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ABSTRACT

The decomposition event tree (DET) related to in-vessel corium retention (IVR) phenomena have been constructed for assessment of internal vessel cooling during severe accidents in BWRs. The IVR DET consists of four event headings that evaluate the uncertainties and one event heading that evaluates the integrity of RPV. The parameter value and probability of branches to consider the phenomenological uncertainties are quantified based on the existing knowledge and the results of core melt progression analysis, and the lower head integrity of RPV is evaluated by the IVR analysis code with input conditions which reflect the parameter values and assumptions considered in each sequence paths on the IVR DET.

The IVR analysis code is a stand-alone code developed focusing on the IVR behavior in a BWR lower plenum, and models major phenomena including melt jet breakup and quenching in a water pool, molten pool convection and crust formation, thermal interaction between corium and control rod drive (CRD) tubes, heat transfer from accumulated corium and gap cooling of lower head, and lower head failure mechanisms such as the ejection of CRD tubes and the creep rupture of the lower head.

This IVR DET method was applied for typical BWR core melt sequences with alternative water injection systems or CRD cooling water injection system and the IVR capability of each accident sequence was evaluated. Although the possibility of water penetration into the gap is remained as uncertainty, results of the IVR DET analysis showed the higher success probability of IVR for the sequence in which the CRD water injection system would be operated continuously, and the sequence resulted in low pressure condition by accident management.

1. INTRODUCTION

Level 2 PSAs in Japanese industry group have been conducted in order mainly to extract the relative vulnerabilities in a plant design and to evaluate the effectiveness of accident management measures. Nevertheless, since the Japanese industry has compiled the "Guideline for Severe Accident Consideration in Future LWR Containments" [1] which defines qualitative and quantitative containment safety objectives, improvements in the containment event tree (CET) analysis method is advanced such as the quantification of the branch probabilities for several significant phenomena imposing threat to the containment [2].
The branch probability of the reactor pressure vessel (RPV) failure in a level 2 PSA is important to decide the probabilistic influence of ex-vessel phenomena like molten core concrete interaction (MCCI). Since the TMI-2 accident, many experimental and analytical studies have been performed to understand the In-Vessel Retention (IVR) phenomena and provided useful insights.

The objective of this study is to propose the probabilistic evaluation method of the IVR based on the existing knowledge and analytical models, and to evaluate the conditional probabilities of the lower head failure for BWRs.

In Chapter 2, IVR phenomena and key parameters are discussed. Then, based on those insights relative to IVR, the probabilistic evaluation method by the decomposition event tree (DET) analysis is described in Chapter 3 and the application of the IVR DET method for typical BWR core melt sequences is represented in Chapter 4. Finally, the perspective of the IVR capability for BWRs is given in Chapter 5.

2. IN-VESSEL RETENTION PHENOMENA AND KEY PARAMETERS

Base on the existing knowledge related to IVR processes, the following phenomena would be considered during IVR behavior.

· Molten corium relocation to lower plenum of RPV

· Falling corium breakup and cooling in water pool

· Interaction between falling melt/accumulated debris and lower head penetration

· Accumulated debris cooling by overlaying water pool

· Crust formation and natural convection of molten pool

· Gap formation between accumulated debris layer and lower head, and gap cooling

· Lower head failure

2.1 Molten corium relocation to lower plenum

The amount of molten corium relocated to the lower plenum of the RPV affects the aspect of debris cumulated on the lower head which would be characterized as a particulate debris bed and a continuous debris bed. Although the corium relocation to the lower plenum occurs during the late-phase of core melt progression with considerable uncertainty, it would appear that the relocation behavior changes certainly with the accident sequence such as the low or high pressure core melt sequence with various water injection systems of BWR. Also, there is uncertainty in the falling corium temperature, which affects the decreasing rate of the residual water inventory in the lower plenum and the thermal load on the lower head.

2.2 Falling corium breakup and cooling in water pool

When the molten core relocation starts, the residual water is still and BWR has a deep water pool in the lower plenum of RPV. It has been confirmed experimentally that a part of molten corium dispersed during the falling process and accumulated as a particulate debris bed [3]. The formation of more particulate debris bed leads to increasing the possibility of IVR achievement due to its higher coolability, adversely, to the early depletion of residual water inventory. The recovery timing and the flow rate of the water injection systems will become important for the IVR achievement.

The fraction of particulate corium could be predicted by the following equations derived by assuming the breakup represented as the erosion of a cylindrical jet and using Ricou-Spalding correlation [4] for entrainment [5].
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where 
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The breakup fraction of molten jet evaluated by these equations depends on the initial jet diameter with large uncertainty and the pool depth determined for an accident sequence. The entrainment coefficient 
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 is a model parameter and it has been confirmed that the nominal value of 
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would be 0.045 from the jet breakup experimental data with confined geometry simulating the existence of CRDs [6].

2.3 Interaction between falling melt/accumulated debris and lower head penetration

A required condition for IVR achievement is that a penetration of the lower head is not damaged immediately after melt falling. EPRI/FAI experiment [7] relative to the PWR instrument tube penetration configuration showed that the debris penetrated into the thimble tube froze by the cooling of water filled annulus in the penetration and the integrity of the pressure boundary was maintained. CORVIS experiment [8] with the test section of the BWR drain line assuming no water condition showed that the oxide melt would penetrate the entire length of the drain line, but the test section did not fail. According these experimental results, it would be considered that early failure of the lower head by the falling melt is improbably. Failure of the lower head by accumulated debris could be predicted by analytical models considered failure mechanisms such as penetration tube ejection and creep rupture of the lower head.

2.4 Accumulated debris cooling by overlaying water pool

The molten core drained from the core into the lower plenum would accumulate as two debris regions, i.e., a particulate debris bed and a continuous layer. The cooling rate of a particulate debris bed could be evaluated from the Lipinski model [9] and is mainly dependent on the particle size. The range of entrained particle size is considered to be 1 - 5 mm based on TMI-2 data [10] and for this particle size range it would be estimated that the decay heat removal of the particulate debris bed is possible enough by the water pool in the lower head. The possibility of decay heat removal of the continuous corium layer depends on the accumulated mass affected by the uncertain amount of falling molten corium.

2.5 Crust formation and natural convection of molten pool

It would be thought that the surface of the continuous debris layer forms crust due to the decrease of layer surface temperature in contact with the lower head wall and the overlying water pool, and the natural convection with volumetrically heating arises inside the molten pool. These phenomena could be evaluated by using an analytical model for the melting and freezing at interface of  crust and molten pool with existing natural convection heat transfer correlations.

2.6 Gap formation between accumulated debris layer and lower head, and gap cooling

The inherent cooling mechanism proposed to explain the integrity and rapid cooling of the lower head during the TMI-2 accident is due to vessel material creep and water ingression into the expanding gap between the accumulated debris layer and the lower head wall [11] , and was qualitatively confirmed by several experiments [12,13]. However, if the whole core material melted in a typical BWR plant, the amount of relocation mass into the lower plenum would exceed 200 tons which is over 10 times of the relocation mass (approximately 20 tons) in the TMI-2 accident. In a such condition which a large continuous debris bed accumulates on the lower head, it should be considered that the possibility of water ingression to the bottom of the lower head has large uncertainty.

2.7 Lower head failure

Although the failure mechanism of the lower head is also uncertain, it could be evaluated analytically by modeling the penetration tube ejection due to weakening of the penetration support weld and the creep rupture of the lower head wall.

Based on the above discussion, the following uncertain parameters which could influence the evaluation of the IVR behavior were selected as the branch parameters of IVR DET.

· amount of molten corium relocated to the lower plenum (flow rate and total mass)

· falling corium temperature

· initial diameter of falling corium jet

· possibility of water ingression into the gap between the crust and the lower head wall

3. PROBABILISTIC EVALUATION METHOD OF IN-VESSEL RETENTION

The flow diagram for the probabilistic evaluation of IVR capability is shown in Fig. 1. In Step 1, the accident sequences for IVR evaluation are selected by considering differences of core melt progression behavior and available water injection systems. In Step 2, the selected four parameters (amount of falling molten corium, corium temperature, molten jet diameter, and possibility of water ingression into the gap) to consider the phenomenological uncertainties are quantified based on the existing knowledge and the results of core melt progression analysis. In Step 3 and 4, the IVR DET shown in Fig. 2. is constructed using these parameters and one event heading for the integrity of the lower head, which is evaluated by the IVR analysis code with input conditions which reflect the parameter values and assumptions considered in each sequence paths on the IVR DET.

The IVR analysis code [14] is a stand-alone code developed focusing on the IVR behavior in a BWR lower plenum and the outline is shown in Fig. 3.

In this code, an analysis system is modeled by one volume and the molten core relocated is deposited on the bottom as a particulate debris bed and a molten pool. The lower head and CRD tubes are modeled as heat sinks divided into several nodes. The relocation rate of molten core and water injection rate can be taken into consideration as boundary conditions.

Main phenomena and correlations applied in this code are as follows.
· Molten corium jet breakup in water pool: Ricou-Spalding correlation [4]
· Oxidation of zirconium in debris particle and hot particle quenching in water pool

· Particulate debris bed cooling by water pool: Lipinski dry-out heat flux correlation [9]
· Natural convection in melt pool: Jahn and Reineke correlation [15]
· Upper crust cooling by water pool: film boiling by Berenson [16]
· Gap cooling between lower crust and lower head: gap boiling heat removal model by Suh et al.[5] which was applied to the modified CHF correlation [14] for inclined narrow gap based on the CHF correlation by Monde et al. [17]
· CRD tubes cooling by CRD water injection: film boiling by Berenson [16]
· Gap growth due to lower head creep: evaluation model by Suh et al. [5] which was applied to the creep rupture model

· Lower head failure: penetration tube ejection model [18] and creep rupture model by using Larson-Miller parameter

Finally, in Step 5, the IVR failure probability for a selected accident sequence can be obtained by the sum of the failure probability for each sequences on the IVR DET.

4. APPLICATION TO TYPICAL BWR

The IVR DET method was applied for typical BWR core melt sequences and the IVR capability of each accident sequence was evaluated.

4.1 Accident sequences

The following five accident sequences were chosen by considering the difference of core melt behavior affected by the RPV pressure, and the availability of the CRD cooling water injection system and the alternative water injection system.

Continuous injection of CRD cooling water even after accident

· low pressure core melt sequence 

· high pressure core melt sequence 

No continuous injection of CRD cooling water after accident initiation

· low pressure core melt sequence with recovery of CRD cooling water injection

· low pressure core melt sequence with recovery of alternative water injection

· high pressure core melt sequence with recovery of CRD cooling water injection

In BWR, the CRD cooling water is injected continuously during the normal operation and this system can be operated during any accidents except the station blackout.

4.2 Quantification of DET branch parameters

Four branch parameters considered as headings of the IVR DET were quantified as described below.

4.2.1 Amount of molten corium

Amount of molten corium relocated to the lower plenum, which is characterized as the transient of corium mass flow rate, was evaluated for each accident sequences in which the core melt progresses under the low or high pressure condition, and the CRD cooling water is injected continuously or not after accident.

Uncertainty on the relocation behavior of molten corium were considered by the following two types of the estimation method for the relocation rate of molten corium.

· Small
:
corium relocation rate based on MAAP calculation

· Large
:
assuming the whole core material in the melted region falls into the lower plenum, corium relocation rate obtained dividing the decay heat of the melted region by its latent heat of fusion

The probabilities of two relocation types were judged to be likely or unlikely as follows.

· P(Small)
=
0.9

· P(Large)
=
0.1

The water level in the core region and the core temperatures calculated by MAAP [19], and the cumulative relocation fraction to total core inventory estimated by the above method are shown in Figs. 4 to 7 for each accident sequences.

For continuous operation of CRD cooling water injection, its typical flow rate is 40 m3/h for low pressure (0.5 MPa) and 22 m3/h for high pressure (7 MPa). Although these flow rates are insufficient to prevent core damage, the CRD cooling water injection system can mitigate the core damage. The values of maximum core melt fraction calculated for low and high pressure sequence was 60% and 70%, respectively. The cumulative relocation fraction based on MAAP calculation was less than the maximum core melt fraction due to the water level increasing. On the other hand, if the CRD water injection system did not operate, the core damage occurred for almost all of the core region and more of core material relocated into the lower plenum.

4.2.2 Corium temperature

The temperature of molten corium relocated to the lower plenum would be varied in the range of about 2500 K to 2800 K due to a eutectic of core materials. Two temperature levels  were considered as follows.

· Low
:
2500 K

· High
:
2800 K

Assuming a uniform distribution for the uncertainty of relocation corium temperature, the probabilities were given as follows.

· P(Low)
=
0.5

· P(High)
=
0.5

4.2.3 Initial diameter of falling corium jet

It was assumed that the fully molten jet from the core region would be drain to the water pool between the CR tubes with the pitch of 0.15 m, and the probability distribution for the jet diameter would be the triangle distribution with a maximum value of 0.15 m, a most probable value of 0.10 m and a minimum value of 0.01 m. Based on the cumulative probability function of this distribution as shown in Fig. 8, the following three branches were assumed.

· Small
:
0.05 m,
P(Small)
=
0.15

· Medium
:
0.10 m,
P(Medium)
=
0.50

· Large
:
0.15 m,
P(Large)
=
0.35

4.2.4 Water ingression into gap

There is considerable uncertainty in the water ingression into the gap between the crust and the lower head wall under various accident conditions. In this study, the following two branches for the limitation on the water ingression were considered.

· No limitation
:
assuming the water ingression independently of the gap position

· Limitation
:
assuming the counter-current flow limitation (CCFL) into the upper and side gap between the accumulated debris layer and the vessel wall

The probabilities were assumed as follows.

· P(No limitation)
=
0.5

· P(Limitation)
=
0.5

4.3 Analysis of IVR phenomena

The lower head integrity of RPV was evaluated by the IVR analysis code with input conditions which reflect the parameter values considered in each sequence paths on the IVR DET. The IVR analysis was executed from the start of corium relocation under the conditions shown in Table 1 and twenty four analyses for each accident sequences were conducted.

Analytical results for the low and high pressure core melt sequence are summarized in Tables 2 and 3, respectively. In summary, the major insights from these results are as follows.

Continuous injection of CRD cooling water even after accident initiation
· For the small corium relocation as the more probable condition, the probability of IVR achievement becomes to be higher due to almost all of falling molten corium breakup into particles resulted in the less thermal loading to the lower head.

· For the large corium relocation condition, the IVR cannot be achieved in all cases for the high pressure melt sequence, because more corium accumulates as the continuous layer due to the lower flow rate of CRD cooling water injection and the earlier decreasing of water level in the lower plenum. On the other hand, in a part of cases for the low pressure melt sequence, the IVR can be achieved even if the water ingression into the gap was limited.

No continuous injection of CRD cooling water after accident initiation

· For the low pressure melt sequence, the probability of IVR achievement for the recovery case of the alternative water injection system with higher flow rate is higher than it for the recovery of CRD cooling water system.

· For the high pressure melt sequence, the IVR cannot be achieved in all cases due to the more relocated corium and the less water injection rate.

4.4 Results of IVR DET analysis

Based on the above phenomenological analysis results and using the IVR DET, the conditional probability of the lower head failure for each accident sequences were obtained below.

Continuous injection of CRD cooling water even after accident initiation

· low pressure core melt sequence
:
4.3 x 10-2
· high pressure core melt sequence
:
1.8 x 10-1
No continuous injection of CRD cooling water after accident initiation

· low pressure core melt sequence with recovery of

CRD cooling water injection
:
5.2 x 10-1
· low pressure core melt sequence with recovery of

alternative water injection
:
2.0 x 10-1
· high pressure core melt sequence with recovery

of CRD cooling water injection
:
1.0

5. CONCLUSIONS

The DET related to IVR phenomena was constructed for assessment of internal vessel cooling during severe accidents in BWRs. The proposed method was applied for typical BWR core melt sequences with alternative water injection systems or CRD cooling water injection system and the IVR capability of each accident sequence was evaluated. Although the possibility of water penetration into the gap is remained as uncertainty, results of the IVR DET analysis showed the higher success probability of IVR for the sequence in which the CRD water injection system would be operated continuously, and the sequence resulted in low pressure condition by accident management.
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Figure 1  Flow diagram for probabilistic evaluation of IVR capability
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Figure 2  Decomposition event tree for probability of lower head failure
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Figure 3  Schematic model for IVR analysis
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(a) water level in core region
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(c) cumulative relocation fraction


   of core to lower plenum


(b) core node temperature

Figure 4  Core melt progression for low pressure sequence

      with continuous CRD cooling water injection
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(a) water level in core region
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(c) cumulative relocation fraction


   of core to lower plenum


(b) core node temperature

Figure 5  Core melt progression for high pressure sequence

      with continuous CRD cooling water injection
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(a) water level in core region
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(c) cumulative relocation fraction


   of core to lower plenum


(b) core node temperature

Figure 6  Core melt progression for low pressure sequence

      without continuous CRD cooling water injection
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(a) water level in core region
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(c) cumulative relocation fraction


   of core to lower plenum


(b) core node temperature

Figure 7  Core melt progression for high pressure sequence

      without continuous CRD cooling water injection
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Figure 8  Cumulative probability function for initial jet diameter

Table 1  Initial and water injection conditions for analysis of IVR phenomena

	
	Low pressure

core melt sequence
	High pressure

core melt sequence

	
	Continuous injection of CRD cooling water
	No Continuous injection of CRD cooling water
	Continuous injection of CRD cooling water
	No Continuous injection of CRD cooling water

	
	
	Recovery of CRD cooling water injection
	Recovery of alternative water injection 
	
	Recovery of CRD cooling water injection

	Initiation time of IVR analysis
	1.5 h after accident
	2.7 h after accident

	Initial RPV pressure
	0.46 MPa
	7.1 MPa

	Initial water inventory in lower plenum
	93 t
	76 t

	Flow rate

of water injection
	40 m3/h
	140 m3/h
	22 m3/h


Table 2  Summary of IVR analytical results for low pressure core melt sequences
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Table 3  Summary of IVR analytical results for high pressure core melt sequences
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2. Quantification of key parameters for the IVR phenomenological uncertainty








5. Determination of the conditional probabilities of the lower head failure





3. Construction of IVR DET





4. Evaluation of the lower head integrity by the IVR analysis code





1. Selection of accident sequences for IVR evaluation
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