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ABSTRACT

In the German practice of considering boron dilution transients (BDT) in safety analysis reports
(SAR), a strongly conservative approach is applied. The approach is based on recommendations
of the German Gesellschaft für Anlagen- und Reaktorsicherheit (GRS) and the technical expert
organizations (TÜV) and accepted by the Reactor Safety Commission (RSK) and is currently
followed by the industries and the facilities.

This conservative approach is based on a combination of analytical and experimental steps. In
the first step, the bounding scenarios which lead to maximum realistic volumes of the lower-
borated coolant which can be transported to the reactor core by re-establishing circulation in the
primary circuit are determined in a series of thermal hydraulic system code calculations. These
are mainly small break loss of coolant accidents (SBLOCA), during which the decay heat is
removed from the core in the reflux-condenser regime. The position and maximum size of
lower-borated slugs are identified, and the circulation re-start conditions are determined. The
main SBLOCA scenarios are verified on experiments at large scale test facilities (e.g. PKL in
Germany). While in the integral tests, the formation and transport of the slugs in the loops is
assessed, the mixing is investigated in detail in dedicated mixing test facilities using the
boundary conditions either from the integral tests or from the system code calculations. In this
way, the minimum boron concentration at the core inlet, which is reached during the transient, is
estimated. Additionally, the minimum boron concentration is calculated by using computational
fluid dynamics (CFD) codes. The critical boron concentration of a reactor core should be lower
than this minimum boron concentration. This approach contains a high amount of conservatism,
because it is assumed that the boron concentration is uniform in the whole reactor core. The
spatial and temporal distribution of the boron concentration in the reactor core, available from
the detailed analyses, is not taken into account.

A different approach based on best-estimate calculations has been developed at FZR and was
applied to generic studies of BDT scenarios connected with start-up of the first MCP for
German KONVOI type reactors. This approach starts with the definition of a bounding scenario
which covers all possible BDT scenarios with respect to reactivity consequences (maximum
reactivity insertion). This is followed by a reactivity initiated accident (RIA) analysis using
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appropriate best-estimate tools (coupled 3D neutron kinetics/thermal hydraulic codes). Best-
estimate boundary conditions for the boron concentration at the core inlet are applied. These are
time-dependent boron concentration at the core inlet determined from experiments or CFD
calculations. The final goal of the analysis is to show the integrity of the fuel rods. Usual
acceptance limits with respect to maximum fuel temperature, maximum cladding temperature,
radially averaged enthalpy deposited in the fuel and maximum cladding oxide layer thickness
for RIA are applied.

The use of this best estimate approach, which should be accompanied by an uncertainty
analysis, can help to make the design of future reactor cores more flexible and economically not
decreasing the safety level of the nuclear installations.

1. INTRODUCTION

In the German practice of considering boron dilution transients (BDT) in safety analysis reports
(SAR), a strongly conservative approach is applied, although it is not explicitly requested in
German rules and guidelines for SAR [1]. According to these guidelines, re-criticality of the
reactor during a boron dilution event is not allowed to occur. The approach is based on
recommendations of the German Gesellschaft für Anlagen- und Reaktorsicherheit (GRS) and
the technical expert organizations (TÜV) and accepted by the Reactor Safety Commission
(RSK) and is currently followed by the industries and the facilities. No final recommendation
and guidelines exist, because the item is subject of comprehensive discussions and research in
Germany currently.

The use of best-estimate models and approaches in the safety analyses of nuclear reactors is
under discussion in Germany over some years. With the transition from the application of
conservative models and approaches to best-estimate analyses, it is possible to reduce the
conservatism of safety margin not decreasing the safety level of the nuclear reactors. In this
context, a best-estimate approach to boron dilution transient analyses has been developed by FZ
Rossendorf. This approach uses state-of-art codes for the calculation of the core and plant
behaviour. For the considering of the coolant mixing a model has been developed and
integrated into the codes. This model has been validated on dedicated mixing experiments.

2. CONSERVATIVE APPROACH FOR THE SAFETY ANALYSES OF BORON
DILUTION EVENTS

2.1 DIFFERENT STEPS OF THE CONSERVATIVE APPROACH

The conservative approach consists of the following steps:

In a series of thermal hydraulic system code calculations, the bounding scenarios are defined
which lead to maximum realistic (under the conditions assumed for nuclear safety verification
calculations) volumes of the de-borated slug which can be transported to the reactor core by re-
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start of natural circulation in the primary circuit. The start-up of the first MCP is excluded due to
regulations and counter measures which make it practically impossible that the pump is started
as long as there is diluted coolant in the primary circuit. Therefore, loss of coolant accident
(LOCA) scenarios are considered, where the decay heat is removed from the steam generator
during the LOCA in the reflux-condenser mode. This reflux-condenser regime leads to an
accumulation of low borated slugs in the primary circuit. Moreover, scenarios like the failure of
the decay heat removal system during mid-loop operation after shut down, and external dilution
scenarios during non-operational regimes of the reactor (cold conditions) are considered.

The thermal hydraulic boundary conditions in these LOCAs are determined from the system
code calculations and are verified on experiments at large scale test facilities (e.g. PKL in
Germany). The position and maximum size of de-borated slugs are identified, and the natural
circulation re-start conditions are determined.

While in the integral tests, the formation and transport of the slugs in the loops is assessed, the
mixing is investigated in detail in experimental set-ups with appropriate scale with respect to
mixing (ROCOM (Rossendorf Coolant Mixing Model), UPTF (Upper Plenum Test Facility)).
In this way, the minimum boron concentration at the core inlet, which is reached during the
transient, is estimated.

It has to be shown, that the sub-criticality of the reactor core is ensured, even in the case, that the
minimum local boron concentration occurring at a single fuel element for a very short time
would exist in the whole core. Especially the last requirement contains a high amount of
conservatism.

2.2 SELECTION OF BOUNDING SCENARIOS

The proof of nuclear safety with respect to BDT is focussed on inherent dilution events with re-start
of natural circulation. Inherent dilution due to the accumulation of lower borated slugs in the loops
during reflux-condenser phase of LOCAs is of special importance in German safety verification
procedures because it has to be considered as a Design Basic Accident (DBA) according to the
German guidelines for safety assessment. In the case of a DBA, the single failure of one of the
required ECC systems is postulated. At the same time, a second system is assumed to be under
repair. The spectrum of the relevant BDT scenarios has to be selected under these assumptions.

According to the present status of the procedure, the following three bounding scenarios have been
identified:

• SBLOCA in the cold leg with high pressure ECC injection into the cold leg (“cold/cold”
scenario)

• SBLOCA in the hot leg with high pressure ECC injection in the hot leg and persisting natural
circulation in the loops with this injection (“hot/hot” scenario)

• Failure of the decay heat removal system at mid-loop operation in cold shut-down conditions

This selection is based on comprehensive studies by using thermal hydraulic system codes and
considering experiments available in the international community (e.g. LOBI tests).
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The last mentioned scenario can lead to the accumulation of large lower borated slugs (up to 20 t) in
the steam generators. However, in this case an accumulation in the cold leg with possible
transportation to the core is expected only after about 3 hours. Therefore, there is sufficient time for
counter measures like injection of highly borated water. So, this scenario can lead to the
accumulation of a large amount of lower borated water, but is not considered to contribute to re-
criticality risk.

2.3 EXPERIMENTAL VALIDATION OF THE SCENARIOS AND THE MIXING OF
THE SLUGS

Concerning the “cold/cold” and “hot/hot” scenarios, experiments at the integral thermal hydraulic
test facility PKL and at the ROCOM mixing test facility have been performed.

The test facility PKL is a scaled-down (1:145 in volume and power, but 1:1 in height) model of a
KWU design 1300 MW class pressurized water reactor. PKL models the entire primary side and
essential parts of the secondary side (without turbine and condenser).

The following aspects of the inherent BDT scenarios have been investigated:

1. Size of the "condensate slugs" formed in each loop
2. Location of the condensate slug
3. Effective boron concentration after the mixing process during refill and transport (in the SGs,

in the loops)
4. Intensity of the natural circulation
5. Time difference between the start-up of natural circulation in the different loops
6. Effective boron concentration after the mixing with highly borated water in the RPV

downcomer and in the lower plenum

While the first five items have been investigated at PKL, full scale or at least larger scale test facilities
like UPTF or ROCOM are more suitable for the reactor-like simulation of mixing processes in the
downcomer and the lower plenum of the RPV.

ROCOM (Rossendorf Coolant Mixing Model) is a test facility for the investigation of coolant mixing
modelling a KONVOI type reactor with all important geometrical details in a linear scale of 1:5.
ROCOM is a four-loop test facility with a RPV mock up made of transparent acryl. Individually
controllable pumps in each loop give the possibility to perform tests in a wide range of flow
conditions, from natural circulation to nominal flow rate including flow ramps (pump start-up). The
transparent material for the pressure vessel allows the measurement of velocity profiles in the
downcomer by laser Doppler anemometry.

UPTF (operated until 1997) was a geometrical full-scale mock-up of the primary system of a
German PWR. The upper plenum including original internals, the downcomer, and the four
connected loops as well as the pressurizer are represented on a 1:1 scale. UPTF was designed to
perform mainly separate effects tests focusing on multi-dimensional thermal hydraulic phenomena in
the upper plenum, across the upper core tie plate, in the downcomer and the loops as well as in the
surge line and the pressurizer during various simulated accidents [2].
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2.4 RESULTS

From the ROCOM experiments, which were performed according to the scenarios verified in the
PKL tests with additional conservative assumptions, the minimum boron concentrations at the core
inlet during the whole BDT were found. These values were additionally confirmed by CFD
calculations and experimental tests at the full scale UPTF facility. The values currently accepted still
bear a lot of conservatism due to conservative selection of initial and boundary conditions.

Finally, for each core loading in a German PWR it has to be shown individually, that the critical
boron concentration for the state with inserted control rods is lower than the bounding minimum
value. In some analyses, even an additional reactivity amount of 1 % is considered. The coolant
temperature and the xenon concentration are selected in a conservative manner [3].

For these stationary analyses, which are performed with standard reactor core design codes of the
vendors, the utilities and the technical expert organisations, the minimum boron concentration is
assumed to occur over the whole core. As already mentioned, this is an additional, very conservative
assumption.

3. GENERIC ANALYSES ON BDT SCENARIOS RELATED TO THE START-UP
OF THE FIRST MCP

3.1 BEST-ESTIMATE APPROACH

A best-estimate approach to BDT analyses has been developed by FZ Rossendorf. This approach is
characterized by the following procedure:

• A scenario is defined which covers all possible BDT scenarios with respect to reactivity
consequences (maximum reactivity insertion). Such scenarios are usually pump start-up
scenarios, because they are connected with a very fast transport of the lower borated slug
to the core, leading to a relatively limited degree of mixing and fast reactivity insertion.

• A reactivity initiated accident (RIA) analysis is performed for this scenario using
appropriate best-estimate tools (coupled 3D neutronics/thermal hydraulic codes). Best-
estimate boundary conditions for the boron concentration at the core inlet are applied. The
time-dependent boron concentration at the core inlet is crucial for the induced reactivity
insertion. It should be determined as realistic as possible. Therefore, Computational Fluid
Dynamics (CFD) methods are applied or dedicated mixing models are developed which
allow the ascertainment of time-dependent curve of boron concentration at each fuel
element position. The CFD methods and the mixing models have to be validated against
experimental data.

• The goal of the analysis is to show the integrity of the fuel rods. Usual acceptance limits
with respect to maximum fuel temperature, maximum cladding temperature, radially
averaged enthalpy deposited in the fuel and maximum cladding oxide layer thickness for
RIA are applied.
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The RIA analyses are performed using best-estimate codes. Those codes are thermal hydraulic
system codes (ATHLET, RELAP5) coupled with 3D neutron kinetics models (DYN3D). DYN3D
is a three-dimensional kinetics computer code developed at FZR for investigation of reactivity
induced accidents in the core of water-cooled thermal reactors [4].

The best-estimate boundary conditions at the core inlet (space and time dependent boron
concentration distribution) are obtained by modelling of the transportation of a de-borated slug inside
the reactor pressure vessel – on start-up of the first MCP – and of the subsequent mixing of the slug
with the borated coolant in the downcomer, using CFD codes. Because of long computation times,
the on-line coupling of CFD modules to thermal hydraulic system codes is recently not feasible. For
on-line coupling, simplified, fast running mixing models should be used which are validated on
experiments and CFD calculations.

In FZ Rossendorf, a semi-analytical perturbation reconstruction model (SAPR) for the description of
the coolant mixing inside the reactor pressure vessel was developed and comprehensively validated.
The model is based upon a linear superposition technique [5].

Conservative initial conditions are assumed for the RIA analyses, e.g. a conservatively low initial
primary coolant temperature is chosen to decrease the scram efficiency. Moreover, the stuck of the
most effective control rod is assumed.

The best-estimate approach has been developed at FZR and was applied to generic studies of BDT
scenarios connected with start-up of the first MCP for German KONVOI type reactors [6], [7]. It
is not applied in German SAR studies.

3.2 RESULTS OF THE ANALYSIS

In the generic analysis it is assumed, that because of the fast transport of the slug to the core in the
case of start-up of the first pump this transient is a covering scenario. This scenario is investigated
applying best-estimate methods. Corresponding analyses have been performed for German
KONVOI type reactors using the codes DYN3D and DYN3D/ATHLET in connection with the
above mentioned SAPR model, which has been implemented into the coupled code system.

Using the SAPR model, the mixing of slugs of un-borated water was modelled, which are assumed
to be formed in the loop seal after the main coolant pump. The slug size was varied between 1 m3

and 36 m3. The reactor-physics and steady state calculations were performed using the code
DYN3D, the transient calculations with the coupled code DYN3D/ATHLET. A generic equilibrium
core loading for a German KONVOI type reactor at the beginning of cycle was considered.

First, steady state calculations were performed to obtain the static reactivity gain assuming a realistic
radial distribution of the boron concentration over the core inlet, but with axial uniform distribution.
This corresponds to the assumption, that the slug volume is much larger than the water volume in the
core. The radial boron concentration distribution corresponds to the distribution at the moment of
occurrence of the minimum concentration. The initial state of the reactor is hot sub-critical (all control
rods inserted) with stuck of the most effective control rod in upper position. The result of these
steady-state calculations was that the reactor remains sub-critical until the slug size does not exceed



7

14 m³, even under the conservative assumption that the axial boron concentration is homogeneous
and corresponds to the inlet concentration. The boron concentration distributions at the core inlet in
the moment of the occurrence of the minimum are shown on Fig. 1, the minimum values in Tab. 1.
Fig. 2 shows the calculated static reactivity gain in dependence on the slug volume. For comparison
the static reactivity, using the minimum boron concentration over the whole core is shown, too.

Tab. 1 Minimum boron concentration in dependence on the initial slug volume in the pump
start-up scenario

Slug volume [m3] Minimum boron concentration in the core
inlet plane [ppm]

0 2200
4 1619
8 1104
12 655
16 377
20 298
24 178
28 93
32 0
36 0

Transient calculations were performed for the initial slug volumes of 16, 20 and of 36 m3 using
the codes DYN3D and DYN3D/ATHLET. Here, the results of the coupled code calculation
for the bounding slug volume of 36 m3 are shown. The parallel coupling of DYN3D and
ATHLET was used in this calculation.

The switching-on of the MCP drives the slug towards the core. The boron concentration in the
core decreases rapidly and the reactor becomes promptly super-critical (maximum reactivity of
about 2 $), what leads to a very fast power excursion with peak power of nearly 8000 MW. The
time behaviour of the reactivity and the reactor power are shown on Fig. 3 and 4. The time
point t = 0 s corresponds to the switch-on of the pump. However, the power excursion is limited
by the very effective Doppler feedback of the fuel temperature. The width of the power peak is
only about 25 ms. Therefore, the integral energy release in the power peak is limited.

This power peak occurs before the boron concentration has reached its minimum in the core.
Because the positive reactivity insertion is continued after the power peak appears, typical
secondary power peaks emerge. The interaction of the continuing deboration with negative
Doppler and void feedback effects determines the height and frequency of these power peaks.
The total reactivity remains below the super-prompt margin, which is the reason that these
power peaks are significantly lower.

The fuel temperature remains below 1000 °C (Fig. 5). Local coolant boiling occurs in a number
of fuel assemblies (Fig. 6, 7), but no DNB occurs, so that the cladding temperatures stay below
260 °C, as can be seen on Fig. 8.
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CONCLUSIONS

In the German practice of considering BDT in safety analysis reports SAR, a strongly conservative
approach is applied. It must be shown, that the reactor is always in a sub-critical state, if the
minimum boron concentration which can occur during postulated scenarios is assumed to occur over
the whole core.

A best-estimate approach has been developed at FZR and was applied to generic studies of BDT
scenarios connected with start-up of the first MCP. From these analyses, it can be concluded, that
even in the case of conservatively high slug volume (the volume of the loop seal is less than 8 m³), the
safety criteria are adhered and the integrity of the core is not endangered. The investigations have
shown large margins of the conservative approach.

The use of this best estimate approach, which should be accompanied by an uncertainty analysis, can
help to make the design of future reactor cores more flexible and economically not decreasing the
safety level of the nuclear installations.
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Fig. 1 Core inlet distribution at the moment of maximum de-boration

Fig. 2 Static core reactivity in dependence on the slug volume
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Fig. 3 Dynamic reactivity during the transient

Fig. 4 Time course of the core power
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Fig. 5 Maximum fuel temperature during the transient

Fig. 6 Maximum void content in the reactor core
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Fig. 7 Time sequences of the void content in the core (on behalf of the isosurface of
20 %)

Fig. 8 Maximum cladding temperature during the transient


