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Abstract:  A new approach has been developed in support of re-assessment studies for 

irradiation facilities. Though this work deals with modeling and assessment of irradiation 

facility, the methodology described in this paper can be easily adopted with minor 

changes for any engineering system. This paper discusses the salient features of the 

methodology through a case study performed on a 30-year-old irradiation facility. The 

basic approach is risk-informed in nature. Here, the insights from the Probabilistic Safety 

Assessment along with Operation and Maintenance experience was utilized to support 

decisions related to regulatory re-licensing for life extension of the plant.  

Keywords: Risk informed approach, irradiation facility, probabilistic safety assessment, 

reliability analysis 

1. Introduction 

When the plant as a whole starts showing sign of ageing, it manifests in the form of 

reduction in availability factor and substantial increase in maintenance activities for 

various plant components. For commercial plants ageing gets revealed directly in terms of 

loss of production and finally in reduction in profit or utility factor of the plant. Figure 1 

shows the 10 years of data of plant utility for the reference plant. These trends are vital to 

understand the overall ageing phenomena of the plant. These indicators, like safety, cost 

profit, availability factor, utility factor, incidents history, radiation dose data, etc. form 

part of risk-informed decision making.  

    The decisions related to identifying the critical components and subsequent 

qualification of these components is complex. The existing methods for taking decisions 

are largely based on qualitative criterion and expert judgment and tend to be arbitrary in 

nature. This is expected as there is no established procedure / guidelines exist that 

management could use for decision-making. This approach may not be effective in 

identifying and prioritizing the components / systems for ageing studies and subsequent 

repairs and replacements. Apart from this, the plant management needs a tool to 

communicate to the regulators a framework for its strategy and rationale that was adopted 

to assure that plant’s safety and availability factors could be satisfactorily maintained for 

the period requested for licensing. An integrated Risk-based approach has been developed 

in support of decisions related to assessment of remaining life of the plant [1]. 

Prioritization and identification of the components for various non-destructive testing and 

ageing assessment was the main objective of this approach. This approach utilizes the 

insights obtained from a Probabilistic Safety Assessment (PSA) model of the plant along
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with engineering judgment for identifying the critical components. Plant performance data 

forms the basic input for this assessment. It was found that since the decisions were based 

on quantified criteria the strategy was more effective in taking decisions. Uncertainty and 

sensitivity analysis was part of this approach.  

    This paper will discuss this approach through a case study performed on a 30-year-old 

ISOMED facility operating in Mumbai. To have a holistic view of the facility other 

performance indicators like Safety, Availability, Cost and Profit, Incident history, 

Radiation dose data have been developed in support of decisions related assessment of 

remaining life of the facility. However, the scope of this paper is limited to discuss 

application of PSA based risk-informed approach for ageing re-assessment. 

ISOMED plant utility factor
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Fig.1:  Utility factors as one of the performance indicators for the irradiation facility 

2. The Approach 

The approach comprises postulation of all the possible initiating events and studying these 

events using probabilistic models against the existing safety provisions which include 

safety critical human actions and thereby prioritize and optimize the list of systems and 

components and determine the test and maintenance action plans that ensure safety as well 

as availability objectives of the plant. Plant operating experience in general and history of 

test and maintenance data, in particular, form the basic input to make this approach a plant 

specific approach. In line with this objective the approach envisages assessment of 

adequacy of existing safety provisions in the plant by postulating a set of initiating events 

including the events, which got revealed during the major accidents, occurred in various 

irradiation facilities and response of the plant to each of the Postulated Initiating Events 

(PIEs). The prediction model of plant response is based on the expected performance of 

the SSCs of the plant in general and safety protection systems in particular. The past 

performance data and the insights that was gathered as part of this re-assessment study by 

performing various test and projected maintenance activities formed the basic input for 

this prediction.  

    Keeping in view the objectives of the study and the insight developed from the study of 

various accidents, an integrated approach, comprised of deterministic as well as 

probabilistic methodology has been developed.  

    The major / broad steps proposed in this methodology are as follows:  

1. Collection of data and information on design description, operation and 

maintenance of the plant. 
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2. Review of existing operational and maintenance policies, operating manuals and 

emergency procedure and plant incidents. 

3. Identification of the postulated initiating events for the plant.  

4. Identification and prioritization of SSCs in general and safety interlocks in 

particular, using probabilistic approach, considered to be critical for the plant 

safety. 

5. Development of probabilistic model for a scenario leading to over-exposure of 

the plant personnel. 

6. Re-evaluation of test and maintenance policy for future comparison with the 

modified test and maintenance schedules.   

7. Assessment of health of critical components and structure in view of aging 

related degradation. 

8. Performance of deterministic analysis for some scenarios identified through 

engineering judgment and probabilistic approach. 

9. Assessment of quality assurance and regulatory requirements of the plant.  

3. A Brief Overview of Probabilistic Safety Assessment 

PSA is an analytical approach for predicting radiological consequences from a nuclear 

plant due to potential accident phenomenon. Probabilistic safety assessment (PSA) studies 

are performed primarily to have an integrated quantified safety assessment of the plant. 

For ISOMED facility a PSA study has been performed to identify critical components and 

human actions that could lead to over exposure or severe radiation consequences inside 

and outside of the ISOMED irradiation cell and there by identify the thrust areas for 

detailed deterministic assessment. The scope of this study covers a) consideration of 

internal events, b) Co-60 source frame as the source of radiation, and c) operation and 

shutdown state of the plant.  

    For creating a PSA model it is imperative that the safety systems / safety support 

systems including human actions are identified in advance such that the detailed reliability 

analysis is performed to have an estimation of demand failure probability of the systems. 

These safety systems/safety actions form header events in the event tree analysis. The list 

of safety systems/safety actions identified for this analysis is given in Table 1. Total 

sixteen postulated initiating events (PIEs) were identified for inclusion in this study. 

Based on detailed analysis event tress were created for selected events which needs 

detailed in-depth analysis. For ISOMED event trees were created for accident sequence 

analysis by inducting plant response for various accident initiators 

    Out of the sixteen IEs identified, as many as eight PIES could be resolved using 

qualitative arguments keeping in view the provisions in the plant. Out of sixteen events, 

only eight events needed a systematic and detailed events tree analysis.  

    For system modeling the fault tree approach was used. The ISOGRAPH Fault Tree 

version 10.1 was used for this analysis [2]. The objective was to obtain the list of cut-sets 

and importance measures for the critical components in the plant. The system that were 

analyzed in detail as part of this study are a) Source Auto Lowering System, b) Cell 

ventilation system c) Manual Source Lowering System, d) Cell door interlock system, e) 

Emergency power supply system, f) Source cooling system, g) Fire detection and 

mitigation system.  
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Table 1: Safety Functions and Required Safety Systems  

Sr. 

No  

Safety Functions Engineered Safety Features 

1. Containment of radioactivity in the irradiation 

cell 

Cell Confinement 

2.  Protection against radiation inside the Cell  Source Auto lowering in a 

shielded pit. 

3. Protection of personnel from entry into the 

irradiation cell when source is up 

Cell door, Labyrinth and Aux 

door interlocks (Mech. and Elect.) 

4. Protection for personnel working inside the 

cell during plant shutdown from unwarranted 

raising of source. 

Source raise interlocks, and trip 

wire, safety gate and search logic 

5. Removing of source heat when source in 

lowered condition. 

Source cooling system 

6. Keeping Ozone concentration within limit Cell ventilation system 

7. Protection against fire in cell and other plant 

areas 

Fire protection and mitigation 

system 

8. Emergency power supply Plant DG Set 

For estimating initiating event frequency, the plant specific insights formed the main 

source of data for this study. The plant is under operation over past 30 years. The event 

frequency from this insight was utilized for arriving at the IE frequencies. Since this is the 

first comprehensive study on a commercial irradiator, it threw a challenge to have data for 

all the initiating events. However, the performance of the plant and the records of the five 

incidents that have taken place world over [3] were useful in arriving at the estimation of 

frequencies of initiating events.  

The basic information which was collected from the plant records for estimation of 

component reliability parameters include i) Component failure data - number of failures, 

total exposure time, ii) component repair data - Duration of component repair time, iii) 

Component test data - frequency of test and test duration, iv) component maintenance data 

- frequency of maintenance and maintenance duration. Failure data from generic sources 

were used for the components for which data from plant specific sources was not adequate 

[4]. Overall the component failure database comprised of over 50 basic components. 

Apart from this deeper level analysis was done in respect of Common Cause Failure.  

Also, as part of accident sequence evaluation programme some safety significant human 

actions have been identified. Data from plant specific sources in respect of human error 

probability was very limited; hence, human reliability data were taken from generic 

sources [5].  

The tasks of accident sequence evaluation include the determination of the accident 

sequences to be quantified and the manipulation of the accident sequences. The 

manipulation uses the laws of Boolean algebra to put the sequences into a form, suitable 

for quantification. The result of this analysis is a list of cut-sets and importance measures 

for various components in the system. In general for fault tree modeling of all the 

ISOMED safety systems maximum up to second order cut-sets have been included in the 

analysis. The ISOGRAPH environment offers facilities to compute the failure probability 

of individual components of various types including standby (or dormant) and on-line, 

components using various kinds of data such as cumulative operating hours, number of 

failures, test duration, test intervals and demand related failures.   

The accident sequences generated using the Event Trees were used as input for 
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accident sequence quantification. The quantification of the accident sequences involves 

attaching failure probability estimates obtained in the previous section to the initiating 

events along with the human error probabilities. The output of the event tree analysis was 

various accident sequences and the associated probabilities. The truncation probability 

used in the event tree analysis was 10
-12

. The accident sequences having probability 

estimates below this failure frequency were called hypothetical events.  

4. Results of PSA Study 

The results of accident sequence analysis provided vital insight related to various aspects 

of the integrated PSA model of ISOMED. This analysis provided information about 

various issues which include i) Integrated quantified statement of safety of the plant, ii) 

Importance measure of the systems and components, ii) the area for further work 

including, thermal hydraulics analysis, evaluation of some recovery probabilities, etc. iii) 

re-evaluation of some of the safety system failure probabilities, iv) effect of change in test 

and maintenance policy which include test frequency and allowable outage time on the 

overall safety of the plant, v) need for more refined estimates of human error probabilities, 

vi) inclusion of some more initiating events, vii) re-assessment / review of failure criteria 

of some systems, and viii) re-assessment of CCFs for some systems.  Figure 2 shows the 

typical case involving re-evaluation of test intervals for one of the safety systems.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 2:  A Typical Unavailability – Test Interval Curve 

5. Identification and Prioritization of Areas for Detailed Tests and Analysis 

    The strategy adopted for identification and prioritization of SSCs and human actions 

that are important to operational safety of the plant comprised of engineering judgment 

and output of PSA study. The approach is risk-informed to the extent that insight 

developed from PSA study of the plant coupled with operational and engineering insights 

formed the basis of decisions related to identification of areas for specific test / analysis.   

    The consequences can be broadly divided into a) Radiation consequences, b) Ozone 

consequences, and c) Fire consequences. Even though the likelihood of radiation 

consequences have been demonstrated to be low, the consequences are potentially 

significant. Hence, components and systems that contribute to unsafe failure, in terms of 
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radiation consequences were given priority and accordingly further deterministic tests / 

analysis was performed. Accordingly, the systems / components which are important for 

facilitating the lowering of source fully in-side the source pit has been found vital as 

shown in Fig. 3. This includes structural components involving in safe lowering of source 

and mechanical and electrical safety logic. The fault tree analysis shows that source 

misalignment for any reason or any reduction in clearance in source pit or any obstruction 

in the source pit are important from the point of radiation safety.  

 
 

 

 

 

 
Fig. 3: Importance measure for failure of auto lowering of source (Normal PS Failure)  

From the above observation it is important that source pit concrete condition and 

structural stability particularly from seismic point of view should be evaluated. Hence, 

detailed seismic analysis considering 0.1g as the design basis seismic load was performed 

for cell structure by Structural Design Group.  

    Integrity of other components that could contribute to failure of source lowering 

operations can be, source pulley pin and pulley shaft, etc needed a deterministic 

assessment. Plant indicated that adequate spares are available for these components; even 

then assessment of integrity was required to reduce possibility of these component failures 

resulting into unsafe situation. Among the electrical components the source raise and 

lower solenoid and the hydraulic check valve have been shown to be important. It was 

discussed with the plant staff and found that these components have 100% spares and 

when the need arises it can be repaired / replaced without and do not pose much safety 

implications. Source lower relay was found to carry significance importance for scenario 

when the pressure plate actuation demands lowering of the source. Apart from this 

observation it was felt that source major electrical contactors, etc. though have very low 

failure probability, should be tested for predicting future performance. Hence, ageing 

study to have an assessment of remaining life of these components and associated control 

is required. To have an assessment of the hydraulic system, apart from the system 

Legend: SRC-MISC: Source Misalignment; GATE-CLNS: Source Frame Clearance; 

SRC-PH-ABS: Source Physical obstruction; SRC- SHFT; Source shaft; SRC-PLY-BRG: 

Source Pulley Bearing; SRC-RP-ENT: Source rope entanglement; HYD-OIL; 

Hydraulic Oil; HYD-CHT-VLV; Hydraulic Check Valve; HYD-DIR-VLV: 

Hydraulic Directional Valve; SRC-RS-SOL: Source Raise solenoid; SIG-SRC-SOL: 

Source signal solenoid; INT-NPS; Common Cause Failure of normal power supply 

Interlocks 
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performance assessment from the plant record, oil sample analysis was required to be 

performed. The aim was to ensure that no significant degradation has occurred in the 

system.  

    Keeping in view the potential for ozone consequences and the capability of the existing 

ventilation system, it was felt that a deterministic study should be initiated to have an 

assessment of ozone consequences based on various air changes in the irradiation cell. 

Similarly, a study was also required to examine the adequacy of the source cooling water 

system and emergency power supply system. These two systems are important from long-

term requirements during extended grid power failure considerations.  

    Consequences of fire inside the irradiation cell have been analyzed in PSA study. The 

accident sequence assessment shows that fire event may have potential radiation 

consequences. In ISOMED human intervention is required to inject CO2 in the cell. 

Source gets lower command only on actuation of the CO2. Some recommendations have 

been made that suggest some modification in fire detection and mitigation system.  

6. Performance Evaluation of Safety Critical Systems  

    Based on the insights obtained from PSA study and engineering evaluation some areas 

were identified to consolidate the process of re-assessment. The aspects that needed 

attention was carrying out performance evaluation of systems and ageing studies for 

safety critical components.  

    The major systems aspects for which performance evaluation performed using 

deterministic methods are: (a) Ventilation system (b) Source cooling system (c) On-site 

power supply system (d) Fire system (e) Operating procedures and (f) Human actions 

important to safety. 

    The OSHO (Occupational Safety and Health Administration) guidelines provide that 

for an exposure time of 8 hrs the upper limit of ozone concentration is 0.1 PPM. The plant 

ventilation system was evaluated considering all the initiating events including power 

failure, ventilation trips and events requiring operator entry into the cell. The parameters 

considered for this evaluation was source strength, air changes in the cell, leakage from 

the cell, etc. The equilibrium concentration at a given instant, which include plant steady 

operation and plant transient, was evaluated using the ozone build up and decay model.  

Figure 4 shows the built up of ozone in the irradiation cell considering 35 air changes in 

the cell. The equilibrium ozone concentration was such that after plant shutdown the 

ozone concentration drops to a level, which is well below the OSHA limit of 0.1 PPM.    

    The assessment of source cooling system required to determine the rise in temperature 

after a plant trip when the source is fully down. The objective was to assess the coping 

time of the system for any rise in temperature of water above pre-set limit. Apart from this 

assessment of remaining life of the components was another aim of deterministic 

assessment. It was found that the rise in temperature even with source cooling system 

remaining down for four hours, with source down, was well below the upper limit on 

cooling water temperature possibly due to setting in of natural circulation phenomena.  

    The capability of the on-site power system for various load combinations for various 

postulated scenario was tested. Aspects related to long-term operation of on-site power 

supply were established through tests considering plant safety requirements. Special 

procedures like source loading / unloading procedure and associated setup was evaluated 

for potential failure modes. Important safety critical human actions were evaluated 

considering coping time that is available considering various safety provisions.  
    Apart from integrated system performance evaluation, detailed studies were performed 

to assess the level of ageing of the components with an objective to assess the remaining 
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life of the components. The magnetic particle tests for mechanical components was 

performed, important amongst them are, load bearing pin of the source frame, D-shackles 

and thimble for source frame hoisting rope, Conveyor trolley wheel, etc. The Ultrasonic 

thickness measurement of source cooling system piping was done to assess the remaining 

life of the circulation system. The hydraulic system performance, though may not have 

safety implications, is important from the point of plant availability. This system was 

subjected to a thorough review, which included detailed analysis of the power pack oil to 

 

Fig. 4:  Built up of Ozone with time inside Irradiation Cell at 1 MCi Co-60 

assess any degradation. The remaining life assessment for electrical components was 

performed by subjecting these components for accelerated testing. The major tests were a) 

radiation aging test of power and control cables, b) performance tests of air break 

contractors at 110
o
C, c) performance tests of contactor coil at 110

o
C d) tests of 30 year old 

control cable and power cables and e) performance tests of limit switch. 

    The results of this assessment were used to predict the remaining life of the plant. Here, 

components were divided in to various categories by considering the ease with witch it 

can be replaced and repaired. The remaining life is dictated by the core components, 

which will need structural changes in basic design of the plant. 

7. Conclusions 

A Risk-informed approach has been developed for the re-assessment studies for 

engineering systems. This paper presents a case study performed on an Irradiation Facility 

in support of regulatory re-licensing. The framework is generic and can be adopted for 

any engineering system. The recommendations of this study were submitted to the BRIT 

(Board of Radiation and Isotope Technology) India.  Most of the recommendations have 

been accepted by the BRIT and action has been initiated to implement the repair and 

replacements for ageing components, up-gradation, modifications and change in operating 

practices.  
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