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INTRODUCTION 

Containment designs for nuclear facilities typically were based on the ability to withstand peak pressure conditions 
following a large Loss of Coolant Accident (LOCA). This peak pressure introduced an impulse load on the containment 
structure, which was the result of steam produced from the break, and once condensed the pressure was reduced to levels well 
below that offering any challenge to the containment. The study of severe accidents has introduced conditions, which result 
in sustained time dependent mechanisms of combined elevated pressure and temperature. In selected cases the elevated 
pressure can be shown to be the result of the production of non-condensable gases, which can only be reduced by removing 
them from the containment gas space. 

Nuclear facilities around the world have in response to regulatory requirements prepared various Probabilistic Safety 
Analyses (PSA) which allows stations to identify where the risk to their facilities lie and which factors contribute to this risk. 
Risk is defined as the product of frequency of occurrence and the consequence. The risk associated with the breach of 
containment is the release of fission products to the environment. Thus any measure taken to reduce this risk will result in a 
safer facility. It is the focus of this paper to use the Forsmark Unit 1 &2 Containment design as an example and show how 
three mechanisms considered in their PSA analyses will result in a reduction in the risk to containment integrity. 

PSA Model and Containment Response 
The PSA model consists of both a level I and a level II model. The level I model begins with a series of initiators such 

as transients or LOCAs and ends with either success or core damage. A third state is also considered besides that of core 
damage or success and that is the SAM end state. This end state refers to Severe Accident Management, which implies that at 
the end of the mission time, vessel failure has not occurred yet the plant is not in a safe and stable state. To achieve this state 
added actions would be required which is why the end state is referred to as a SAM. Thus from the level I analyses comes the 
core damage frequency. The determination of whether the sequence results in core damage depends on the availability of 
plant systems to provide decay heat removal. For the purposes of the analyses in this paper a simplified event tree will be 
used. This simplified tree, shown in Figure 1, reflects the types of actions needed to preclude vessel failure and potentially 
containment failure. 
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Figure I Simplified PSA Event Tree 

The first action described in the tree is the scram node, failure of which results in an ATWS sequence listed with an end 
state designator HS 1. The next action taken is that of the safety relief valves (system 314). If these valves fail to operate then 
the vessel reaches pressure values, which begin to stretch the upper head bolts, and resembles that of a small LOCA. The 
next two nodes look at the probability of providing injection to the vessel, and carry an added designator as either internal or 
external. Theses two terms refer to the suction supply for the pumps as being inside or outside the containment. If this source 



is the condensation pool then it is the internal supply. Without condensation pool cooling, also shown in the tree, the suction 
water supply will rise in temperature and eventually result in a pump trip due to either high seal temperature or NPSH. Those 
sequences resulting in core damage due to a loss of condensation pool cooling are identified as HS3. External injection uses a 
supply tank to provide water for injection, and as a result it is not subject to the consequences of the containment 
environment. However failure of the internal as well as the external supplies results in a HS2 or loss of injection end state. 
The core damage sequences then offer a challenge to the containment, failure of this final protective barrier result in the 
release of fission products to the environment. 

A number of features are employed in the Swedish design to protect against an unfiltered release from the containment. 
The containment is designed with a vent system, 361, which is intended to relieve containment pressure following a 
condensation pool bypass event. This vent is valved off following a time delay from the receipt of a safety injection signal. A 
second vent system is also used, system 362, which has the capability to be operated manually or automatically through a 
rupture disc. The flow from this vent is directed through a sparger into a water pool to scrub fission products from the gas 
stream. The containment also includes an independently operated spray system to control drywell pressure in the event of the 
loss of the drywell sprays. Finally the design incorporates a system to flood the lower drywell so that should vessel failure 
occur, the debris would enter a deep pool of water. 

Using the Modular Accident Analyses Program (MAAP) a severe accident sequence was simulated and the filtered 
vents as well as the independent sprays were prevented from operating. The initiator was a turbine trip and both the external 
and the internal injection sources failed to respond. A trace of the predicted containment pressure is shown in Figure 2. 
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Figure 2 Drywell Pressure 

In particular for this sequence the code calculated two vessel failures or releases of debris from the vessel into the lower 
pedestal water pool. The first vessel failure was above the vessel bottom and occurred at 21,960seconds, followed by the 
second failure in the vessel bottom at 24,840 seconds. Prior to 10,000 seconds there were two step changes in pressure, the 
first due to the core uncovering and the second as a result of relocation of the debris to the lower vessel plenum. In both of 
these cases the production of hydrogen has lead to the increased pressure. When the vessel fails and the debris enters the 12 
meter deep water pool hydrogen is again produced due to the quenching and oxidation of the debris in the pool. Steam is also 
manufactured at the time of quenching which contributes to the elevated pressures. The independent sprays would alleviate 
the steam while the vent would minimize the collection of the non-condensable gas, i.e., hydrogen. 

Our purpose in this paper is to identify those recovery actions that would reduce the probability of such a pressure 
transient occurring. Any such reduction would reduce the exposure of the environment to fission products. To gain an 
appreciation for the magnitude that such an improvement, nominal probability Figures were applied to the event tree 
presented in Figure 1. If in Figure 1 we maintain an initiating event frequency of 1.0, then outcome probabilities would be 
representative of a per unit or per cent contribution to the overall outcome and derivation of absolute Figures would not be 
required. Figure 3 represents the event tree of Figure 1 with nominal probability Figures and a initiating frequency of 1.0. 

These results show that 99.8% of the outcomes will not result in core damage (designated by OK). The remaining, 
excluding SAM, will result in a challenge to the containment. It is for the cases that do result in core damage and eventual 
vessel failure that the recovery actions will be structured to preclude or reduce their occurrence. These actions are addressed 
in the next section and then they will be applied to visualize the reduction in the core melt sequences. 

Recovery Actions 
There are three specific types of recovery actions being considered in this section, (a) recovery of injection, (b) lower 

head cooling and (c) lower head sprays. Each will be addressed and then implemented into the model of Figure 3. 
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Figure 3 Quantified Event Tree 

Relocation of high temperature molten debris to the vessel lower plenum will result in substantial overheating and 
subsequently failure of the vessel lower head. Conduction alone is not sufficient to remove decay heat from the debris. If 
water is present at the time of relocation or recovered subsequently, then this water can ingress into the debris bed through 
cracks within the debris and contribute to the cooling of the debris. Heat removed through ingression then reduces the amount 
of heat transfer to the lower head. Another mechanism for recovery of the vessel is gap cooling. Again if water is present 
when the debris enters the lower head then a contact resistance can be developed from the vaporization of the trapped water 
within the vessel wall crevices. The vaporization can separate the debris from the wall, thus controlling the transfer of heat to 
the lower vessel wall. The gap cooling phenomena is based on heating the wall and causing it to expand by creep (Figure 4). 
As a result of the small gap that is formed, water can then enter this gap, vaporize and again establish a high resistance and 
reduce energy transfer to the wall. Thus recovery of injection with the core relocated can result in the successful arrest of the 
debris in the lower head. 
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Figure 4 Vessel Creep 

The next mechanism considered is external spraying of the vessel lower head [2]. This mechanism offered immediate 
cooling of the RPV lower head compared to the process of cooling the vessel lower head by external flooding to a depth 
which submerges the lower head. This later approach would require a substantial amount of external water to be added and 
time before the head would be cooled. Principally due to the long interval before the lower head could be submerged, 
external cooling is no longer considered a viable recovery action. 



The success of this approach lies with the ability to locate the spray nozzles to ensure that the entire lower surface 
remains in contact with the water spray. The spray rate is then determined based on an understanding of the amount of decay 
heat that is transferred downward through the bed and assuming complete vaporization of the water, this will result in a spray 
on the order of 10Kg/s. The use of sprays at Forsmark is attractive since an independent source of water is already provided 
to the drywell and a portion could be diverted to the new lower head sprays. 

Thus actions to bring about recovery of injection even after debris has relocated to the lower head can prevent 
challenges to the containment. Mechanistic measures can also be identified where spraying of the lower head will prevent a 
release of debris ex-vessel. The following section will look at the impact of these applications on the core damage frequency. 

Revised PSA Model 
The recovery actions are intended to keep the debris in the reactor vessel and reduce the challenge to containment. By 

the time that the debris relocates to the lower plenum, the volatile fission products have already escaped the fuel assembly 
and to a large part, the primary system. Much depends upon the type of accident, if the initiating event was a transient then 
the fission products are transported to the condensation pool via the 314 valves. If however the accident was a LOCA then a 
portion of the fission products have escaped the primary system and reside within the containment gas space. In both cases a 
portion of the volatile products has remained within the primary system, and can revaporize (if not cooled) and escape as an 
aerosol. Thus preventing vessel failure will prevent the release of that portion of the fission products from escaping the 
primary system. For those accident sequences in which the vessel fails, the release of the debris into the pedestal water pool 
offers a new challenge to the containment as shown in Figure 2. Either through venting or containment failure a portion of the 
containment fission products can be released to the environment. 

The focus has been on viewing these actions to prevent challenges to the containment. The event tree as shown in both 
Figures 1 and 3 have identified four consequence or end states that contribute to a core melt, HS1, HS2, HS3, and OT2. The 
HS1, an ATWS and the end state HS3 typically occur with containment failure preceding vessel failure. Therefore the 
recovery actions will not reduce the containment challenge but may reduce the fission product release. For this analyses these 
actions were not considered for these end states. The OT2 end state is a vessel high pressure (higher than normal pressure) 
sequence where the internal stresses may result in creep failure even with the lower head spraying. Thus the recovery actions 
were not modeled for the OT2 end state. The HS2 end state was shown to be the largest contributor to a core melt sequence, 
and the recovery actions discussed in the previous section can be applied to this case. 

The two recovery actions, recovery of injection and manual the operation of the lower head sprays, were modeled in the 
tree shown in Figure 3. Their outcomes were identified as Recovery with a damaged core (RCD) and recovery with sprays 
(RWS). Although both of these outcomes occur with core damage, they do not result in a failed vessel. Typically, level I 
results are such that core damage sequences result in vessel failure. To incorporate these actions two added probabilities were 
required, manual recovery of the injection source and manual implementation of the spray system. The recovery of injection 
was based on the PSA work for the Forsmark Station [1]. In this referenced study the time available was determined by 
varying model parameters in the MAAP code that influenced gap cooling and water ingression. From this analyses a time of 
two hours was determined. Then the types of maintenance activities and the time available to complete them were 
investigated. From this a conditional probability for the success of recovery within a two hour time period was derived. The 
probability of failing to recover in a two hour period was derived as 0.447. The time and probability to implement the lower 
head spray system was based on the values used to implement the independent spray system (365). This system is 
implemented manually with a source external to the plant, and using the existing drywell spray ring header. The 
consideration here is that the system for supplying an independent source of water already exists and as a result can be used 
to supply the water for the spray header. The probability of failing to implement this system is 2.0e-03. Applying these two 
probabilities and their consequence states, the event tree of Figure 3is revised and shown as Figure 5. 

We see that the probability of recovering injection assumes 36% of the core damage frequency and the recovery with 
sprays is 29%. Combined they account for a total of 65% of the core damage frequency. This break down is depicted in the 
pie chart of Figure 6. 

Results 
Severe accidents resulting in vessel failure can offer unique challenges to the containment as witnessed by the results of 

Figure 2. To prevent or minimize such challenges, recovery actions were considered and applied to those sequences where a 
loss of all injection had occurred. The result was a 65% reduction in the fraction of core melt sequences that resulted in vessel 
failure. The significance of this can be viewed as not only a reduction in challenge to the containment but also in the risk of a 
release to the environment. As the containment pressure rises, leakage paths are first formed followed by either vent paths or 
an opening to the environment. All these pathways provide a means for the release of fission products to the environment. 
Thus minimizing their occurrence will reduce the overall plant risk and will also contribute to a reduction in the plant LERF 
figure. These recovery actions as described, reduce the overall probability of failing the vessel and releasing molten debris 
into the lower drywell. The fact that these actions were implemented implies the loss of plant safety equipment which was 



intended to maintain the core in a coolable configuration following the accident. These modeled recovery actions can then be 
viewed as those needed to bridge the time from failure of the safety equipment until its recovery. These recovery actions 
then extend the time for recovery of the plant safety systems and are not necessarily considered for long term recovery. 

There are a number of ex-vessel phenomena associated with severe accidents which influence containment structures. 
These would include direct containment heating (DCH), steam explosions and long term ex-vessel debris coolability as 
examples. Analyses performed for Forsmark have shown that these phenomena are not influential on the Forsmark 
containment. Combining these results with the reduced challenge (reduced vessel failure) tend to indicate that these ex-vessek 
phenomena need not require further consideration. 

Implementation of the lower head spray system is considered achievable for stations similar to Forsmark, where an 
independent source of water is already available and it becomes a matter of directing a portion of this flow to the new system 
to achieve the most immediate cooling influence. 
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