750
800
750
1500

TNa -
1150
1300
800

1150
1150
1150
700
800
750

-

Psteel
7.55
7.55
7.55

7.55
7.55
7.55
7.55
7.55
7.55
7.55

PNa liquid

0.7427
0
0

0.7427
0.7427
0.7427
0.92
0.825
0.825

0
Note: [p] = g/cm3; [T] = °C. 900°C inter wrapper sodium temperature and 1500°K
temperature at 7.55 g/cm3 steel density were assumed for the analysis (for the initial
density of 7.67 g/cm3 was taken at 600°C).

PNa vapour
0.04233
0.03443

0

0.04233
0.04233
0.04233

0
0.04233

0
0

SA wrapper
option steel

TABLE 6.2. MATERIAL CONCENTRATION VALUES FOR DISTURBED CORE REGIONS

Steel (7.67 g/cm3

initial density)
^steel

FE
CR
NI
MO
NB
Steel (7.55 g/cm3

density)
B

FE
CR
NI
MO
NB

Note: Steel concentration

Wrapper
(initial)

5.99e-3
1.03e-3
1.7e-5

6.50e-5
1.9e-5

Wrapper
(initial)

5.8963e-3
1.0139e-3
1.6734a-5
6.398e-5
1.87e-5

in radial blanket

«Steel-
plugs»
0.4155

(inside SA)
0.026644
0.006457
0.004518
0.0006168
0.0001517

«Steel-
plugs»
0.4155

(inside SA)
0.02623
0.006356
0.004447
0.0006071
0.0001494
and radial

Fuel element ends

0.8067
(inside SA)
0.046091
0.011567
0.00874

0.0011363
0.0002766

Fuel element ends

0.8067
(inside SA)

0.04537
0.01138
0.008603
0.001118

0.0002733
reflector was taken the

Inside SA
(initial)

6.85e-3
1.80e-3
1.493e-3
1.83e-4
4.40e-5

Inside SA
(initial)

6.743e-3
1.772e-3
1.47e-3
1.801e-4
4.331e-5

same as in the initial
option.
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TABLE 6.3. SODIUM CONCENTRATIONS

Zone

y, g/cm3

Condition

Interbath
sodium

0.8575

liquid

LEZ

0.03443

100%
steam

MEZ

0.04233

100%
steam

HEZ

0.04233
steam
80%
steam

Sodium
plenum

0.04233
steam
80%
steam

Ax.Blanket
LEZ and
MEZ
0.04233

0.002714

Ax.Blanket
HEZ

0.8575

,22R0*10
nucl/cm3

0.2402 0.2656 0.2714 0.3868 0.5135 0.2714 0.863

Note: Sodium density value of 0.8575 g/cm3 was assumed for the initial case, the same value being
taken for inter wrapper sodium (for the inter wrapper gap: RONa= 0.002402 • 1024 nuclei/cm3).

UAB RO0.00342* 1024, nucl/cm3

«Steel-plugs» RO=0.002402 * 1024, nucl/cm3

RB R0=0.005214*1024, nucl/cm3

Fuel element ends (outside SA) RO=0.02402 * 1024, nucl/cm3

SA heads RO0.003893* 1024, nucl/cm3

Diffusion method in a standard 26 group approximation was used for the initial
condition when calculating reactivity coefficients. Space distribution of the reactivity
coefficients were obtained using first order disturbance theory (their integral values were
normalised to the relative direct calculation results). This methodology is justified by both
quite acceptable accuracy of diffusion calculation and comparability to the similar results
obtained by the time of design licensing. Disturbed core condition under consideration is
characterised by rather strong perturbations, such as sodium dry-out, removal of fuel element
cladding steel, etc.) For these conditions diffusion approximation may have considerable error.
In this connection, results presented below realise the following approximations:

RHEIN (26 groups diffusion theory, R-Z, homogeneous media, Fig. 6.2),
TWODANT (26 groups transport theory, R-Z, homogeneous media, Fig 1.1)
Comparison of kinetic (TWODANT) and diffusion (RHEIN) approximation in

calculation of temperature reactivity coefficient components was made within the framework
of the code package developed for evaluation of required functionals using disturbance theory.
Flux and worth functions values calculated by TWODANT code and integrated with respect
to angle were transferred to the unit of reactivity coefficient evaluation using disturbance
theory in the standard diffusion code.

MCNP (Monte-Carlo, GEZ-Z, heterogeneous media)
Heterogeneous representation of the wrapper, fuel elements and claddings is given for

all axial sections of the SA (see Fig.6.3). DLC-105(6) data base (see Table 6.4) was used for
the analysis made using MCNP4A code. About two million stories were played in the
calculations made on the basis of MCNP4A code.

Three main directions were taken for studies:
- estimation of reactivity effects and change of reactivity of materials using traditional

(diffusion) methods;
-definition of possible error of diffusion approach;
- studies on acceptability of transfer of material worths obtained for the initial reactor

condition to the disturbed condition.

196



6.2. INTEGRAL REACTIVITY EFFECTS

The main integral neutronic characteristics of both initial and final reactor states are
presented in Table 6.5 (diffusion approximation).

Preliminary evaluations of Keff changes were made for transition phase whic is between
initial core state and different damage phases at different neutron spectrum temperatures (see
Tables 6.6). Reactivity change obtained by diffirent evaluation metods is given in Table 6.7.

Further calculations of different core destruction phases were made for 2100°K
temperature of the neutron spectrum, which is one of the reference temperatures in the BNAB
nuclear data base taken for Doppler effect calculation. Adoption of higher nuclide

05 3.14 17.0 1.82 5.43 1.58 15.21 2.38 5.11 21.95 20.73 9.44 9.40 18.7 70.

Number of isotopes 17, number of physical zones 21.
HCOre=86.7 cm - 2200°K (Hcore =86.1 cm T=l 500°K)

Zone 1 - LEZ , Zone 2 - MEZ, Zone 3 - HEZ, Zone 4 - axial blanket, Zone 5 - radial
blanket, Zone 6+7 - Sodium plenum, Zone 22 - pin plugs, Zone 17,19 - steel-«plugs».

FIG. 6.2. Calculation diagram of the reactor in R,Z geometry (upwards) for the code RHEIN
(diffusion approach)
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MOX fuel, depleted uranium dioxide and
gas plenum SA section. Heterogeneous
patterns of SA wrapper, fuel elements
(gas plenums) and claddings are
represented. Lower axial blanket and fuel
element ends are represented in a similar
way

Sodium plenum section of SA.
Heterogeneous patterns of SA wrappers
are represented

Subassembly of the second row of steel
shielding.
Wrapper and steel rod are separated

Plugs formed from cladding steel melt in
SA. Heterogeneous patterns of SA
wrapper, fuel elements and cladding are
represented

Subassembly of the inner row of steel
shielding. Subassembly of radial boron
shielding. Wrapper and steel elements
are separated.

Control rod Subassembly.
Heterogeneous patterns of S A wrapper,
control rod sleeve, absorber elements
and fuel element claddings are given

Safety rod Subassembly. Heterogeneous
representation of SA wrapper, control rod
sleeve, absorber rods and their claddings is
given

Shim rod Subassembly. Heterogeneous
representation of SA wrapper, control
rod sleeve, absorber rods and their
claddings is given

Inter wrapper sodium is separated in all SA. Homogeneous description is used for the rest of
reactor areas

FIG. 6.3. Heterogeneous SA representation for the Monte-Carlo calculations (MCNP
code).
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temperatures for calculations means going beyond the framework of standard data base
BNAB, and this may result in significant errors in Doppler broadenings extrapolation. In this
connection, forced limitation of the neutron spectrum temperature (< 2100°K) was introduced
in the standard computer codes used for these calculations.

Additional analysis was made on the effect of thickness and density of «steel plugs»
formed in the upper and lower core sections on the system reactivity (Table 6.8 and Fig. 6.4).

In order to make interpolation of the final changes of material related reactivity
additional intermediate stages were introduced in the main chosen core disturbance options:
(a) removal of 50% of sodium, (b) removal of 50% of steel, and (c) removal of both 50% of
steel and 50% of sodium (Table 6.9-6.11). Criticality change caused by such sequential change
of concentrations when removing material from the core is presented in Fig.6.5.

TABLE 6.4. CROSS SECTION REFERENCE (MCNP).

Nuclides
B10

B11

C
0
Na
Cr
Mg
Fe
Ni
Nb
Mo
Ineieee
U23S

U238

Pu239

Pu240

Pu241

Pu242

Name in catalogue
5010.50c
5011.55c
6000.50C
8016.50c
11023.50c
24000.50c
25055.50c
26000.55c
28000.50c
41093.50c
42000.50c
50120.35c
92235.50c
92238.50c
94239.55c
94240.50c
94241.50c
94242.50c

Date
79/09/10

30781
79/07/31
05/14/81
79/06/21
79/06/21
79/06/21
10/21/82
79/06/21
79/08/02
79/08/01

79/09/12
79/09/13
02/21/85
79/09/13
79/08/30
79/09/06

File
rmccs
rmccs
rmccs
rmccs
endfSp
rmccs
endfSu
rmccs
rmccs
endfSp
endf5u
rmccs
rmccs
rmccs
rmccs
rmccs
endfSp
endfSp

Source
endf/b-v
endf/b-v
endf/b-v
endf/b-v
endf/b-v
endf/b-v
endf/b-v
group t-2
endf7b-v
endf/b-v
endf/b-v
endl-85
endf/b-v
endf/b-v
group t-2
endf/b-v
endf/b-v
endf/b-v

TABLE 6.5. BASIC NEUTRONIC CHARACTERISTICS OF BN-800 TYPE REACTOR

Keff
Reactivity, (% AK/K)
Reactivity of materials in the CORE

-Fuel
- Sodium (for 1024 nukl/cm3)
- Steel

Doppler-constant , 10"2 for 900-1500°K
-Fuel
-Steel

TCR from radial expansion , (1 /degree)
TCR from axial expansion , (1 /degree)
Peff

Initial condition
1.0066007

-

0.3957
0.0285

-0.03625

-0.573
-0.012

-0.1306E-4
-0.1715E-5

0.00362

Final condition
1.0238916

2.3751

0.4095
0.0244
-0.0206

-0.437
-0.003

-0.147E-4
-0.183E-5
0.00364
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Preliminary analysis of Tables 6.7 and 6.8 shows that the maximum influence on the
reactivity change is made by formation of the plugs on the upper core boundary, resulting in
decrease of neutron leakage. Neutron leakage decrease on the lower core boundary caused by
the increasing thickness of the steel layer becomes competitive with the steel related
absorption. Reactivity values are given taking into account sodium vapour porosity of the
plugs (Table 6.8 and Fig. 6.4), while reactivity value obtained by the Monte-Carlo method
taking into account fuel element heterogeneity effect is given in Table 6.6. It can be seen that
using transport theory gives -9% increase of Keff as compared to the results obtained by
diffusion theory. The effect of sodium removal is insignificant.

Thus, formation of thick «steel plugs» in the upper core section (reducing neutron
leak) has maximum influence on the reactivity. In the lower section of the core plug thickness
increase makes the neutron leak decrease compete with absorption in steel. Removal of over

TABLE 6.6. CHANGE K^ WHEN TURNING TO DISTURBED CONDITION (COMPARISION
OF DIFFERENT METHODS OF APPROACH)

Condition

Initial condition, 1500°K

Heatingupto2100°K

Removal of sodium (2100°K)
from SA
Removal of sodium (2100°K)

Diffusion
approach
1.0066007

0.9995832

0.9992928

0.9987202

Transport
approach (S8)

1.014882

1.007755

1.007969

Monte-Carlo
(MCNP)

1.01 648 ±0.00040a)

1.01 663 ±0.00030b)

1. 01385 ± 0.0003 lc)

1. 00955 ±0.00043a)

1. 00956 ±0.00030b)

1
1.0 1327 ±0.00027b)

1.0 1236 ± 0.0003 5C)

1.010327 ± 0.00027*"0

from SA+interwrapper Na
Removal of steel of clad
(2100°K)
Final condition (2100°K)
(formation steel-«plugs»)
Final condition (3500°K)

1.0238333

1.0238916

1.028355

1.028416

1.04196 ±0.00034C)

1.02045 ±0.00055a)

1.02057 ±0.00032b)

1.02114 ±0.00034b)

1.02049 ±0.00032C)

a) 106 history
b) 2* 106 history
c) ~3*106 history

TABLE 6.7. REACTIVITY CHANGE OBTAINED BY DIFFERENT EVALUATION METHODS.

Reactivity, %AK7K
Condition of the core

Heating up to 2100°K
Removing Na from SA
Removing of steel of clad
Final condition (2 100°K)
(formation steel-«plugs»)

Diffusion
approach
-0.6974
-0.029

+2.3695
+2.3751

Transport
approach (S8)

-0.6968
+0.2107
+1.988
+ 1.993

Monte-Carloc)

(MCNP)
-0.635057 ±0.0417b)

-0.1 45 170 ±0.0461
+0.308008 ± 0.0438
+2.66095 ± 0.0447

b) 2* 106 history
c)~3*106 history
Note: Reactivity was counted out from the source condition at 2100°K.
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Reactivity, %AK/K

3,6

3,4

3,2

3,0 -

2,8 -

2,6 +

2,4 -

2,2

In steel-«plugs»:

5=100%Steel

= 50%Steel+50%Na

0 10 15 20

AZ steel-«plug» in Axial Blanket, cm

25 30

FIG. 6.4. Reactivity as function of thickness and density of steel-«plug» in clearance between
pins the SA

201



Reactivity, AK/K
4,E-02

3,E-02 -

3,E-02 -

2,E-02

2,E-02

1,E-02 -

5,E-03

0,E+00

0,025

- 0,02

_- 0,015

- 0,01

- 0,005

25% 50% 75% 100%

Portion of material removed from the core

FIG.6.5. Changing of reactivity -when removing material from the core (diffusion approach at
2100°K)

50% of sodium and steel leads to significant disturbances of material reactivity in the upper
and lower core sections. Disturbances varying over radial and axial coordinates are different
for different physical zones. Disturbances of the reactivity profile depend on type and amount
of removed disturbing material. These effects are determined by the deformations of neutron
spectrum, arising as a result of the removal of efficient moderators, namely sodium and steel
(steel removal in adition favours decrease of the neutron absorption in the core).

The most change (in % of initial value) of material worth takes place on the core/LAB
and core/gas plenum boundaries, as well as in the end sections of the fuel elements. However,
in these sections worth are insignificant (for instance, the sign of sodium worth is changed in
these sections).

Resulting change of worth is formed basically by the core itself (sodium plenum
contributes to the sodium worth change).
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Intermediate states of the core considered are characterised by rather strong
disturbances, occurring in the core (SA drying out, fuel element cladding steel removal, etc.),
including those taking place on the interfaces of sections having different physical properties
(formation of steel plugs in the upper and lower sections of the core). In these calculation
models diffusion approach used for evaluation of reactivity coefficients may produce
significant errors. Even for nondisturbed medium diffusion approach has significant error on
the core/sodium plenum boundary.

Preliminary calculation results obtained for the core mid plane in LEZ centre and in the
middle points of radii of MEZ and HEZ plane (thickness of calculated layer AH ~13 cm)
show that neutron spectra in the mid plane do not differ much for diffusion and transport
solutions with the same data base versions and data processing methods.

If the result obtained in transport approximation using TWODANT code (Sg) is taken
as a reference, then diffusion calculation results deviation from these reference values in
spectrum characteristics does not exceed 10-15%. This error can be considered quite
acceptable for the standard engineering calculations in diffusion approximation. Reactivity
effects having maximum influence on the accident process dynamics, namely sodium density
and Doppler effects have spectrum distribution with its maximum in different energy ranges
(see Fig.6.6). Therefore, group flux values obtained would not result in significant errors in
Doppler and sodium density reactivity effects, as compared to the reference calculation (using
TWODANT code). Diffusion calculation results can be used for the further analysis.

6.3. DOPPLER EFFECT

Table 6.12 gives the following relationships for Doppler constant values obtained for
different accident stages by disturbance theory:

TcK/
/dr

Because of uncertainties of Doppler effect calculations made using standard codes for
the temperatures over 2100°K accuracy of effect description for the accident conditions using
initial state parameters cannot be considered sufficient. In this connection it is proposed to use
only Doppler constant value obtained at ~ 2 1 00°K. In this case Doppler effect vs. steel amount
in the core relationship can be introduced, as it was made for taking into account sodium
amount changing. Such relationship using parameters of the initial state is as follows:

Pst.i.n -

~~~

For the sake of further extrapolation of Doppler constant as a function of temperature
it is reasonable to use its values for several temperature ranges (see, for instance, Fig. 6. 7).

6.4. REACTIVITY OF MATERIALS (2100°K)

6.4.1. Sodium integrals of reactivity and space distribution

Deformation of group flux spectra and worth caused by change of the reactor condition
in the energy range typical for both Doppler effect and SVRE is rather small (at least for the
central layer of-20 cm thickness) -see Fig.6.8.

Text cont. on page 214.
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TABLE 6.8. CHANGE EEFF WITH FORMATION STEEL-PLUGS (WITHOUT POROSITY ON SODIUM). 26-GROUP DIFFUSION APPROACH. 2100°K.

Condition of the core

Steel-«plugs» porosity (filled with sodium steam)
Initial (2 100°K)
Absence of steel-«plugs»

Absence of steel-«plugs» + Na in core
Absence of steel-«plugs» + Na in core and sodium plenum

Steel-«plugs» only in bottom axial blanket (5 cm)
Steel-«plugs» only in pin plugs
Steel-«plugs» in pin plugs and top end face of the core (5 cm)
Steel-«plugs» in bottom Ax.Blanket (5 cm), in pin plugs and in the top of the core (5 cm)
Steel-«plugs» in bottom Ax.Blanket (5 cm), in pin plugs and in the top of the core (5 cm), bottom (5 cm)
Steel-«plugs» in bottom Ax.Blanket (5 cm), in pin plugs and in the top of the core (5 cm), bottom (10 cm)
Steel-«plugs» in bottom Ax.Blanket (5 cm), in pin plugs and in the top of the core (5 cm), bottom (15 cm)
Steel-«plugs» in bottom Ax.Blanket (5 cm), in pin plugs and in the top of the core (5 cm), bottom (20 cm)
Steel-«plugs» in bottom Ax.Blanket (5 cm), in pin plugs and in the top of the core (5 cm), bottom (25 cm)
Steel-«plugs» in bottom Ax.Blanket (5 cm), in pin plugs and in the top of the core (5 cm), bottom (25 cm) + NA:

- in sodium plenum
- in core
- in core and sodium plenum

Keff

0.9995832
1.0238333
1.0212960
1.0208940
1.0243884
1.0309405
1.0352030

'1.0356972
1.0355792
1.0334889
1.0295405
1.0257536
1.0238916

1.0247213
1.0131058
1.0166751

AK/K, %
( with respect to initial

condition 2 100°K)
0 50%
-

2.3695
2.1269
2.0883
2.4225
3.0430
3.4423
3.4869
3.4774 3.3692
3.2821 3.2911
2.911 3.1278

2.5524 2.8832
2.3751 2.5655

2.4542
1.3352
1.6449



TABLE 6.9. AXIAL DISTRIBUTION OF SODIUM REACTIVITY INTEGRATED OVER LE2 RADIUS WHEN DISTURBING REACTOR ON
CONCENTRATIONS OF SODIUM AND STEELS (2100°K, DIFFUSION APPROACH), AK/K

LEZ (removed sodium and steel, %)
Na

Ax.Bl

C
O
R
E

Pin plugs
Sod. PI.
I(Z)

Initial Condition

2.22E-04
4J4E-05
-4,0 IE-04
-8.20E-04
-U7E-03
-1,4 IE-03
-1,48E-03
-1.38E-03
-U2E-03
-7,44E-04
-3,06E-04
1.25E-04
5,1 IE-04
5.95E-04
2,53E-03
-4,73E-03

25%Na

1.86E-04
2.62E-05
-3,4 IE-04
-6,83E-04
-9,69E-04
-1.15E-03
-1,2 IE-03
-1,12E-03
-9,0 IE-04
-5,88E-04
-2,27E-04
1,30E-04
4,50E-04
6,66E-04
2,49E-03
-3.16E-03

50%Na

1,63E-04
3,28E-05
-2.27E-04
-4.64E-04
-6,59E-04
-7,8 IE-04
-8.09E-04
-7,38E-04
-5,79E-04
-3.54E-04
-9,67E-05
1.54E-04
3, 8 IE-04
4,24E-04
2.33E-03
-1,1 IE-03

75%Na

1,86E-04
1,8 IE-05

-1,20E-04
-2,43E-04
-3,42E-04
-4,02E-04
-4.13E-04
-3J2E-04
-2.86E-04
-1.67E-04
-3.15E-05
1,0 IE-04
2,20E-04
9,10E-04
1,60E-03
7.74E-04

25%St

2,03E-04
5,70E-05
-4,22E-04
-8.65E-04
-1,24E-03
-1,48E-03
-1,55E-03
-1,44E-03
-1,17E-03
-7.75E-04
-3,1 IE-04
1,53E-04
5,74E-04
6,40E-04
2J4E-03
-4,82E-03

59%st

2.72E-04
1,2 IE-04
-3,87E-04
-8,4 IE-04
-1,2 IE-03
-1.45E-03
-1,52E-03
-1,4 IE-03
-1.13E-03
-7.24E-04
-2,47E-04
2,34E-04
6,80E-04
7,04E-04
3,03E-03
-3,8 IE-03

75%St

2,53E-04
1.45E-04

-4.02E-04
-8,83E-04
-1,27E-03
-1,52E-03
-1,59E-03
-1.47E-03
-1.17E-03
-7,44E-04
-2,35E-04
2,87E-04
7.79E-04
7,66E-04
3.34E-03
-3.64E-03

50%Na+
50%St

1.92E-04
7,07E-05
-2,2 IE-04
-4,76E-04
-6,8 IE-04
-8,04E-04
-8.27E-04
-7,47E-04
-5J3E-04
-3,29E-04
-4,73E-05
2.34E-04
4,95E-04
4,99E-04
2.80E-03
-2,85E-04

KJ
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TABLE 6.9. (CONTINUED). AXIAL DISTRIBUTION OF SODIUM REACTIVITY INTEGRATED OVER MEZ RADIUS WHEN DISTURBING REACTOR ON
CONCENTRATIONS OF SODIUM AND STEELS (2100% DIFFUSION APPROACH), AK/K

MEZ (removed sodium and steel, %)
Na

Ax.Bl

C
0
R
-

Pin plugs
Sod. PI.
I

Initial Condition

3.35E-04
2.10E-04
-1.07E-04
-3.84E-04
-6,19E-04
-7,78E-04
-8,37E-04
-7,87E-04
-6,36E-04
-4,04E-04
-1.24E-04
1.67E-04
4.33E-04
3,43E-04
1.95E-03

-1,19E-03

25%Na

3.27E-04
1,59E-04

-9.55E-05
-3,17E-04
-5,04E-04
-6,28E-04
-6.70E-04
-6,26E-04
-4,99E-04
-3.09E-04
-8,09E-05
1.55E-04
3.69E-04
3,86E-04
1.79E-03

-4,83E-04

50%Na

2.18E-04
1,24E-04

-5,46E-05
-2,06E-04
-3.33E-04
-4,14E-04
-4,39E-04
-4.02E-04
-3,10E-04
-1J6E-04
-1.59E-05
1,48E-04
2,95E-04
2,34E-04
1,55E-03
2,99E-04

75%Na

3,55E-04
6,03E-05
-3,04E-05
-1,07E-04
-1,69E-04
-2,08E-04
-2,18E-04
-1.97E-04
-1,48E-04
-7,8 IE-05
4,13E-06
8,78E-05
1,63E-04
5,22E-04
1,OOE-03
1.12E-03

25%St

3,34E-04
2,14E-04
-1.12E-04
-3.95E-04
-6.34E-04
-7,94E-04
-8,52E-04
-8,OOE-04
-6.45E-04
-4.09E-04
-1,22E-04
1,79E-04
4,57E-04
3,63E-04
2,08E-03
-1,08E-03

59%st

3,75E-04
2,43E-04
-8,76E-05
-3,65E-04
-5.98E-04
-7,5 IE-04
-8,05E-04
-7,52E-04
-5,99E-04
-3,66E-04
-8,34E-05
2.16E-04
4,96E-04
3, 9 IE-04
2,27E-03
-3,67E-04

75%St

3J6E-04
2,53E-04
-8,8 IE-05
-3,72E-04
-6.08E-04
-7,62E-04
-8,15E-04
-7,60E-04
-6,04E-04
-3,65E-04
-7,37E-05
2,37E-04
5.32E-04
4,19E-04
2,46E-03
-1,19E-04

50%Na+
50%St

2,42E-04
1,41E-04

-4.48E-05
-1,98E-04
-3,23E-04
-4,0 IE-04
-4.22E-04
-3.83E-04
-2,89E-04
-1,51E-04
1,27E-05
1,83E-04
3,42E-04
2,70E-04
1,82E-03
8.92E-04



TABLE 6.9. (CONTINUED). AXIAL DISTRIBUTION OF SODIUM REACTIVITY INTEGRATED OVER HEZ RADIUS WHEN DISTURBING REACTOR ON
CONCENTRATIONS OF SODIUM AND STEELS (2100°K, DIFFUSION APPROACH), AK/K

HEZ (removed sodium and steel, %)
NA

Ax.Bl

C
0
R
E

*
Pin plugs
Sod. PI.
I

Initial Condition

3,47E-04
3.72E-04
2,50E-04
1,80E-04
1.18E-04
7,53E-05
5.68E-05
6,50E-05
9.77E-05
1.49E-04
2,09E-04
2,70E-04
3.25E-04
2,60E-04
1.72E-03
4,53E-03

25%Na

3.53E-04
3,02E-04
1,99E-04
1.39E-04
8.67E-05
5,09E-05
3,64E-05
4,47E-05
7.37E-05
1.18E-04
1.70E-04
2,2 IE-04
2.66E-04
2,67E-04
1.58E-03
3.96E-03

50%Na

2,28E-04
2,25E-04
1.49E-04
1.06E-04
6,94E-05
4,49E-05
3.58E-05
4.29E-05
6.45E-05
9,63E-05
1.33E-04
1,67E-04
1.96E-04
1.54E-04
1.39E-03
3,17E-03

75%Na

3,97E-04
1.20E-04
7,85E-05
5.50E-05
3,56E-05
2,29E-05
1.86E-05
2,3 IE-05
3.52E-05
5.25E-05
7,20E-05
9,0 IE-05
1.05E-04
2.95E-04
9.12E-04
2,39E-03

25%St

2.69E-04
1.90E-04
1.22E-04
7.46E-05
5,47E-05
6,39E-05
9,97E-05
1.56E-04
2,23E-04
2,9 IE-04
3,52E-04
2.77E-04
1.84E-03
1,8 IE-05

-4.06E-09
1.13E-03

59%st

3,08E-04
2,23E-04
1,5 IE-04
1.02E-04
8,19E-05
9,17E-05
1.29E-04
1.87E-04
2,57E-04
3,29E-04
3,95E-04
3,OOE-04
2,02E-03
2,OOE-05
-4,24E-09
1,2 IE-03

75%St

3, 4 IE-04
2,4 IE-04
1,59E-04
1,04E-04
8.13E-05
9,27E-05
1,35E-04
2,0 IE-04
2,82E-04
3.65E-04
4,43E-04
3,26E-04
2,2 IE-03
2,2 IE-05
-4.58E-09
1.28E-03

50%Na+
50%St

2,60E-04
2,84E-04
1.83E-04
1.29E-04
8,49E-05
5,63E-05
4,63E-05
5,5 IE-05
8,08E-05
1.19E-04
1,62E-04
2,05E-04
2,4 IE-04
1,8 IE-04
1.66E-03
3.82E-03
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TABLE 6.10. AXIAL DISTRIBUTION OF STEEL REACTIVITY INTEGRATED OVER LEZ RADIUS WHEN DISTURBING REACTOR ON
CONCENTRATIONS OF SODIUM AND STEELS (2100°K, DIFFUSION APPROACH), AK/K

LEZ (removed sodium and steel, %)
Steel

Ax.Bl

C
O
R
E

' '

Pin plugs
Sod. PI.
E

Initial
Codition
4,20E-04
-3.13E-04
-1.37E-03
-2.39E-03
-3,24E-03
-3.79E-03
-3,96E-03
-3.72E-03
-3.10E-03
-2.17E-03
-1.08E-03
4,39E-05
UOE-03
1.94E-03
U4E-03

-2,04E-02

25%Na

4.22E-04
-3.14E-04
-1.42E-03
-2.47E-03
-3.35E-03
-3.90E-03
-4.06E-03
-3.79E-03
-3.13E-03
-2.15E-03
-1,0 IE-03
1.62E-04
1.26E-03
2,14E-03
1.38E-03

-2.02E-02

50%Na

6,06E-04
-2.79E-04
-1.44E-03
-2,53E-03
-3,4 IE-03
-3,96E-03
-4.08E-03
-3,76E-03
-3,04E-03
-2,OOE-03
-7,95E-04
4,20E-04
1,55E-03
2,47E-03
1.77E-03

-1.84E-02

75%Na

4,54E-04
-3,09E-04
-1.51E-03
-2,64E-03
-3,53E-03
-4,07E-03
-4.17E-03
-3.80E-03
-3,02E-03
-1.92E-03
-6,55E-04
6,13E-04
1.79E-03
2.79E-03
2,1 IE-03
-1.79E-02

25%St

4,3 IE-04
-2,40E-04
-1,1 IE-03
-1.94E-03
-2,62E-03
-3,07E-03
-3.20E-03
-3,OOE-03
-2,49E-03
-1.74E-03
-8,43E-04
8,32E-05
9,6 IE-04
2,08E-03
1.23E-03

-1.54E-02

59%st

4,7 IE-04
-1.22E-04
-7,25E-04
-1.29E-03
-1.76E-03
-2,b5E-03
-2.13E-03
-1.99E-03
-1.64E-03
-1.12E-03
-4,98E-04
1,49E-04
7,7 IE-04
2.28E-03
1.36E-03
-8,23E-03

75%St

4.74E-04
-5,84E-05
-3,89E-04
-6,97E-04
-9,46E-04
-UOE-03
-1.14E-03
-1.06E-03
-8,72E-04
-5,88E-04
-2,47E-04
1,13E-04
4,64E-04
2,48E-03
1.49E-03

-2,03E-03

50%Na+
50%St

6,68E-04
-9,78E-05
-7,65E-04
-1.37E-03
-1.85E-03
-2.13E-03
-2.18E-03
-1.99E-03
-1.58E-03
-9,93E-04
-3,06E-04
4,OOE-04
1.07E-03
2,93E-03
2,12E-03
-6,0 IE-03



TABLE 6.10. (CONTINUED). AXIAL DISTRIBUTION OF STEEL REACTIVITY INTEGRATED OVER MEZ RADIUS WHEN DISTURBING REACTOR ON
CONCENTRATIONS OF SODIUM AND STEELS (2100°K, DIFFUSION APPROACH), AK/K

MEZ (removed sodium and steel, %)
Steel

Ax.Bl
,

C
O
R
E

Pin plugs
Sod. PI.
Z.

Initial
Condition
6,70E-04
1.67E-04

-5,72E-04
-1.25E-03
-1,8 IE-03
-2.19E-03
-2,33E-03
-2,2 IE-03
-1.85E-03
-1.29E-03
-6,1 IE-04
9.63E-05
7,37E-04
9,26E-04
7.87E-04
-1.07E-02

25%Na

6,88E-04
1.72E-04
-5,88E-04
•1.27E-03
-1.85E-03
-2,23E-03
-2.36E-03
-2,22E-03
-1.83E-03
-1,25E-03
-5,43E-04
1,9 IE-04
8,6 IE-04
1.08E-03
9,27E-04
-1.02E-02

50%Na

8.40E-04
2,27E-04
-5,70E-04
-1.27E-03
-1.85E-03
-2,2 IE-03
-2,32E-03
-2.16E-03
-1.74E-03
-U3E-03
-3,94E-04
3,65E-04
1.06E-03
1.26E-03
1,12E-03

-8,73E-03

75%Na

7,53E-04
1.87E-04

-6.13E-04
-1,32E-03
-1.89E-03
-2,25E-03
-2.34E-03
-2,15E-03
-1.70E-03
-1,05E-03
-2.92E-04
4,94E-04
1.22E-03
1,5 IE-03
1.29E-03

-8.15E-03

25%St

6.90E-04
1.34E-04
-4,49E-04
-9.77E-04
-1.42E-03
-1,7 IE-03
-1.82E-03
-1.73E-03
-1.44E-03
-9,99E-04
-4,64E-04
9,6 IE-05
6.08E-04
9,8 IE-04
8.38E-04
-7,63E-03

59%st

7,28E-04
1,1 IE-04
-2,76E-04
-6,2 IE-04
-9,07E-04
-UOE-03
-1.16E-03
-1.10E-03
-9.06E-04
-6.17E-04
-2,65E-04
1.06E-04
4,47E-04
1.05E-03
9,07E-04
-3,57E-03

75%St

7.49E-04
6,1 IE-05
-1,42E-04
-3.22E-04
-4,7 IE-04
-5,68E-04
-6,02E-04
-5,66E-04
-4.66E-04
-3.14E-04
-1,28E-04
6.88E-05
2,5 IE-04
1,12E-03
9,80E-04
-3.14E-04

50%Na+
50%St

9,10E-04
1.45E-04

-2,77E-04
-6.38E-04
-9,30E-04
-1,1 IE-03
-1.16E-03
-1,07E-03
-8,47E-04
-5.23E-04
-1.35E-04
2,72E-04
6,55E-04
1.47E-03
1.32E-03

-1.89E-03
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TABLE 6.10. (CONTINUED). AXIAL DISTRIBUTION OF STEEL REACTIVITY INTEGRATED OVER HEZ RADIUS WHEN DISTURBING REACTOR ON
CONCENTRATIONS OF SODIUM AND STEELS (2100% DIFFUSION APPROACH), AK/K

HEZ (removed sodium and steel, %)
Steel

Ax.Bl

C
O
R
E

Pin plugs
Sod. PI.
I

Initial
Condition
6,95E-04
5,89E-04
2,80E-04
6.14E-05
-1.25E-04
-2.53E-04
-3,07E-04
-2,79E-04
-1.77E-04
-1.76E-05
1.73E-04
3.66E-04
5,34E-04
6,59E-04
6,6 IE-04
2.87E-03

25%Na

7,23E-04
6.35E-04
3,03E-04
7.27E-05
-1.22E-04
-2,53E-04
-3.05E-04
-2,72E-04
-1.60E-04
9,98E-06
2,12E-04
4,16E-04
5,96E-04
7,08E-04
7,87E-04
3.36E-03

50%Na

8.78E-04
7,09E-04
3,44E-04
1.02E-04
-9.94E-05
-2.32E-04
-2.80E-04
-2.38E-04
-1.16E-04
6,62E-05
2.78E-04
4,89E-04
6.78E-04
7,94E-04
9,74E-04
4,37E-03

75%Na

8,15E-04
7,62E-04
3,72E-04
U3E-04
-9,72E-05
-2,32E-04
-2,76E-04
-2,24E-04
-8,86E-05
1.08E-04
3,35E-04
5,59E-04
7.59E-04
8,36E-04
1.15E-03
4.89E-03

25%St

7,27E-04
5,1 IE-04
2,49E-04
6,87E-05
-8,35E-05
-1.88E-04
-2.30E-04
-2,08E-04
-1.25E-04
4,62E-06
1.60E-04
3.18E-04
4.55E-04
7,04E-04
7,07E-04
3.08E-03

59%st

7,80E-04
4,03E-04
2,1 IE-04
8,57E-05
-1.82E-05
-8.84E-05
-1,17E-04
-1,0 IE-04
-4,50E-05
4,24E-05
1.47E-04
2,55E-04
3,47E-04
7.58E-04
7,7 IE-04
3.44E-03

75%St

8.28E-04
2,44E-04
1.30E-04
5,77E-05
-1.14E-06
-4,05E-05
-5.62E-05
-4,73E-05
-1.57E-05
3.34E-05
9,26E-05
1.53E-04
2,06E-04
8,27E-04
8,42E-04
3,26E-03

50%Na+
50%St

9.94E-04
4,9 IE-04
2.54E-04
1.08E-04

-8,64E-06
-8,37E-05
-1.09E-04
-8,41E-05
-1.35E-05
9.09E-05
2,13E-04
3.36E-04
4,45E-04
9.43E-04
1.16E-03
4,76E-03



TABLE 6.11. AXIAL DISTRIBUTION OF FUEL REACTIVITY INTEGRATED OVER MEZ RADIUS WHEN DISTURBING REACTOR ON CONCENTRATIONS
OF SODIUM AND STEELS (2100°K, DIFFUSION APPROACH), AK/K

FUEL

Ax.Bl

C
0
R
E

Pin plugs
Sod. PI.
E

Initial
Condition
-2,12E-03
1.09E-02
1,17E-02
1,38E-02
1.55E-02
1.66E-02
,70E-02
,65E-02
,52E-02
,34E-02
,13E-02

9,08E-03
7,25E-03
O.OOE+00
0,OOE+00
1.56E-01

25%Na 50%Na

-2,16E-03 -1.96E-03
1,15E-02
1.22E-02
1,43E-02
1,60E-02
1.70E-02
1,73E-02
1,68E-02
1,56E-02
1,37E-02
1.16E-02

,23E-02
,28E-02
,49E-02
.65E-02
,75E-02
,77E-02
,72E-02
.58E-02
,40E-02
,18E-02

9,37E-03 9,66E-03
7,54E-03 7,86E-03
0,OOE+00 O.OOE+00
0,OOE+00 0,OOE+00
1,6 IE-01 1,66E-01

LEZ (removed
75%Na

-2,36E-03
U30E-02
1,34E-02
1,54E-02
1,70E-02
1,79E-02
1.80E-02
1,74E-02
1,6 IE-02
1,42E-02
1,2 IE-02
9,99E-03
8,24E-03
0,OOE+00
0,OOE+00
1,70E-01

sodium and steel, %)
25%St 59%st

-2,20E-03 -2,39E-03
1.14E-02 1,20E-02
1.20E-02 1.22E-02
1,39E-02 1,39E-02
1,55E-02
1,65E-02
1,68E-02
1,64E-02
1,52E-02
1.35E-02
1,15E-02

,53E-02
,62E-02
,64E-02
.60E-02
,5pE-02
,35E-02
,17E-02

9,5 IE-03 9.95E-03
7,79E-03 8,42E-03
0,OOE+00 0,OOE+00
0,OOE+00 0,OOE+00
1,58E-01 1,58E-01

75%St

-2,47E-03
1,26E-02
1,25E-02
1.40E-02
1,52E-02
1,59E-02
1,6 IE-02
1,58E-02
1,49E-02
1.36E-02
1,2 IE-02
1,05E-02
9,17E-03
O.OOE+00
0,OOE+00
1,60E-01

50%Na+
50%St

-2,15E-03
1.35E-02
1.34E-02
1,50E-02
1.62E-02
1,70E-02
1,7 IE-02
1,66E-02
1.56E-02
1,4 IE-02
1,24E-02
1.07E-02
9.28E-03
0,OOE+00
O.OOE+00
U69E-01



N)

TABLE 6.11 (CONTINUED). AXIAL DISTRIBUTION OF FUEL REACTIVITY INTEGRATED OVER MEZ RADIUS WHEN DISTURBING REACTOR ON
CONCENTRATIONS OF SODIUM AND STEELS (2100°K, DIFFUSION APPROACH), AK/K

MEZ (removed sodium and steel, %)
FUEL

Ax.Bl
;

c
o
R
E

1 •
Pin plugs
Sod. PI.
I.

Initial
Condition
-l,86E-05
7,95E-03
8,86E-03
1.07E-02
1.23E-02
1.34E-02
1.37E-02
1.34E-02
U24E-02
1.08E-02
8,89E-03
6.94E-03
5,24E-03
0,OOE+00
O.OOE+00
1.25E-0!

25%Na

8,24E-06
8,3 IE-03
9,l6E-03
l.lOE-02
1.25E-02
1.35E-02
1.39E-02
1.35E-02
l,24E-02
l,09E-02
8,97E-03
7,05E-03
5,39E-03
0,OOE+00
O.OOE+00
l,27E-Ol

50%Na

2,69E-04
8,72E-03
9,48E-03
U3E-02
1.27E-02
1.37E-02
1.39E-02
1.35E-02
1.24E-02
1.08E-02
8.97E-03
7,lOE-03
5,52E-03
0,OOE+00
0,OOE+00
l,28E-Ol

75%Na

4,62E-05
9.20E-03
9,86E-03
1.16E-02
1.30E-02
1.38E-02
1.40E-02
1.36E-02
l,25E-02
1.09E-02
9.06E-03
7,25E-03
5.72E-03
0,OOE+00
0,OOE+00
l.SOE-Ol

25%St

-7,27E-06
8.17E-03
8,90E-03
1.06E-02
1.20E-02
1.30E-02
1.33E-02
l,30E-02
1, 2 IE-02
1.06E-02
8,87E-03
7,07E-03
5,48E-03
0,OOE-t-00
0,OOE+00
l,23E-Ol

59%st

-2,84E-05
8,34E-03
8,85E-03
1.03E-02
1.16E-02
1.24E-02
l,26E-02
1.23E-02
1.15E-02
l,02E-02
8,72E-03
7.13E-03
5JOE-03
0,OOE+00
O.OOE+00
l,20E-Ol

75%St

-1.35E-05
8,63E-03
8,92E-03
1.02E-02
1.13E-02
1.20E-02
1.22E-02
1.19E-02
1.12E-02
1,0 IE-02
8.74E-03
7,33E-03
6.04E-03
0,OOE+00
0,OOE+00
1.19E-01

50%Na+
50%St

3,03E-04
9,23E-03
9,54E-03
1.09E-02
1.20E-02
1.27E-02
1.29E-02
1.25E-02
1.16E-02
1.04E-02
8,94E-03
7,45E-03
6,15E-03
0,OOE+00
0,OOE+00
1.25E-01



TABLE 6.11. (CONTINUED). AXIAL DISTRIBUTION OF FUEL REACTIVITY INTEGRATED OVER HEZ RADIUS WHEN DISTURBING REACTOR ON
CONCENTRATIONS OF SODIUM AND STEELS (2100% DIFFUSION APPROACH), AK/K

HEZ (removed sodium and steel, %)
FUEL

Ax.Bl

C
0
R
E

Pin plugs
Sod. PI.
I

Initial
Condition
6.60E-04
6.46E-03
7.63E-03
9,57E-03
1.12E-02
1,23E-02
1.28E-02
I,25E-02
U4E-02
9.86E-03
7,93E-03
5,92E-03
4.13E-03
0,OOE+00
0,OOE+00
1.12E-01

25%Na

7.10E-04
6,83E-03
7,97E-03
9,90E-03
1,15E-02
1,26E-02
1.30E-02
1.27E-02
1,16E-02
9,99E-03
8,04E-03
6,02E-03
4,22E-03
O.OOE+00
0,OOE+00
1.15E-01

50%Na

9.97E-04
7,24E-03
8,33E-03
1,02E-02
1.18E-02
1.29E-02
1,32E-02
1,28E-02
1,17E-02
1,OOE-02
8.05E-03
6,03E-03
4,25E-03
O.OOE+00
0,OOE+00
1,17E-01

75%Na

8.35E-04
7,80E-03
8,80E-03
1,07E-02
1,22E-02
1,32E-02
1,35E-02
I,30E-02
1,18E-02
1,0 IE-02
8.16E-03
6,14E-03
4.37E-03
O.OOE+00
0,OOE+00
1.21E-01

25%St

7,02E-04
6J8E-03
7,82E-03
9.65E-03
1,12E-02
1.22E-02
1,26E-02
1,23E-02
1,14E-02
9,88E-03
8,04E-03
6,12E-03
4,37E-03
0,OOE+00
0,OOE+00
1,13E-01

59%st

7.43E-04
7,14E-03
7,98E-03
9,64E-03
1,10E-02
1,20E-02
1,23E-02
I,20E-02
1,11E;02
9,75E-03
8,06E-03
6,27E-03
4,62E-03
0,OOE+00
0,OOE+00
1,13E-01

75%St

8.06E-04
7,66E-03
8,30E-03
9,83E-03
1,1 IE-02
U9E-02
1,22E-02
1,20E-02
1,1 IE-02
9.85E-03
8,28E-03
6,60E-03
5,02E-03
O.OOE+00
0,OOE+00
1,15E-01

50%Na+
50%St

1,14E-03
8,14E-03
8,82E-03
1,04E-02
1,18E-02
1.26E-02
1,28E-02
1,24E-02
1,15E-02
1,OOE-02
8,3 IE-03
6,52E-03
4,88E-03
0,OOE+00
0,OOE+00
1,19E-01



TABLE 6.12. DOPLER-CONSTANT IN VARIOUS PHYSICAL REACTORS ZONES , T(dKl ffT)
10'2 (DIFFUSION-APPROACH).

1 500-2 100°K
Condition

Initial
condition

(900-1500°)

Heating up 1500-
2100°K

Sodium
«boiling»

Removal of
steel of

clad

Final condition:
Formation

steel-«plugs»

Zone
LEZ
MEZ
HEZ

AX.BI
Rad.Bl

LEZ
MEZ
HEZ

Ax.Bl
Rad.Bl
LEZ
MEZ
HEZ

AX.BI
Rad.Bl

LEZ
MEZ
HEZ

AX.BI
Rad.Bl
LEZ
MEZ
HEZ

Ax.Bl
Rad.Bl

Steel
-3.42E-02
-1.83E-02
-1.08E-02
-4.26E-03
-1.33E-03
-0.0334
-0.0175
-0.0100
-0.0026
-0.00122
-2.93E-02
-1.39E-02
-8.73E-03
-2.76E-03
-1.20E-03
-1.18E-02
-5.45E-03
-8.19E-03
-3.05E-03
-1.17E-03
-3.07E-04
-1.48E-02
-8.04E-03

Fuel
-2.96E-01
-1.40E-01
-7.36E-02
-7.88E-02
4.1 IE-02

-0.291
-0.138

-0.0695
-0.0437
-0.0369

-2.46E-01
-1.06E-01
-5.78E-02
-4.65E-02
-3.5 IE-02
-2.04E-01
-8.97E-02
-5.46E-02
-5.13E-02
-3.41E-02
-1.96E-01
-0.862E-01
-5.07E-02

2100-3500°K
Steel

-1.40E-02
-7.43E-03
-4.33E-03
-9.30E-04
-4.84E-04
-1.6 IE-05
-5.4 IE-06
-2.93E-06
-5.32E-06
-6.55E-07
-1.88E-05
-6.04E-06
-3.22E-06
-6.0 IE-06
-7.14E-07
-8.37E-06
-2.8 IE-06
-1.59E-06
-2.72E-06
-3.74E-06

Fuel

-1.27E-01
-5.89E-03
-3.07E-02
-1.52E-02
-1.47E-02
-7.15E-06
-2.04E-06
-1.16E-06
-1.04E-05
-4.36E-07
-8.14E-06
-2.28E-06
-1.27E-06
-1.17E-05
-4.76E-07
-3.75E-06
-1.09E-06
-6.28E-07
-5.40E-06
-2.66E-06

Since the product of group spectra F*F+ appears in the calculation of material worth
using disturbance theory, the conclusion on small changes of reactivity characteristics for all
areas may turn inexact.

If sodium or both sodium and steel are removed from the upper and lower ends of the
core differences of neutronic characteristics on the boundaries with the sodium plenum and
lower blanket are getting larger. In this case diffusion approach based calculation can bring
error in sodium worth as large as 20% and more. On the other hand, in these areas sodium
worth is sufficiently low as compared to that of the core.

Table 6.13 gives itegral sodium wort after reactor core reflooding with sodium in final
state (diffusion approach).Results of calculations of sodium worth, made using different
methods are presented in Figs.6.9-6.17 and Tables 6.14-6.15.

Sodium and steel removal gives an increase to the positive sodium worth itself, thus
decreasing the area of positive S VRE values. Maximum variations is observed at the core top
and core bottom. The effect of sodium and steel removal is additive in the central part of the
core. The use of the input sodium worth for the disturbed core conditions gives conservative
estimation. In case of steel plugs the accuracy of calculation of disturbance area periphery
should be regarded carefully. Obviously, it would be difficult in this case to make the
simplified correlation between material worth for nondisturbed and final states.

Change of axial distribution of sodium worth:

5RENa(z}-——Na
 0 — is given for the numbers of layers according to the

calculation consequence, shown in Fig. 6.13 (transport approximation).

214



Taking into account transport corrections in sodium worth for the upper core region
and sodium plenum is important on the stage preceding sodium boiling, i.e. when there exists
rather strong factor of deformation with time of axial sodium temperature profile. On the other
hand, these corrections play insignificant role under disturbed conditions considered at
practically constant sodium temperatures over the height. In general, results of diffusion
calculations of space distribution of the sodium temperatures can be used.

6.E-04
Reactivity, AK/K

4.E-04 --

2.E-04 --

O.E+00

-2.E-04 --

-4.E-04 --

-6.E-04 --

-8.E-04

^ dopier

[] SVER (100%Na-»75%Na)

11 13 15 17

3 5 7 9

Groups number
|ft" I I I I I I I

19 21 23 25

FIG. 6.6. Doppler effect and SVRE spectral representation
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600 900 1200 1500 1800 2100 2500

cKFIG. 6.7. Doppler constant T — in various ranges of temperatures

6.4.2. Steel worth

Steel worth integrated over physical zones are given for different conditions of reactor
in Table 6.16 (diffusion approach). Spatial distributions of steel worth is presented in
Figs.6.18-6.21.

Reactivity effect caused by steel relocation is determined mainly by its concentration
change in the areas of disturbance. Change of capture on the steel nuclei is insignificant
(Fig.6.22-6.23 and Table 6.17). Contributions to the reactivity effect made by upper and lower
plugs have different signs. Upper plugs result in decrease of neutron leakage from the core
(positive reactivity effect), while in the lower plugs capture increase exceeds neutron leakage
decrease (negative effect) - see Fig.6-18-6.20. Net reactivity caused by the steel relocation is ~
3%AK/K. _ t .,.Text cont. on page 228.
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4.E+01

2.E+01

-2.E+01 - - Fission
of238U

-4.E+01

-6.E+01

-8.E+01 _

11 13 i 15 17 19 21 23 25

2.E+01

2.E+01--

1.E+01--

5.E+00

0.

-5.E+00

FIG. 6.8. Changes of group spectra of a neutrons flux (Fg) and group spectra of the adjoin
flux (Fg

+) with transition from the initial condition to a condition with removed sodium and
steel of environments for centers LEZ, MEZandHEZ, (%).
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TABLE 6.13. INTEGRAL SODIUM WORTH AFTER REACTOR CORE REFLOODING WITH
SODIUM IN THE FINAL CTATE (2100°K,) AK/K.

DIFFUSION APROACH
Zone Initial Condition Final condition

(Formation steel-«plugs»)

Axial Blanket
CORE

Sod.plenum
Total

Reaktor

LEZ
1,89E-04
-6,65E-03
2,55E-03
-3,91E-03

MEZ
3,20E-04
-3,73E-03
1,95E-03
-1,47E-03
-9,40E-04

HEZ
3,39E-04
2,37E-03
1,71E-03
4,44E-03

LEZ
2,33E-04
-6,86E-03
3,36E-03
-3,27E-03

MEZ
3,60E-04
-3,OOE-03
2,36E-03
-2,78E-04

8,22E-04

HEZ
3,92E-04
2,08E-03
1,88E-03
4,37E-03

TABLE 6.14. INTEGRAL OF SODIUM REACTIVITY (1024 NUCLEI) IN ZONES. 2100°K, AK/K

TRANSPORT APPROACH (TWODANT CODE)
Initial

Condition
Axial Blanket
Core
Pin plugs
Sodium plenum
Rad.banket

Total in zone

0.313
0.461

1.90E-01
0.339
0.269

LEZ

1.36E-01
-1.95E-01

1.8 IE-01

MEZ

1.03E-01
3.76E-02

1.19E-01

HEZ

7.44E-02
6.18E-01

9.90E-02

Na=0
Axial Blanket

CORE
Pin plugs

Sodium plenum
Rad.banket

0.418
0.817
0.308
1.17

0.305

1.84E-1
-0.925E-1

6.08E-01

1.38E-01
1.53E-01

3.04E-01

9.55E-02
7.56E-01

2.59E-01

Na+Steel=0
Axial Blanket

CORE
Pin plugs

Sodium plenum
Rad.banket

0.487
1.04

0.378
1.43

0.296

2.23E-01
2.71E-2

7.64E-01

1.62E-01
2.74E-01

3.74E-01

1.02E-01
7.35E-01

2.91E-01

Final
Axial Blanket

CORE
Pin plugs

Sodium plenum
Rad.banket

0.174
0.759
0.272
1,15

0.282

4,53E-02
-1,586E-01
1,25E-01
5,99E-01

6,4 IE-02
1.37E-01
6,66E-02
2,68E-01

6,50E-02
7.81E-01
8,04E-02
2.80E-01

TABLE 6.15. COMPLETE EFFICIENCY SODIUM IN REACTOR AND SODIUM DENSITY
COMPONENTS OF TEMPERATURE REACTIVITY COEFFICIENT

Initial condition
Variant with Na = 0 in SA

Removal of Na and steel (Na + St = 0)
Final condition (Formation steel-«plugs»)

Na worth,
(AK/K)
2.85E-02
2.5 IE-02
2.62E-02
2.447E-02

TCR-Na,
(AK/K) /degree

-7.93E-06
-6.98E-06
-7.29E-06
-6.8 IE-06

5TCR-NA,
(%)
-

-12
-8.1

-14.1
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0.15 AK/K
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0.16-
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CORE (HEZ)
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FIG.6.9. Axial distribution of efficiency sodium with concentration 1024 nucl./cmB integrated
on the LEZ and HEZ square (diffusion approach)
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FIG. 6.10. Axial distribution of integral sodium worth in Lez and MEZ taking into account
sodium concentration change in zones. (2100°K, diffusion approach)
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FIG.6.11. Axial distribution of integral sodium worth in HEZ taking into account sodium
concentration change in zones. (2100°K, diffusion approach)
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TABLE 6.16. STEEL WORTH INTEGRATED OVER PHYSICAL ZONES, AK7K (2100°K,
DIFFUSION APPROACH).

Zone
LEZ

Ax. Blanket
CORE
Pin plugs
Sodium plenum
TOTAL

MEZ
Ax. Blanket
CORE
Pin plugs
Sodium plenum
TOTAL

HEZ
Ax. Blanket
CORE
Pin plugs
Sodium plenum
TOTAL

Condition
Initial

4,08E-04
-2,46E-02
1.88E-03
1.10E-03
-2,12E-02

Initial
6,50E-04
-1.35E-02
8,92E-04
7,57E-04
-1,1 IE-02

Initial
6,70E-04
6,84E-04
6,34E-04
6,33E-04
2,62E-03

Na=0
6,37E-04
-2,30E-02
2,76E-03
2,10E-03
-1.75E-02

Na=0
8,95E-04
-U5E-02
1.44E-03
1.28E-03

-7,85E-03
Na=0

8,60E-04
1.86E-03
8,02E-04
1.12E-03
4,67E-03

Na+St=0
7,5 IE-04
-8,33E-03
3,50E-03
2,68E-03
-UOE-03
Na+St=0
1.08E-03

-3,52E-03
1.85E-03
1.58E-03
1.05E-03
Na+St=0
9,3 IE-04
1.58E-03
8,05E-04
1,27E-03
4,62E-03

St.-«plugs»
3,13E-04
-1,70E-02
5,57E-03
2,0 IE-03
-9,1 IE-03
St.-«plugs»
5,06E-04
-7,58E-03
2,66E-03
U3E-03
-3,28E-03
St.-«plugs»
6,09E-04
2,95E-03
1,27E-03
1,20E-03
6,03E-03

TABLE 6.17. INTEGRALS OF NUMBERS OF CAPTURES ON IRON IN ZONES

Nc-FE Initial cond. NA+ST=0 Formation steel-«plugs»
Total in LEZ 4,07E-07 2,17E-07 3,79E-07
Total in MEZ 3,3 IE-07 1.69E-07 2,95E-07

6.4.3. Fuel worth

Integral fuel worth in reactor zones obtained using different approaches are given in
Table 6.18 and Fig.6.24, spatial distribution being presented in Fig.6.25-6.30.

Within the core, fuel worth difference between diffusion and transport calculation is
insignificant, thus allowing to use diffusion calculation results. Fuel worth change is
insignificant just for the types of disturbances considered, however these are quite different
from the initial state worth. New worth values should be used for description of molten fuel
relocation. Using data obtained for initial, undisturbed state, would result in lower reactivity
effects, i.e. in the more pessimistic estimations. In this case LEZ would give highest error
(Fig.6.24).

6.5. REACTIVITY EFFECTS CAUSED BY MATERIAL EXPANSION

Table 6.19 gives comparison of integral values of reactivity coefficients caused by
thermal expansion of the core materials (calculation based on disturbance theory, transport
approach, 2100°K). Thereby, use of reactivity feedback component obtained for the initial
condition gives more pessimistic evaluation in the emergency process description because of
the thermal expansion of material.
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TABLE 6.18. INTEGRAL WORTH OF FUEL, AK/K (2100°K).

Zone

LEZ

MEZ

HEZ

Rad/Bl.
Ax/BL LEZ

Ax/Bl.
MEZ

Ax/Bl.
HEZ

S Ax/Bl.

Condition
Approach
Diffusion
Transport
Diffusion
Transport
Diffusion
Transport
Diffusion
Diffusion
Transport
Diffusion

Transport
Diffusion

Transport
Diffusion
Transport

Initial
1.5533E-1
1,57E-01
1.2374E-1
1,24E-01
1.1167E-1
1,1 IE-01

8.7592E-3
-1.30E-3
-1,98E-03
-2.90E-5

1.93E-05
3.14E-4

6,55E-04
-1.01E-3
-l,30E-3

Na=0
1.7115E-1
1.72E-01
1.3061E-1
1.30E-01
1.1894E-1
1,18E-01
9.352E-3
-1.27E-3
-1,87E-03
1.94E-4

4,04E-04
5.39E-4

9,62E-04
-5.38E-4
-5,OOE-4

Na+Steel=0
1.7578E-1
1.77E-01

1.3007E-1
1.29E-01
1.1282E-1
1,1 IE-01

9.5670E-3
-1.46E-3
-2,07E-03
2.87E-4

6,24E-04
5.82E-4

1.02E-03
-5.87E-4
-4,26E-4

«Plugs»
1.6959E-1
1,70E-01

1.2587E-1
1,25E-01
1.1399E-1
1.13E-01

9.4997E-3
-7.42E-4
-1.47E-03
-6.00E-5

-2,09E-04
3.33E-4

6,93E-04
-4.69E-4
-9,86E-4

6.6. NEUTRON KINETICS FUNCTIONALS

Tables 6.20 and 6.21 give neutron kinetics parameters obtained for sequential change
of the core states (data, obtained using flux and worth evaluated by TWODANT code are also
presented for the initial undisturbed state). Analysis results show that neutron kinetics
parameters changes are insignificant when changing over from one state to another, and hence
values obtained for undisturbed core state can be used.

TABLE 6.19. REACTIVITY EFFECTS
APPROACH, 2100°K)

FROM EXPANSION OF MATERIALS (TRANSPORT

Condition

R-Leakage (SKI)
Z Leakage (8K2)
6K3
TCR (1 /degree) from
radial expansion
TCR (I/degree) from
axial expansion
Complete sodium
reactivity in reactors,
(AK/K)
Sodium density
component in TCR
(1 /degree)

Initial

0.077935
0.12618
0.26936

-.13065E-4

-.17146E-5

.2850 IE- 1

-.79324E-5

Na=0

0.084048
0.14571
0.29117

-.14622E-4

-.1849E-5

.25074E-1

-.69788E-5

Na+St=0

0.087183
0.15496
0.29617

-.15268E-4

-.1918E-5

.26182E-1

-.7287E-5

Steel-
«plugs»

0.0830861
0.14833

0.288515
-.14699E-4

-.18279E-5

.24469E-1

-.68103E-5

Text cont. on page 241.
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TABLE 6.20.EFFECTIVE SHARE OF DELAUTED NEUTRONS

Condition
The initial condition
approfch)
The initial condition
approfch)
Heating up to 3500TE
Sodium «boiling»
Remjval of steel of pins

(Diffusion

(Transport

The final condition (formation Steel-
«plugs»)

Pi
8.5343E-5

8.5010E-5

8.4838E-5
8.503 IE-5
8.5185E-5
8.4897E-5

P2
6.7765E-4

6

6
6
6
6

.7628E-4

.7524E-4

.7639E-4

.7758E-4

.7563E-4

P3
5.4146E-4

5.3717E-4

5.3600E-4
5.4097E-4
5.4946E-4
5.4135E-4

1

1
1
1
1

P4

1.2906E-3

.2760E-3

.2736E-3

.2950E-3

.3318E-3

.2983E-3

P5

7.5260E-4

7.4267E-4

7.4125E-4
7.5670E-4
7.8358E-4
7.5975E-4

P6
2.7316E-4

2.6874E-4

2.682 IE-4
2.7510E-4
2.8717E-4
2.7649E-4

3

3

3
3
3
3

Pdf
.6208E-3

.5859E-3

.5792E-3

.6292E-3

.7148E-3

.6364E-3

TABLE 6.21. CONSTANT DISINTEGRATION OF NUCLEUSES-PREDECESSORS (I/SEC) AND TIME OF LIFE OF
INSTANT NEUTRONS.

Condition A/4

(sec)
The initial condition 1.3403E-2 3.0771E-2 1.1733E-1 3.0797E-1 8.8055E-1 2.9481E+0 4.3604E-7
Heatingupto3500iE 1.3403E-2 3.0771E-2 1.1733E-1 3.0797E-1 8.8055E-1 2.9481E+0 4.2348E-7
Sodium «boiling» 1.3406E-2 3.0785E-2 1.1748E-1 3.0845E-1 8.8140E-1 2.9520E+0 3.9613E-7
Remjval of steel of pins 1.3413E-2 3.0804E-2 1.1774E-1 3.0928E-1 8.8285E-1 2.9586E+0 3.6997E-7
The final condition (formation Steel- 1.3407E-2 3.0785E-2 1.1751E-1 3.0858E-1 8.8162E-1 2.9531E+0 3.7294E-7
«plugs»)____________________________
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6.7. CONCLUSIONS

The detailed analysis neutronic parameters were performed for the sequence of core
configurations, simulating the different stages of accident development. Different approaches
and codes were used: diffusion theory, transport theory, Monte-Carlo.

The analysis of an accident with partial destruction of large areas of core should be
carried out together with neutronics analysis. Use of independent physical analysis has greater
presentation on essence of change of neutronic parameters, areas of their maximum influence
and change and requirements to methods of analysis. In decomposition approach the number
of stages of process approached to real ones should be greater thanthat considered. The
increase of number of considered stages will determine areas of simplified approximation (for
example, linear). The application of reactivity obtained for initial condition, for disturbance
condition gives for more pessimistic forecasts for the BN-800 reactor. In general for
condition of sodiun and steel removal from SA internal area it is possible to use
multiparametrical approximations for the basic reactivity factors (such as offered earlier).
Under considered discrete condition diffusion approach rather precisely describes central area
of the core. The largest change of local reactivity factors is observed on borders of zones,
where absolute value of material is small. After removal of cladding steel the area positive
SVRE values is narrowed, steel removal gives a large positive effect, but the formation steel-
«plugs» increases absorption at end faces of the core, partially compensating this effect. With
removal of sodium and of part of steel the worth of steel nuclei in a zone of perturbation is
increased. The fuel worth practically has not undergone any essential changes for all
considered stages. Neutronic characteristics for initial core state discribe satisfactory this
characteristics during the accident development as concern fuel, steel and sodium efficiency
and reactivity feedbacks due to core expansion.

Account for transport corrections in the sodium worth for the upper core area and
sodium plenum is important on the process stage preceding sodium boiling, if there is
sufficiently strong factor of deformation with time of axial distribution of sodium
temperatures. However these corrections are insignificant for the disturbed states considered
when there is not practically any sodium temperature axial nonuniformity. In general, results
of space distributions of sodium worth obtained from the diffusion calculation can be used.
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