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Summary

The paper presents a synthesis of the global analysis of uncontrolled Boron
Dilution risk performed by EUCOM in the frame of Safety Measures RCOl and
AA11.

Recommendation for additional improvements (Mainly I & C interlocks or
inhibition) are presented.
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1 - INTRODUCTION - GENERAL BACKGROUND

The core reactivity of a Pressurized Water Reactor is mainly controlled by control rods and
boron. When the plant is in power operation, these neutron absorbers allow the control of
neutron flux. For each of the reactor states, a sufficient margin must be allowed to provide a
safety margin in the event of an incident (spurious withdrawal of a control rod, for example).

Nevertheless, the total possible absorption by the control rods is not sufficient to ensure sub-
criticality of the core all along the fuel cycle. Therefore uncontrolled Boron dilution can itself
cause a global or local uncontrolled criticity and lead to core damage.

Prevention of such events is the puipose of the Safety Measure RC01, in relation with AA11
(transient calculations) and, partly, AA01 for gradual dilution.

2 - GENERAL APPROACH

Homogeneous (or gradual) dilution and Heterogeneous (or rapid) dilution events must be
distinguished (see fig. 1).

2.1. Homogeneous (gradual) dilution

Homogeneous dilution is characterised by the make-up in the primary circuit of water at a
lower boron concentration than the initial one of the primary coolant, leading to a slow and
nearly uniform reduction of the boron concentration in the reactor vessel.

Abnormal status can then be detected by measurements related to Reactor Trip System
(Neutron flux) and monitoring of Primary Circuit Boron concentration.

Ln these conditions, the objective of the safety analysis is to demonstrate that, for the
penalizing cases of gradual dilution, the time before reaching (re)criticality is sufficient for the
operator to implement the adequate actions to stop the dilution.

According to IAEA guidelines for Accident Analysis of W E R Nuclear Power Plants, 30 mn
are considered to be an adequate period.

Analysis performed for Pre-Operational Safety Report (POSAR) in the frame of AA01 shows
that, for the penalizing case of Chemical and Volume Control System malfunction, considered
as an Anticipated Transient (category T), the above mentioned criteria are respected, for the
different initial states of the plant.
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2.2. Heterogeneous (Rapid) dilution

A rapid boron dilution event is defined as the sudden addition of a volume of boron free or
nearly boron free water into the core region. The rapid boron dilution event differs from the
events discussed in previous section in the rate at which the unborated water enters the core.
For the gradual "boron dilution events discussed in the previous section, there is sufficient
mixing of diluted water in the reactor coolant system to result in only a slow decrease in core
boron concentration. Furthermore, the diluted volume is dispersed uniformly throughout the
core region. In contrast, a "rapid boron dilution" event occurs when the flow into the reactor
core contains streams of relatively unborated water. As a result, the reactivity addition in the
core can be localized and potentially severe.

A rapid dilution event leads to a rapid change in the local parameters of the core. Thus, the
limitation of the probability of the occurrence of such event (prevention) is much more
important than its detection and the actions which may be taken subsequently.

The several steps of the global analysis performed in the frame of SM RCOl and AAll are as
follow :

System analysis

Identification of initiators and scenarios
of rapid dilution events (RCOl)

Probabilistic Assessment

Estimation of probability of
identified scenarios (RCOl)

Definition of envelopping cases
for transient analysis

(RCOl)

Preliminary proposition for
improvements

(RCOl)

/
Transient Analysis

(AAll)
Thermal-hydraulic and Neutronic

Taking into account probability and consequences of
scenarios, definition of necessary improvements

(RCOl)

if.
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3 - SYSTEM ANALYSIS

3.1. General description of a rapid dilution event

Generally speaking, a rapid dilution event can be described as follows :

- constitution of a clear (deborated) water slug in a primary loop,

- propulsion of this slug in the Reactor Pressure Vessel and through the core.

Constitution of a clear water slug is possible if flow rate under which deborated water is
introduced in the primary loop is important in comparison with primary coolant flow rate.

Such situation can occur only in particular states of the primary circuit:

- shutdown of all main coolant pumps and low natural convection flow rate ;

or

- isolation of one (or several) main coolant ]oop(s) (Closure of Main Isolating Valves of
relevant Ioop(s)).

Slug propulsion may result from re-staxt of a Main Coolant Pump or establishment of natural
convection.

3.2. Identification of potential initiators

Taking into consideration the particular status of primary circuit described above, a systematic
review of potential initiators has been performed, according to the following approach :

- identification of systems which can be connected to primary circuit,

- identification of conditions under which these systems can lead to introduction of clear water
in a primary loop (system malfunction, operator error ...)•

According to probabilistic assessment (see § 4), the most significant one, identified as
"scenario 1", can be described as follows :

- all primary pumps are tripped because of common mode failure (loss of normal power
supply for example) during a normal dilution ;

- dilution is not interrupted (KBA charging pumps are supplied by emergency Diesel
Generator).

Nevertheless, about 20 other initiators have been identified, among the following groups :

- undetected incorrect conditioning of an isolated primary loop
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- incorrect conditioning of chemical control system (KB A)

- actuation (spurious or not) of an incorrectly conditioned Safety Injection System (JNF, JNG)

- introduction of clear water in case of heat exchanger leakages (reverse flow rate after a
Steam Generator Tube Rupture, leakage of Emergency Core Cooling System heat
exchanger...).

4 - PROBABILISTIC ASSESSMENT

The purpose of the probabilistic assessment is to quantify the frequency of scenarios defined
in the frame of the system analysis, in order to identify those for which improvements are
necessary.

For this, the following targets are considered :

- first, the probability of each rapid dilution scenario must be lower than 10'5/reactor/year in
order to allow to consider rapid dilution events as Beyond Design Basis Accident;

- second, the risk for accidental sequences leading to unacceptable core damages must be
rejected below 10" /reactor/year, all sequences cumulated.

The main results confirm that "scenario 1" described above (§ 3) remains the most significant
one, despite existing automatic anti-dilution protection (interruption of dilution by closure of
relevant valves (mainly KBA50AA01 - see fig. 2) by reactor trip signal (HOI)).

Indeed, the sequence of events can be summarized as follow :

- loss of normal power supply (inducing main coolant pumps trip) occuring during a normal
dilution operation.

Probability & 2.2 x 10'3

- failure of automatic anti-dilution protection.

Probability » 6.2 x 10*2, mainly due to failure to start of Diesel generator n° 3, which
supplies the valve KB A 50 AA01.

- failure of recovery (interruption of dilution) by operator action.

Probability depends strongly on size of acceptable clear water plug (3.2 x 10'1 for 2,5 m3,
1,3 x 10"2 for 15 m3).
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So resulting frequency of "scenario 1" is ranging within 10"5/10'6/ycar and,
consequently, definitive results of transient analysis regarding consequences on core (see § 5)
are necessary to confirm acceptability of the present status. Possible improvements are
presented in § 6.

Estimated probability of other scenarios is lower than 10" /year taking into account the
implementation of the improvements foreseen in other safety measures and specific
recommendation for operating procedures.

Especially, replacement of the boron meters on the Safety Injection tanks (SM IC11) and
installation of a leakage detection system on the Emergency Core Cooling System Heat
Exchangers (conductivity measurement - SM S07) allow to reduce the risk of rapid dilution
induced by incorrect conditioaing of Safety Injection Systems to an acceptable level.

5 - TRANSIENT ANALYSIS (Safety Measure AA11)

The main purpose of the Transient Analysis is the evaluation of the consequences on the core
of rapid dilution scenarios.

Regarding the situation described in § 3.1 (constitution of a slug of clear water in a stalling
primary loop and propulsion by re-start of the relevant Main Coolant Pump), the approach is
the following :

- First, Thermal - Hydraulic analysis including 3 D modelisalion of the Reactor Pressure
Vessel to determine the mixture of the deborated slug on its way to the core inlet;

- Second, 3 D core kinetics analysis to find the reactivity-induced consequences to the fuel
and cladding.

Taking into account the'scenarios defined by the system analysis, an envelopping case, with
the most penalizing conditions (reactor in cold shutdown state, volume of the slug
corresponding to a complete primary loop, maximal Boron Concentration difference between
affected loop and rest of primary circuit) is considered first.

Calculations are currently in progress, but feedback from international experience allows to
highlight major differences regarding consequences on core if plug propulsion is induced by
the first Main Coolant Pump to be started or by the last Main Coolant Pump to be started.

Indeed, reference 1 confirms that, for bounding and initial conditions less penalizing than
those considered for Mochovce, acceptance criteria regarding core damage are violated even
with limited slug size (3 rn3) in case of propulsion by re-start of the last pump (supposed to be
initially isolated by the main gate valves).

On the contrary, in case of re-start of the first pump, reference 1 indicates that acceptance
criteria can be respected even with large slug volume (12 m , which corresponds nearly to one
complete loop).
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This major difference is explained by two reasons :

- the strong influence of deborated slug velocity through the core,

- the poor mixing of deborated slug in case of propulsion by the last pump restart while
mixing in primary vessel is important in case of propulsion by re-start of the first pump.

Based on these results the analysis in progress for Mochovce are limited to the case of restart
of the first pump.

Indeed, it can be anticipated without additional calculations that the acceptance criteria would
not be respected in case of slug propulsion by last pump restart.
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6 - CONCLUSION - IMPROVEMENT PROPOSAL

The global analysis of rapid Boron dilution risk for Mochovce NPP is currently under
finalisation, especially concerning transient analysis (AA11).

Nevertheless, the main tendencies are the following :

- from probabilistic point of view, the creation of a clear water slug in a primary loop
initiated by a loss of normal power supply occuring during a normal dilution operation
remains to a relatively high level (10'5/10"6/year) despite existing anti-dilution protection,

- slug propulsion by re-start of relevant primary pump can lead to unacceptable core damage.
The most severe transient is observed in the case of slug propulsion by re-start of the last
pump (assumed to be initially isolated by the main gate valves).

The acceptability of the situation induced by the re-start of the first primary pump is
currently under verification by transient analysis.

According to these elements, possible additional improvements are under evaluation :

a) Prevention of clear water slug creation :

• Existing anti-dilution prevention is based on automatic interruption of dilution in case of
reactor trip by closure of relevant valves. Reliability of this prevention can be increased by
up grading reliability of their power supply (1st category instead of 2n category).

• Risk of bad conditionning of Chemical and Volume Control System (KB A) can be reduced
by inhibition (in shutdown states) of pure condensate automatic make up in KBA
deaerators.

b) Prevention of clear water slug propulsion :

Attention is mainly focused towards precautions to be taken for main primary pumps re-start.

The most critical situation occurs in case of re-start of a pump on a loop which was previously
isolated by closure of the Main Gate Valves.

Adequate prevention is based on permission of pump start-up only if the two Main Gate
Valves of the loop are open, after temporisation.

This would allow a flushing of the loop by reverse flow rate from the other loops, and then
mixing of an eventual diluted slug in the upper plenum.
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Regarding other scenarios, up-grading already foreseen in other Safety Measures
(Replacement of Boron Meters in Safety Injection tanks, additional leakage detection on
Emergency Core Cooling System Heat Exchangers) contribute to reduction of Rapid Dilution
risk to an acceptable level.

Nevertheless it must be mentioned that for the major part of identified scenarios, the human
factor (risk of operator error) is important.

So efficient prevention requires clear and precise operating documentation (procedures for
normal, incidental, accidental situations and also specific maintenance operation).

REFERENCE /I/: LOVIISA study "Core Response to Injection of Diluted Slugs" _
(P. Siltanen et al., Boron dilution specialist meeting, Perm State College, Oct. 1995)
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FIGURE 1
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FIGURE 2

CHEMICAL AND VOLUME CONTROL SYSTEM
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