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ABSTRACT

A containment failure frequency evaluation method for point-estimate evaluation was established for internal initiating events during full power operation taking account of mitigation accident management. This method was applied to a Japanese 4-loop PWR plant with a pre-stressed concrete containment. A containment event tree includes AM measures as (1) natural convection cooling by containment cooling units for normal operation; (2) fire water injection into the containment; (3) forced depressurization of primary system by pressurizer PORVs; (4) restoration of containment spray system; and (5) water injection into the primary system by charging pumps. A simplified reliability evaluation was made on equipment failure and human factor of AM operation. Severe accident sequences representing each Plant Damage State were analyzed with the MELCOR code in order to quantify the branch probabilities of a containment event tree. The quantification of containment event tree was done for each plant damage state. In a case of AMs included, the total containment failure frequency was obtained to be 1.5(10-8 / reactor year, while the case without AMs was 6.9(10-8 / reactor year. The containment failure frequency decreased by about 80%. A dominant sequence of containment failure when the AM plan is implemented is an interface systems LOCA sequence in which a pipe of the residual heat removal system breaks by loading of primary system pressure.

From the point-estimate evaluation, relative frequencies of containment bypass sequences for Interface Systems LOCA (IS-LOCA) in case of assuming mitigation accident management were obtained to be 0.58 compared to the total frequency of containment failure. For the core damage sequences risen from initiating event of IS-LOCA, the accident sequence analyses was performed with the MELCOR code as a severe accident analysis code and AUTODYN-2D code as a structural analysis code to confirm integrity of pipes in residual heat removal system with the pressure release valves of the system. The calculation results indicated that the pipes in the residual heat removal system are unlikely to rupture. But assuming the fail close of three RHR relief valves as an initiating event, a source term analysis was performed with the MELCOR code for a case of the pipe break at the RHR heat exchanger outlet side with about 2 inches diameter piping. The CsI released to the environment during 40 hours from an accident initiation was obtained to be 0.48 of the inventory.
1. Introduction
The severe accident analysis method at JNES has been furbished in according with the PSA methodology in order to provide the deterministic safety review with the supplemental information. With a primary objective of estimating containment performance, the level 2 PSA [1] by point-estimate and uncertainty estimate was executed for a typical Japanese 1,100 MWe PWR plant ; the procedures were consisted of plant familiarization, accident sequence grouping and definition of PDSs, construction of CETs, accident progression analysis with the MELCOR code [2-3], and quantification of CETs for obtaining the level 2 PSA results, reflecting the core damage frequency results obtained from the level 1 PSA activities for the same plant that had been done previously.
2. Outline of the Reference PWR Plant
The reference plant is a 4-loop PWR plant with 1,100 Mwe which is the typical PWR plant in Japan. The design characteristics are as follows:

(1) two-train safety injection system and three auxiliary feed water pumps,

(2) pumps of the containment spray system and the safety injection system take suction from the in-containment, re-circulation sump, and the water resource is necessary to switch from the refueling water storage pit,

(3) pre-stressed concrete containment with design pressure of 439kPa and volume of 73,700 m3.

2.1 mitigation measures for accident management 
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The AM mitigation measures [4] were considered (1) the natural convection cooling by containment cooling units for normal operation, (2) fire water injection into the containment, (3) the forced depressurization of primary system by pressurizer PORVs, (4) the restoration of containment spray system, and (5) water injection into the primary system by charging pumps. In addition to those countermeasures, cooling down and re-circulation as the SGTR measurement was considered in the present study. These AMs are shown in Figure 2.1.

Figure 2.1  Accident Management Measures

(1) Natural Convection cooling by Containment Cooling Units

The heat removal from containment atmosphere can be achieved through natural convection by supplying water to the chillier of containment cooling system in the case of the failure of emergency containment cooling system, etc. The analysis of the failure of emergency containment cooling system in the event of large LOCA, that causes most severe effects, shows that the increase in containment pressure is suppressed by starting the cooling water supply to the chiller, and the pressure is gradually reduced. 

(2) Fire Water Injection into the Containment

This measure injects the water from raw water tank, etc. into the reactor cavity in case the water injection to the core is not sufficient and the core melt and subsequent vessel bottom melt-through should occur. Submergence of the melted core in the reactor cavity region with water mitigates the erosion of concrete while preventing the overheating of containment penetration by keeping the containment atmosphere at saturated condition. 

(3) Forced Depressurization of Primary System 

In case of the simultaneous failure of high pressure injection system and heat removal function via secondary loop, the integrity of core is threatened while a high reactor vessel pressure. The dispersion of melted debris can be suppressed by reducing the reactor pressure through the opening of pressurizer relief valves, in case the melt-through of reactor vessel should occur. This measure prevents the direct heating of containment atmosphere and the direct contact of the melted debris to the containment vessel. Additionally, the measure provides the chance to utilize low pressure injection system, which increases the possibility of suppressing and/or delaying the core degradation and the reactor vessel melt-through. 

(4) Cooling down and Re-circulation 

The cooling down and re-circulation measure was adopted to minimize the leakage of primary coolant to the exterior of containment vessel when operator failed the leakage isolation at SGTR, etc. First, the reactor core cooling is established via secondary loops through releasing main steam while keeping water injection to the reactor. Secondly, the reactor pressure is reduced by opening pressurizer relief valves, etc. to suppress the leakage. Finally, long-term leakage reduction and heat removal are secured by putting residual heat removal system into service. 
3. Level 1 - Level 2 Interface
3.1 Plant Damage States
The input to the analysis is produced in a preceding level 1 PSA. It consists of the set of failure states, including frequencies of occurrence, of the reactor system and of active containment systems that are of importance for to the containment analysis. The elements of this set are called plant damage states (PDS). In the level 2 analysis it is necessary to take into account the influence of accident management actions that are considered in the level 1 analyses.
3.2 Definition of Plant Damage States Characteristics
The primary objective of the PDS analysis is to combine event sequences from the level 1 accident analysis that result in similar severe accident progression, containment response, and fission product release to the environment. By doing so, the number of unique accident conditions that must be addressed in the level 2 PSA is greatly reduced. 

To accomplish this grouping, the level 1 results are sorted according to the physical state of plant systems that were demanded prior to the onset of core damage, and the availability of systems that could be actuated subsequent to core damage, thereby terminating the accident, or mitigating its consequences. The criteria used to combine similar core damage sequences should be carefully reviewed to ensure that plant characteristics governing severe accident progression, containment response and fission product release to the environment are properly accounted for.

Below, PDSs of a Japanese PWR Plant are presented for plant damage indicators. The accident sequences obtained from the level 1 PSA were grouped into thirteen (16) PDSs by considering the similarities of accident progression, and containment response [5]. 
Table 3.1 PDSs of  a Japanese PWR Plant
	Symbol
	Accident type
	Timing of core damage
	Containment response

	AEC
	Large and medium break LOCA
	Early core damage
	CV spray on

	AE
	Large and medium break LOCA
	Early core damage
	CV spray off

	ALC
	Large and medium break LOCA
	Late core damage
	CV spray on

	AL
	Large and medium break LOCA
	Late core damage
	CV spray off

	SEC
	Small break LOCA
	Early core damage
	CV spray on

	SE
	Small break LOCA
	Early core damage
	CV spray off

	SE'
	SBO & pump seal LOCA
	Early core damage
	CV spray off

	SE"
	CCWS failure & pump Seal LOCA
	Early core damage
	CV spray off

	SLC
	Small break LOCA
	Late core damage
	CV spray on

	SL
	Small break LOCA
	Late core damage
	CV spray off

	TEC
	Transient
	Early core damage
	CV spray on

	TE
	Transient
	Early core damage
	CV spray off

	TE'
	Transient  & SBO
	Early core damage
	CV spray off

	P
	Containment failure prior to core damage
	CV spray off

	G
	SGTR

	V
	Interfacing system LOCA


3.3 Plant Damage States analysis and quantification
The systems availability aspect of the PDS definitions can be addressed in several ways. One is to extend the Level 1 event trees to top event addressing the availability of the containment systems, so that their system fault trees can be linked in and dependencies accounted for in the evaluation.
Figure 3.1 shows the fraction [4] of each PDS for a Japanese PWR Plant and the total core damage frequency with the limited preventive AMs. A fraction of about 58% of total core damage frequency is caused by the re-circulation failure after a LOCA.
[image: image1.wmf]ALC 15%

SL 5.0%

P 2.2%

SE" 6.6%

SE 0.4%

TE' 0.9%

SE' 2.3%

SEC 0.3%

V 3.8%

TEC 16%

AEC 3.2%

AE 0.1%

AL 1.8%

G 6.4%

Total

2.3E-07/RY

TE 0.1%

SLC 36%


Figure 3.1 The core damage fraction by each PDS for a Japanese PWR Plant (Without AM)

4. Accident Progression Analysis

4.1 Accident progression models
Deterministic analysis of reactor and containment behavior during postulated accident sequences represent the principal basis for event quantification in a level 2 PSA. Such analyses provide a plant-specific technical basis for distinguishing 'likely' events or phenomena from 'unlikely' ones. The probabilistic framework of a level 2 PSA is the mechanism for delineating and quantifying uncertainties in deterministic severe accident analyses. This section outlines various features of deterministic accident progression models that should be examined in the level 2 PSA.
4.2 Account for treatment of important accident phenomena

A Level 2 PSA will include to ensure important accident phenomena are addressed by plant-specific analysis, or by application of information from other credible and relevant sources.
4.3 Accident progression analysis
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MELCOR code which is an integrated severe accident analysis computer code is used to model severe accident progression. Figure 4.1 shows the MELCOR code system nodalization [6] set up for a Japanese, 4-loop PWR plant with a large dry type PCCV. The reactor vessel (RV) consists of five control volumes: the reactor core, core bypass, upper plenum coolant system is represented with a two-loop configuration: and upper head, lower plenum, and down-comer. The primary one for the loop connected to the pressurizer surge line and another lumped for the other three loops. The CV is modeled with three control volumes: the upper compartment, lower- and annular-compartments, and reactor cavity. Regarding the engineered safety features, the accumulator injection HPI, LPI, HPR and CV sprays systems are modeled. The AM measures, i.e. the natural convection cooling, the fire water injection into the containment and the forced depressurization of primary system are modeled as shown by cloud marks in Figure 4.2. Consequently, MELCOR code provides an integrated framework for evaluating the timing of key accident events, thermodynamic histories of the reactor coolant system, core and containment, and corresponding estimates of fission product release and transport [7]. 

Figure 4.1 MELCOR Control Volumes for a Japanese PWR Plant

In some studies, calculations with MELCOR code are supplemented with calculations performed with AUTODYN code [8] , COMA code [9] , and VESUVIUS code [10] that address specific aspects of severe accident progression such as hydrogen detonation, and steam explosion.
5. Construction of Containment Event Trees
5.1 Containment Event Trees definition and Analysis
The containment event trees (CET) provide a structured approach for systematic evaluation of containment capability in coping with severe accident. These are used to characterize the progression of severe accident and containment failures modes that lead to fission product releases beyond the containment boundary. The CET structure and nodal questions address all of the relevant issues important to severe accident progression, containment response, failure, and source terms. Accident recovery and/or management actions must remain consistent between the level 1 PRA and the CET analysis. 
5.2 CET for a Japanese PWR plant
Severe accident progression is modeled by the CET methodology. For a Japanese PWR plant , the CETs with the AMs were developed to trace the interdependent physico chemical processes influencing severe accident progression in the reactor system and the containment as shown in Figure 5.1 to Figure 5.4. A large CET approach was selected to present accident progression with twenty seven (27) top events that are called headings. The contents of heading are summarized in Table 5.1. The end points of CETs that were relevant to the integrity and retention capability of the containment were attributed to containment failure modes shown in Table 5.2.

Table 5.1  CET Headings (1/2)
	Phase
	Headings
	Contents

	Phase I:

Before core damage
	A1: Containment isolation
	Containment is not isolated. The containment failure by overpressurization is precluded.

	
	A2: CV bypass ISLOCA
	Interfacing system LOCA leads to core damage and the pathway to the environment which bypasses the containment exists.

	
	A3: CV bypass SGTR
	SGTR leads to core damage and the pathway to the environment which bypasses the containment exists.

	
	A4: CV failure prior to core damage
	Containment pressure prior to core damage is beyond the containment pressure limit due to steam production.

	Phase II:

From core damage to reactor vessel failure
	BM1: Forced depressurization
	The forced depressurization of primary system by pressurizer PORVs that is the AM mitigation measure is performed.

	
	B1: In-vessel steam explosion
	Steam explosion in reactor vessel occurs to result a failure of top head of reactor vessel and a containment failure occurs by a missile of vessel head.

	
	B2: Temperature induced LOCA
	A LOCA occurs at the hot leg or the pressurizer surge line induced high temperature gas from the melted core.

	
	BM2: Water injection into the SG
	The water injection into the SG by feed water pumps that is the AM mitigation measure is performed.

	
	B3: Temperature induced SGTR
	Steam generator tube rupture induced high temperature gas from the melted core occurs to result in a formation of the pathway which bypasses the containment.

	
	B4: Hydrogen detonation before RV fail.
	Hydrogen produced during core heatup and core-coolant interaction and hydrogen detonation occurs in the containment.

	
	B5: Over-pressure failure before RV fail.
	The Containment pressure boundary prior to reactor vessel failure is beyond the structural failure limit due to hydrogen detonation.


Table 5.1  CET Headings (2/2)

	Phase
	Headings
	Contents

	Phase III:

Early phase after the reactor vessel failure
	C1: Release fraction of core mass
	The debris of a mass fraction of core is released following the reactor vessel failure.

	
	C2: Debris release type
	The debris is dispersed following the reactor vessel failure or falls by gravity force.

	
	CM1: Water injection into the CV
	The water injection into the CV by a fire pump that is the AM mitigation measure is performed.

	
	CM2: Charging injection
	The water injection into the primary system by charging pumps that is the AM mitigation measure is performed.

	
	C3: Reactor cavity coolant
	The sufficient water to which steam explosion occur is, or is not present in the reactor cavity at the time of reactor vessel failure.

	
	C4: Direct containment heating
	The direct containment heating occurs and pressure rise occurs.

	
	C5: Ex-vessel steam explosion
	The steam explosion occurs and pressure rise occurs.

	
	C6: Hydrogen detonation
	The hydrogen detonation before reactor vessel failure occurs in the containment.

	
	C7: CV fail. Just after RV fail.
	The containment pressure boundary just after reactor vessel failure is beyond the structural failure limit due to steam spike, steam explosion, direct containment heating, or hydrogen detonation.

	Phase IV:

 long term period after the reactor vessel failure 
	DM1: Natural circulation
	The natural convection cooling by containment cooling units for normal operation that is the AM mitigation measure is performed.

	
	DM2: Water injec. & C spray recovery
	The containment spray by the fire water and the containment spray restoration that is the AM mitigation measure is performed.

	
	D1: Debris cooling
	Coolable debris bed does form, or not form..

	
	D2: Hydrogen detonation 
	The hydrogen detonation during a long term period after the reactor vessel failure occurs in the containment.

	
	D3: CV fail. By hydrogen detonation
	The containment pressure boundary is beyond the structural failure limit due to the hydrogen detonation.

	
	D4: Over-pressure CV fail.
	The containment pressure during a long term period after the reactor vessel failure is beyond the containment pressure limit due to production of non-condensable gas and steam.

	
	D5: Basemat melt through
	The melt-through of containment concrete basemat by the core-concrete interaction occurs.


Table 5.2  Containment Failure Modes

	Mode
	Definition

	(
	An in-vessel steam explosion generate a missile of upper head top which causes a containment failure.

	(
	Loss of containment isolation lead to large leakage early in the accident.

	(
	Hydrogen produced in core prior to reactor vessel failure bums rapidly in containment to cause a containment failure.

	( ’
	Hydrogen released to the containment at the time of reactor vessel failure bums to cause a containment failure.

	( “
	Failure by gamma or ( ‘ mode does not occurs and combustibles accumulated late after reactor vessel failure bum to cause a containment failure.

	(
	Steam and non-condensable gases are accumulated by core-coolant and core-concrete interactions and containment fails by overpressurization.

	(
	Containment fails by besemat melt-through due to core-concrete interaction.

	(
	Containment fails by steam explosion in reactor cavity.

	(
	Containment fails by overpressurization due to a loss of containment engineered safety features (containment failure prior to core damage).

	(
	Core debris is ejected from the reactor vessel at high velocity and containment fails by direct containment heating.

	g
	Radioactivities are released from the hole in steam generator tube to the environment through the secondary system and bypass the containment.

	(
	Radioactivities are released from the hole in primary coolant system to the environment through the auxiliary building and bypass the containment.
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Figure 5.1 CET for a period from the accident initiation to the initiation of core damage 

(Japanese PWR plant)
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Figure 5.2 CET for a period from the initiation of core damage to the reactor vessel failure

(Japanese PWR plant)
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Figure 5.3 CET for a early phase after the reactor vessel failure  (Japanese PWR plant)
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Figure 5.4 CET for a long term period after the reactor vessel failure 

 (Japanese PWR plant)
6. Quantification of the Containment Event Tree
For the quantification of the branching probabilities, calculations and analyses of varying complexity are performed, using computer codes, and engineering judgement for phenomenological questions, as well as systems analysis codes for questions of availability of systems. It is not possible to provide detailed guidance on the quantification of the branch points in the containment event tree. Some judgment will be required from the analyst. Since the state of knowledge about many of the Key physical processes is changing rapidly, risk analysts will have to follow the results of research closely to remain abreast of developments. The meaning of branching probabilities is frequently treated with some ambiguity. Because of the uncertainties in the prediction of physical processes, it is sometimes not posiible to state with complete confidence which pathway an accident sequence will take. The branching probability in this sense represents a lack of knowledge about the physical processes that are involved.
6.1 Assignment of Event Probabilities

Expert judgement is applied in translating qualitative terms expressing various degrees of uncertainty into quantitative (point estimate) probabilities. For example, terms such as "likely" or "unlikely" are assigned numerical values (such as 0.9 and 0.1). Superlatives, such as "very" likely or "highly" unlikely, are then used to suggest degrees of confidence that a particular event outcome is appropriate. The subjectivity associated with this method is controlled to some extent by developing rigorous attributes for the amount and quality of information necessary to justify progressively higher confidence levels (i.e., probabilities approaching 1.0 or 0.0). Nonetheless, this method is not considered an appropriate technique for assigning probabilities to represent the state of knowledge uncertainties in a PSA. Among its weaknesses, this approach simply produces a point estimate of probability and is not a rigorous technique for developing probability distributions.
It is particularly important for the reviewer to note which method is used to quantify events that are found to be important contributors to risk measures such as the frequency of early containment failure, or the frequency of large fission product releases. A meaningful interpretation of results should take into account situations where results may be heavily influenced by subjective values for the probability 'unlikely' events.

6.2 Quantification of the CET for a Japanese PWR plant
Branching probability of headings regarding to physico-chemical phenomena of severe accident sequence shown in Table 6.1. A dominant accident sequences of each PDS were analyzed for obtaining quantify the containment event tree. The quantification of branching probabilities in the CETs was performed using analytical results of the MELCOR code, engineering judgment, and unavailability evaluation regarding to AMs. Point-estimate values of the containment failure frequency for each containment failure mode considered with and without AMs were obtained as shown in Figure 6.1 and Figure 6.2. Consequently, in the case of AMs included, the total containment failure frequency was obtained to be 1.5(10-8 / reactor year, but the case without AMs was 6.9(10-8 / reactor year. The containment failure frequency decreased by about 80%. A dominant sequence of containment failure when the AM plan is implemented is an interface system LOCA sequence that a pipe of the residual heat removal system breaks loaded primary system pressure.

Table 6.1 CET Heading Probability
	Headings
	Probability

	Determined by PDS definition
Highly likely, uncertainty is very small
Very likely, uncertainty is small
Likely
Uncertainty phenomena
Unlikely
Remotely possible with uncertainty
Remotely possible with little uncertainty
Determined by PDS definition
	1.0
0.9999

0.99

0.9

0.5
0.1

1.0 ( 10-2
1.0 ( 10-4
0.0


Table 6.3 Branch probabilities of AM Headings
	AM measures
	Headings
	PDS
	Time

margin

(min)
	Operation time

(min)
	Diagnosis time

(min)
	Diagnosis error

probability
	Operation error

probability
	Human error

probability
	System failure

probability
	Total

Probabilities

	Forced Depressurization
	BM1
	SE’, TE’
	-
	-
	-
	-
	-
	-
	-
	1.0

	
	
	SEC
	10
	5
	5
	0.2
	0.0001
	2.0(10-1
	6.8(10-3
	0.37(0.21)*

	
	
	SE
	10
	5
	5
	0.2
	0.0001
	2.0(10-1
	6.8(10-3
	0.31(0.21)

	
	
	SLC, SL
	10
	5
	5
	0.2
	0.0001
	2.0(10-1
	6.8(10-3
	0.21(0.21)

	
	
	TEC
	10
	5
	5
	0.2
	0.0001
	2.0(10-1
	6.8(10-3
	0.40(0.21)

	
	
	TE
	10
	5
	5
	0.2
	0.0001
	2.0(10-1
	6.8(10-3
	0.50(0.21)

	
	
	SE”
	10
	5
	5
	0.2
	0.0001
	2.0(10-1
	6.8(10-3
	0.31(0.21)

	
	
	AEC, AE, ALC, AL
	-
	-
	-
	-
	-
	-
	-
	1.0

	Water injection into SG
	BM2
	TEC, TE
	20
	5
	15
	0.1
	0.0002
	1.0(10-1
	3.0(10-2
	0.63(0.13)

	Water injection into the CV
	CM1
	SE’, TE’ 
	30
	20
	10
	0.1
	0.0103
	1.1(10-1
	1.6(10-1
	0.55(0.27)

	
	
	Other PDSs excluding P, G, V
	30
	20
	10
	0.1
	0.0103
	1.1(10-1
	5.7(10-2
	0.49(0.17)

	Charging injection
	CM2
	SE’,TE’ 
	30
	5
	25
	0.01
	0.0006
	1.0(10-2
	1.0(10-1
	0.11

	
	
	Other PDSs excluding P, G, V
	30
	5
	25
	0.01
	0.0006
	1.0(10-2
	4.2(10-3
	1.4(10-2

	Natural circulation
	DM1
	SE’, TE’
	60<
	20
	60<
	0.0001
	0.0057
	5.8(10-3
	3.5(10-2
	4.0(10-2

	
	
	SE”
	-
	-
	-
	-
	-
	-
	1.0
	1.0

	
	
	Other PDSs excluding P, G, V
	60<
	20
	60<
	0.0001
	0.0057
	5.8(10-3
	7.8(10-3
	1.3(10-2

	Water injec. & CV spray recovery
	DM2
	SE’, TE’ 
	60<
	20
	60<
	0.0001
	0.0103
	1.0(10-2
	1.6(10-1
	0.54(0.10)

	
	
	SE”
	60<
	20
	60<
	0.0001
	0.0103
	1.0(10-2
	5.7(10-2
	0.53(0.042)

	
	
	Other PDSs excluding P, G, V
	60<
	20
	60<
	0.0001
	0.0103
	1.0(10-2
	5.7(10-2
	0.53(0.04)


*: The outside values in parenthesis are included failure probabilities of Level 1 PSA, and the enclosed values within parenthesis are of mitigation AM only
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Figure 6.1 Containment Failure Fraction (with AM)
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Figure 6.2 Containment Failure Frequency (Point estimate)
7. Source Terms Analysis
A dominant sequence of containment failure when the AM plan is implemented is an interface system LOCA sequence that amounts to about 58% of total containment failure frequency. The source term study [11] for this IS-LOCA sequence is intended to confirm by MELCOR analyses and AUTODYN-2D analysis.
7.1 A hydraulic impact analysis in RHR system and a structural dynamic response analysis of RHR piping

The short term pressure transients included in low-pressure piping of the RHR system were analyzed using the MELCOR code for the Japanese 4 loop PWR plant. If two containment isolation valves in the containment of the RHR system would open during normal operation, the RHR system in low-pressure piping is pressurized, and a primary coolant is released from RHR relief valves. The system model for analyzing this hydraulic phenomenon by MELCOR code is shown in Fig. 7.1. The containment isolation valve of the RHR pump suction side was assumed to be opened with 0.1 seconds. Figure 7.2 shows the pressure transient in RHR piping when three RHR relief valves do not open. As a result, the maximum pressure in the RHR system piping obtained the pressure of about 32MPa. 
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Fig. 7.1  MELCOR Control Volumes of RHR system for an IS-LOCA sequence (Short Term Analysis)
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Fig. 7.2  Pressure Transients in the RHR system (Short Term MELCOR Analysis)
Next, the pressure transients in this RHR piping system was input to the AUTODYN-2D code which was the impact analysis code, and a structural dynamic response analysis of piping was analyzed according to two dimension system model. Figure 7.3 shows a stress-strain curve of the SUS304 RHR piping used for the analysis. Figure 7.4 shows the transients of equivalent plastic strain at some points in the RHR piping. The plastic strain of any position is increasing to the period from 100 msec to 400 msec. Figure 7.5 shows the distribution of final equivalent plasticity strain of the RHR piping. The maximum plastic strain of about 0.16 was obtained at the exit piping of the RHR cooler. Since the fracture strain of 304 stainless steel piping is 0.19, the possibility that the low pressure RHR system piping carries out ductility destruction by instant opening of containment isolation valves in RHR system is low.
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Fig. 7.3  Stress-Strain curve of the SUS304 RHR piping
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Fig. 7.4  Transients of equivalent plastic strain of some points in the RHR pipe
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Fig. 7.5  Distance distribution of final equivalent plastic strain for the RHR pipe

7.2 Source term analysis

The source term of IS-LOCA sequence was analyzed by using the MELCOR code in consideration of the above-mentioned analytical result. The plant model shown in Figure 7.6 was used in this analysis to simulate the FP behavior for a long time. A two-inches LOCA based on the failed closure of three RHR relief valves was set to the initiate event. Table 7.1 shows the event chronology. The refueling water storage pit become empty in about 7.2 hours after the accident initiation, and the re-circulation operation of ECCS fails. The fuel cladding tubes are damaged in about 9.2 hours, and FP release from the core fuel starts. Figure 7.7 shows the history of ratio to initial core inventory released to the environment. As for the release ratio to the environment of CsI during 40 hours from the accident initiation, about 48% of the core inventory was obtained. The release ratio of CsI for IS-LOCA of 12-inches diameter was obtained to be 15% [12]. The discharge ratio of CsI for the 2 inches case of IS-LOCA increased about 3 times compared with the discharge ratio of CsI for the 12 inches case. The 2 inches analysis case was assumed that the LOCA break took place for exit piping of a RHR cooler, and the break position was above the water surface. Therefore, FP removal by the scrubbing was not effective.
Table 7.1  Event chronology for an IS-LOCA sequence (Long-Term MELCOR Analysis)
	Events
	Time

	RHR pipe failure
	0.0 sec

	Reactor Trip
	40 sec

	Initiation of Safety Injection Signal
	40 sec

	Start Operation of Accumulators
	0.03 hours

	End of Accumulator Injection
	7.2 hours

	Re-circulation Failure of ECCCS
	7.2 hours

	Core Uncoverd
	8.9 hours

	Failure of Fuel Cladding
	9.2 hours

	Start of Damaged Core Slump
	10.5 hours

	Failure of Core Support Plate
	10.5 hours

	Failure of Reactor Vessel
	14.4 hours

	Initiation Core-Concrete Reaction
	14.4 hours

	End of Calculation
	40.0 hours



Fig. 7.6  MELCOR Control Volumes of RHR system for a IS-LOCA sequence (Long Term Analysis)
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Fig. 7.7  Release ratio history to the environment. for an IS-LOCA sequence

8. Conclusions

The present study addressed to establish the containment failure frequency evaluation method by the point-estimate and uncertainty evaluation method including for internal initiating events during full power operation for a Japanese 4-loop PWR plant with pre-stressed concrete containment. In the present study, the calculated result showed that containment failure frequency in the case without AMs was reduced about 40% by implementation of AMs. A dominant sequence that leads to the containment failure with AMs was interfacing system LOCA sequence that a pipe of the residual heat removal system breaks loaded primary system pressure.

And a source term analysis have been performed with MELCOR code by a case of the pipe break on the RHR heat exchanger outlet side (pipe of about 2 inches diameter). The ratio of CsI released to the environment during 40 hours from an accident initiation was obtained to be 0.48.
In the current program at JNES, the Level 3 PSA are being carrying out taking into account the containment failure frequencies and FP source terms for dominant sequences.
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