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In Belgium, each Nuclear Power Plant is subject to a periodic safety reassessment. In this
context, it was found to be desirable to perform a Probabilistic Safety Assessment (PSA) in
support of the ten yearly back-fitting process.

The Tihange 2 NPP is a 3-loop PWR having a thermal capacity of 2905 MW. Analysis of the
plant's risk profile shows that implementing feasible measures for improvement of the
shutdown risk, would be beneficial. This is because a configuration leading to significant
risk, namely cold pressurisation when the residual heat removal system is lost during
reduced primary inventory, thus can be avoided. As a result the risk between reactor
shutdown and power operation will be balanced.
The presentation describes the lessons learnt regarding the Tihange 2 shutdown PSA
model and the expected benefits following implementation of one of the proposed
measures.

Modelling assumptions for plant shutdown

Four different operating modes are distinguished in the PSA model,
namely:

Power operation : heat is evacuated by means of the steam
generators. Safety injection is actuated automatically if needed.
Note that this mode includes hot shutdown;

Intermediate and pressurised cold shutdown : heat is
evacuated by means of the residual heat removal system, however
transfer of heat evacuation to the steam generators remains
possible. Safety injection is no longer actuated automatically, if
needed;
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Depressurised cold shutdown for intervention : heat is
evacuated by means of the residual heat removal system. Reduced
inventory, comprising reactor coolant levels between mid-loop and
the seal of the vessel head, is distinguished from complete
inventory;

Refuelling shutdown with filled reactor pool : heat is
evacuated by means of the residual heat removal system. The
vessel head is removed and the reactor pool is completely filled.

An operating profile based on statistics originating from recent plant
specific operating feedback, is used as shown in figure 1.
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Figure 1. Operating profile for the Tihange 2 NPP as modelled in the PSA

This operating profile reveals short outages, which enable high availability
of the Tihange 2 NPP for energy production. A detailed plant specific
assessment of equipment unavailabilities was carried out for the different
operating modes, which are included in the PSA model. These
unavailabilities include both preventive and corrective maintenance, as well
as periodic testing.

Risk profile for the Tihange 2 NPP

The risk profile of the Tihange 2 NPP, calculated by means of the Core
Damage Frequency for the different operating modes, is shown in figure 2.
In general PSA analysis for a typical PWR usually reveals a balanced
picture between the risk during power operation and reactor shutdown. The
analysis of the Tihange 2 NPP results show significant risk during
depressurised cold shutdown for intervention. The dominant accident
sequence is caused by loss of the residual heat removal system due to an
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inadvertent drop of the primary coolant level during reduced inventory
associated to mid-loop.
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Figure 2. Relative risk profile for the Tihange 2 NPP

In order to understand the significance of this scenario, it is important to
precise the modelling hypotheses based on the current operating
practices.

For the mid-loop configuration, all three steam generators are isolated from
the primary system by means of nozzle dams. During mid-loop operation,
the Tihange 2 NPP reactor coolant system remains pressurisable. Indeed
the reactor vessel head is bolted on and the man-hole of the pressuriser is
kept closed for reasons of operating practice. The considered residual heat
corresponds to the residual heat generated 2.5 days after reactor
shutdown, thus assigned to the first mid-loop, and is evacuated by two
residual heat removal loops.

At present the pressure resistance of the installed steam generator nozzle
dams is not very well known. Therefore the PSA shutdown analysis
assumes conservatively that the nozzle dams fail as soon as the primary
coolant reaches saturated conditions. Taking into account the plant specific
volume of the reactor coolant system at mid-loop, the time available before
onset of core boiling, is approximately 15 minutes. This implies that, the
primary coolant is supposed to be at 40cC initially, and that the heat
produced is absorbed by the primary coolant only, the latter being a
conservative assumption.
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As a result of the initiating event, which is an inadvertent drop in the
primary coolant level, the operating residual heat removal pumps are lost
through air intake. In order to avoid saturation conditions in the primary
system, the operator has to provide make-up to the primary inventory to a
level sufficient to avoid cavitation of the residual heat removal pump, and
has to start the remaining residual heat removal pump. The Technical
Specifications of the plant are such that no preventive maintenance
activities can be scheduled during mid-loop operation, and that one
residual heat removal pump must be available. If the operator fails to
achieve both missions in time (thus within 15 minutes given the
assumptions mentioned above), onset cf core boiling causes nozzle dam
failure.

The probability of nozzle dam failure is identical for both the hot and cold
leg. However this is not the case for the resulting consequences. If the
nozzle dam in the cold leg fails, core uncovery occurs almost immediately
because of a piston effect. Indeed the pressure of the vapour accumulated
above the core, will push the water in the vessel through the down-comer
into the ruptured nozzle dam positioned in the cold leg.

On the other hand, if the nozzle dam in tie hot leg fails, no considerable
amount of core inventory will be lost immediately. Boiktff of primary
inventory through the ruptured nozzle dam located in the hot leg will
continue, until core uncovery. Therefore the time available before core
uncovery is estimated to be between 30 and 60 minutes for hot leg dam
failure.

The risk during depressurised cold shutdown for intervention is an important "lesson
learnt" for the Tihange 2 NPP, as described above. Therefore it is useful to identify and
develop possible measures to improve the plant's safety during this vulnerable operating
mode and to balance the plant's risk profile.

Identifying measures to balance the risk between reactor shutdown and power
operation

The essence of the shutdown risk is the fact that all three steam
generators are isolated during mid-loop operation, by means of nozzle
dams having a pressure resistance which is not very well known. In this
configuration, the Tihange 2 NPP reactor coolant system remains
pressurisable, because the reactor vessel head is bolted on and the man-
hole of the pressuriser is kept closed for reasons of operating practice.

A series of measures can be identified to improve balance between the risk
during reactor shutdown and power operation. These measures are not
mutually exclusive, and can be implemented together.
a) Availability of at least one steam generator during reduced primary inventory

If only one or two steam generator will be isolated from the primary circuit for intervention
at one time, the remaining steam generators) will be available to evacuate the residual
heat in case of loss of residual heat removal. The assumption that the non-isolated steam
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generator(s) will be adequate to provide primary cooling when the reactor coolant system is
depressurised completely, will need to be validated by thermal hydraulic simulations.

Today a steam generator replacement programme is scheduled for the Tihange NPP in
the near future. So far, all three steam generators of the plant have to be isolated for
intervention every outage. With new steam generator in place, every steam generator will
be examined only every third outage, instead of every outage.

b) Increased pressure resistance of the steam generator nozzle dams

The use of new nozzle dams to isolate the steam generators from the reactor coolant
system for intervention, which will resist to higher pressure increase, is another means of
reducing the shutdown risk. This option implies that, given a reactor coolant system
configuration for which pressurisation is possible, failure of the nozzle dams will occur with
significant delay after onset of core boiling. This new time frame allows for an extended
interval with respect to operator intervention.

c) Assuring pressure relief from the reactor coolant system during reduced inventory

Finally unbolting the reactor vessel head may provide sufficient pressure relief in case of
loss of the residual heat removal system during reduced primary inventory. Implementing
this mitigating measure will avoid cold pressurisation and therefore nozzle dam failure, if
pressure release is found to be sufficient. The assumption that the unbolted vessel head
can provide adequate pressure relief, will need to be validated by thermal hydraulic
simulations.

Major improvement of shutdown risk if mitigating measures are implemented

A simulation by means of the shutdown PSA model was made to take into account the
implementation of one or several improvement measures, as mentioned above. This
simulation assumes that nozzle dam failure always is avoided, and that in case of loss of
residual heat removal, critical operator intervention delays before core uncovery exceed one
hour, even for mid-loop operation. The results of this simulation show a reduction in the
Core Damage Frequency by nearly two orders of magnitude. Consequently the risk during
reactor shutdown conditions becomes comparable to risk during power operation.

Conclusions

When implementing one or several of the identified mitigating measures, the risk profile for
the Tihange 2 NPP can be balanced. This is because the risk associated to a vulnerable
operating configuration, being cold pressurisation when the residual heat removal system is
lost during reduced primary inventory, can be avoided. The proposed measures for reducing
the shutdown risk are the following :

Availability of at least one steam generator during reduced
primary inventory, and/or

Increased pressure resistance of the steam generator nozzle
dams, and/or

Assuring pressure relief from the reactor coolant system
during reduced inventory.
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These conclusions show that the Tihange 2 NPP PSA model is found to be very useful to
draw attention to plant vulnerabilities and to provide an estimate of the expected gain in
the plant's risk when implementing measures for improvement.


