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ABSTRACT 
Saeed Ehsan Awan, PhD, Department of Physics & Applied Mathematics, PIEAS, June 2012. 

"Kinetic Simulation, Sensitivity Analysis of Fission Product Activity and Source Term 

Evaluation for Typical Accident Scenarios in Nuclear Reactors”; Supervisor: Dr. Nasir. M. 

Mirza; Co-Supervisor: Dr. Sikander M. Mirza; Department of Physics & Applied 

Mathematics, PIEAS, Nilore 45650, Islamabad. 

 

With growing demands of safe and reliable energy resources worldwide, nuclear power 

plants present viable option. A two third majority of these plants are PWRs. In 

comparison with their competitors, PWRs suffer from significantly higher dose rate due 

to radioactivity in the primary circuit which is dominantly contributed by corrosion and 

followed by fission products leakage from fuel. There has been extensive investigation in 

developing corrosion resistance alloys. But the problem of corrosion product activity in 

primary circuit has aggravated in view of trend towards high burn-ups, high temperatures, 

and longer-life time reactors. Under this scenario, the significance of fission products 

releases becomes even higher. The fission product activity (FPA) is considered to be the 

second leading contributor towards prevalent radiation levels in Pressurized Water Reactors 

(PWRs). The elevated radiation level results in delay and prolongation of routine 

repair/maintenance tasks of reactor’s cooling system, which not only reduces its effectiveness 

but also results in several million dollars revenue loss per power plant annually. However the 

reliable estimates of fission product activity (FPA) are also significant for the evaluation 

of fuel performance, assessment of radiological consequences in case of any accident 

releasing radioactivity and scheduling repair/maintenance tasks. The detailed knowledge 

about radioactivity build up and sensitivity analysis of fission product activity (FPA) is 

essential for reducing the plant maintenance time, which also helps to reduce the dose for 

plant operators and general public. 

  In this work, first a model is developed for dynamic and static sensitivity analysis of 

fission product activity in primary coolant of typical pressurized water reactor (PWR). It has 

been implemented in the FPCART based computer program FPCART-SA that carries out 

sensitivity analysis of fission product activity (FPA) using both static as well as dynamic 

approaches. For long steady power operation of reactor, the computed values of normalized 
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static sensitivity have been compared with the corresponding values obtained by using the 

dynamic sensitivity analysis. The normalized sensitivity values for the reactor power (P), 

failed fuel fraction (D), Coolant leakage rate (L), total mass of coolant (m) and the let down 

flow rate (Q) have been calculated and the values: 1.0, 0.857, -2.0177 × 10-6, 2.349 × 10-4,   

-2.329 × 10-4 have been found correspondingly for Kr-88 with the dominant values of fission 

product activity (FPA) as 0.273 µCi/g. 

  In the second part of this study, evaluation of time dependence of source term has 

been carried out for a typical reactor system. The modeling and simulation of release of 

radioactivity has been carried out by developing a computer program FPARA which uses 

the ORIGEN2 code as subroutine, for core inventory calculations. Time dependent release 

of fission product activity to the containment and air has been simulated for loss of coolant 

accident scenarios. For noble gases, iodine and for aerosols, the release rate studies have 

been carried out for different leakage rates from containment. Effects of fraction of source in 

the coolant that is directly available after the accident on volumetric fission product activity 

were studied. Results show that volumetric activity in the containment air for different 

fission products remains strong function of decay constants, leakage rates, retention factors, 

deposition rates and fractional release rates. 

 



 

CHAPTER 1 

Introduction 
 
 
According to International Energy Outlook (2011) reference case- that does not 

encompass the potential legislation procedures, total world consumption of marketed 

energy is projected to grow by 53 percent over the 2008 to 2035 period [1]. Total energy 

used all over the world rises from 532.775 10  joule in 2008 to 653.045 10  

joule in 2020 and 812.35 10  joule in 2035. World demand for electricity increases 

by 2.3 percent per year from 2008 to 2035, Whereas net electricity generation all over the 

world increases by 84 percent in the reference case, from 19.1 10  kilowatt hours in 

2008 to  25.5 10  kilowatt hours in 2020 and 35.2 10  kilowatt hours in 2035 [1]. 

Nuclear safety encompasses the actions taken to prevent nuclear and radiation 

accidents or to limit their consequences. This covers nuclear power plants as well as all 

other nuclear facilities, the transportation of nuclear materials, and the use and storage of 

nuclear materials for medical, power, industry, and military uses. The three primary 

objectives of nuclear reactor safety systems as defined by the Nuclear Regulatory 

Commission [2] are to safe shut down the reactor, maintain it in a shutdown condition, 

and prevent the release of radioactive material during events and accidents. 

The nuclear power industry has improved the safety and performance of reactors, 

and proposed new safer (but generally untested) reactor designs but these proposed 

designs have not been implemented yet. Sometimes unexpected environmental conditions 

arise like Fukushima in Japan. Where designers had not anticipated a tsunami generated 

by an earthquake would disable the backup systems that were supposed to stabilize the 

reactor after the earthquake. The Fukushima I nuclear accidents have raised the concerns 

regarding economical viability of nuclear safety seeing the Japan’s recent catastrophe 

scenario. Catastrophic scenarios involving terrorist attacks are also conceivable [3]. 
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The global growth scenario considered in MIT report [4] is a three-fold increase 

in the world nuclear fleet capacity by 2050. The goal, of course, should be to carry out 

this large expansion without increasing the frequency of serious accidents. We believe 

this can be accomplished by means of both evolutionary and new technologies focused 

on nuclear reactors. Three major reasons [4] for reducing the frequency of serious 

accidents are: first, and foremost, they are a threat to public health. Reactor core damage 

has the potential to release radioactivity to air and groundwater. Second, an accident 

destroys capital assets. Loss of a plant costs billions of dollars and could restrict electrical 

generating capacity in the locality until replacement, thereby adding to the economic loss. 

Third, a serious accident erodes public confidence in nuclear generation, with possible 

consequences of operating plant shutdowns, and/or moratoria on new construction [4]. 

An interdisciplinary team from MIT [4] have estimated that given the expected 

growth of nuclear power from 2005 – 2055, at least four serious nuclear accidents would 

be expected in that period [4]. To date, there have been five serious accidents (core 

damage) in the world since 1970 (one at Three Mile Island in 1979; one at Chernobyl in 

1986; and three at Fukushima-Daiichi in 2011), corresponding to the beginning of the 

operation of generation II reactors. This leads to on average one serious accident 

happening every eight years worldwide.  

For future development of nuclear reactors, only those designs are recommended 

that use a combination of passive safety features in order to enhance reliability of plant 

safety systems. Passive nuclear safety is a safety feature of a nuclear reactor that does not 

require operator actions or electronic feedback in order to shut down safely in the event 

of a particular type of emergency (usually overheating resulting from a loss of coolant or 

loss of coolant flow). Such reactors tend to rely more on the engineering of components 

such that their predicted behavior according to known laws of physics would slow, rather 

than accelerate, the nuclear reaction in such circumstances. This is in contrast to some 

older reactor designs, where the natural tendency for the reaction was to accelerate 

rapidly from increased temperatures, such that either electronic feedback or operator 

triggered intervention was necessary to prevent damage to the reactor. 
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All reactors have inherent feedback mechanisms that tend to shutdown the 

reactor should it start to runaway or get too hot. In water moderated reactor, like a typical 

power reactor; as the temperature of the reactor and its coolant goes up - the water 

becomes less dense at the higher temperature. Therefore, it is less of a moderator, and this 

tends to decrease reactor power - which is just what you want to happen if the reactor 

starts getting too hot. 

From the outset, there has been a strong awareness of the potential hazard of both 

nuclear criticality and release of radioactive materials from generating electricity with 

nuclear power. As in other industries, the design and operation of nuclear power plants 

aims to minimize the likelihood of accidents, and avoid major human consequences when 

they occur. There have been three major reactor accidents in the history of civil nuclear 

power - Three Mile Island, Chernobyl and Fukushima. One was contained without harm 

to anyone, the next involved an intense fire without provision for containment, and the 

third severely tested the containment, allowing some release of radioactivity. These are 

the only major accidents to have occurred in over 14,500 cumulative reactor-years of 

commercial nuclear power operation in 32 countries. The risks from western nuclear 

power plants, in terms of the consequences of an accident or terrorist attack, are minimal 

compared with other commonly accepted risks. Nuclear power plants are very robust.  

A particular nuclear scenario was loss of cooling which resulted in melting of the 

nuclear reactor core, and this motivated studies on both the physical and chemical 

possibilities as well as the biological effects of any dispersed radioactivity.  Those 

responsible for nuclear power technology in the West devoted extraordinary effort to 

ensure that a meltdown of the reactor core would not take place, since it was assumed 

that a meltdown of the core would create a major public hazard, and if uncontained, a 

tragic accident with likely multiple fatalities. In avoiding such accidents the industry has 

been very successful. In over 14,500 cumulative reactor-years of commercial operation in 

32 countries, there have been only three major accidents to nuclear power plants - Three 

Mile Island, Chernobyl, and Fukushima. 
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It was not until the late 1970s that detailed analyses and large-scale testing, 

followed by the 1979 meltdown of the Three Mile Island reactor, began to make clear 

that even the worst possible accident in a conventional western nuclear power plant or its 

fuel would not be likely to cause dramatic public harm. The industry still works hard to 

minimize the probability of a meltdown accident, but it is now clear that no-one need fear 

a potential public health catastrophe simply because a fuel meltdown happens. 

 Fukushima has made that clear, with a triple meltdown causing no fatalities or serious 

radiation doses to anyone, while over two hundred people continued working on the site 

to mitigate the accident's effects. 

The three significant accidents in the 50-year history of civil nuclear power generation 

are: 

• Three Mile Island (USA 1979), where the reactor was severely damaged but 

radiation was contained and there were no adverse health or environmental 

consequences. 

• Chernobyl (Ukraine 1986), where the destruction of the reactor by steam 

explosion and fire killed 31 people and had significant health and environmental 

consequences.  

• Fukushima (Japan 2011), where three old reactors (together with a fourth) were 

written off and the effects of loss of cooling due to a huge tsunami were 

inadequately contained. 

These three significant accidents occurred during more than 14,500 reactor-years of civil 

operation. Of all the accidents and incidents, only the Chernobyl and Fukushima 

accidents resulted in radiation doses to the public greater than those resulting from the 

exposure to natural sources. The Fukushima accident resulted in some radiation exposure 

of workers at the plant, but not such as to threaten their health, unlike Chernobyl. Apart 

from Chernobyl, no nuclear workers or members of the public have ever died as a result 

of exposure to radiation due to a commercial nuclear reactor incident.  

Operational safety is a prime concern for those working in nuclear plants. 

Radiation doses are controlled by the use of remote handling equipment for many 
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operations in the core of the reactor. Other controls include physical shielding and 

limiting the time workers spend in areas with significant radiation levels. These are 

supported by continuous monitoring of individual doses and of the working environment 

to ensure very low radiation exposure compared with other industries. 

World is facing an explosive growth in energy consumption, with ever increasing 

demand with the passing time. The developing countries are also pushing hard to 

compete in the world growth that is ultimately leading towards more energy 

requirements. The energy consumption all over the world envisages mapping around new 

and more viable energy resources. Therefore fossil fuels are one of the potential but 

limited sources of energy, but the problems including green house gases limit their use. 

The growth of nuclear power production offers not only a successful solution to these 

problems but also strengthen the plans to achieve development goals worldwide. Studies 

estimate that by the mid-century, the nuclear power production will grow by a factor of 

four or five from the present level [5]. 

The reported electricity generation from nuclear power in 2008 was 2.6 10  

kilowatt hours all over the world. This generation capacity of electricity from nuclear 

power is projected to grow by 3.6 10  kilowatt hours in 2020 and then to 4.9 10  

kilowatt hours in 2035. Higher future prices for oil, fossil fuels and furthermore increased 

concern regarding protection of environment from the emission of CO2, make nuclear 

power economically competitive for power generation as compared to other mechanism 

of power generation from coal, natural gas, and liquid fuels, despite the relatively high 

capital costs of nuclear power plants. Recently, many nuclear facilities have reported 

higher capacity utilization rates, which lead to extensions in the operating lives of the 

older nuclear power plants as well, all over the world. 

Therefore world is showing attention towards the nuclear generation, as an 

alternative to fossil fuels, to mitigate the dire requirements of energy supplies. The 

nuclear generated energy resource is known as low-carbon alternative to fossil fuels, that 

is also one of the main reasons for its growing importance across the world. Beside 

known as a viable alternative, nuclear power generation still has some, uncertainties 
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associated with it that could slow the expansion of nuclear power in the future. These 

issues range plant safety, radioactive waste disposal, rising construction costs & 

investment risk, and nuclear material proliferation concerns. Such concerns are often 

raised in many countries across the globe, which hinder the development of new power 

plants. Nevertheless, the efforts are being made as shown in IEO2011 reference case, 

which help to improve the prospects of nuclear power generation. This is also evident 

from IEO 2011 reference case, where 9 percent increase in the nuclear power generation 

in 2030 is expected, as compare to expected nuclear power generation [1] quoted in 

IEO2010.  

Majority of the existing reactors across the globe are power reactors. The purpose 

of a nuclear power plant is not to produce or release “Nuclear Power.” but to produce 

electricity. With growing demands of safe and reliable energy resources worldwide, 

nuclear power plant present viable option. Nuclear power plants currently deliver more 

than 6 % of the world energy and about more than 14 % of world electricity demand 

being met by 441 nuclear power plants operating worldwide, and 67 new plants under 

construction with their total installed capacity reaching 375 gigawatts (electric) GWe [6]. 

Moreover, additional ordinary high energy density of nuclear fuel corresponding to fossil 

fuels is a beneficial physical feature [7] . In addition, production of electricity facilitates 

to decrease environmental degradation. For example, emission of CO2 from a nuclear 

power plant are by two orders of magnitude lower than those of fossil-fuelled power 

plants [8]. 

Power reactors have several types, but mainly the light water reactor is widely 

used. Among the existing nuclear power reactors, more than 95% of the nuclear power in 

the world is derived from water cooled reactors [9], and in these systems, water is used as 

a coolant both in primary circuits as well as in secondary circuits and in the number of 

auxiliary systems. Light water reactors (LWRs) are power reactors that are cooled and 

moderated with ordinary water, Pressurized water reactors (PWRs) and Boiling water 

reactors (BWRs) are the most common types of lights water reactors. The most widely 

used reactor type in the world is the Pressurized Water Reactor (PWR). 



Table 1.1: The various types and number of Nuclear Power Plants in operations worldwide [6] 

Reactor Type Main Countries Installed Units GWe Fuel Coolant Moderator 

Pressurized 

Water Reactor 

(PWR) 

USA, France, 

Japan 

269 248.637 Enriched UO2 Water Water 

Boiling Water 

Reactor (BWR) 

USA, Japan, 

Sweden 

92 84.062 Enriched UO2 Water Water 

Gas Cooled 

Reactor (GCR) 

UK 18 

 

08.949 Natural 

U(Metal), 

Enriched UO2 

CO2 Graphite 

Pressurized 

Heavy Water 

Reactor (PHWR) 

Canada, India 46 22.840 Natural UO2 Heavy Water Heavy Water 

Light Water 

Graphite Reactor 

(RBMK) 

Russia 15 10.219 Enriched UO2 Water Graphite 

Fast Breeder 

Reactor (FBR) 

France, Russia 1 0.560 PuO2 and UO2 Liquid Sodium None 

Total  441 375.267    
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There are 441 nuclear power reactors in world, out of which 269 are the 

Pressurized Water Reactor (PWRs)[6]. In PWR, the water acts as moderator and coolant 

that flows over reactor core. Moreover it is restricted to pressurize primary loop. The 

controlled water in primary loop generates steam in the secondary loop that consequently 

moves the turbine. This operability between primary and secondary loop gives a vital 

benefit of isolating the turbine & condenser from fuel leakage in core.  

The performance about the PWR can be evaluated by analyzing the advantages and 

pertaining to this class of reactors. Some of the advantages of PWR are listed below 

• Besides the high cost involved in the construction and complicated nature of 

PWR, the main advantage that PWR holds, is its operability at high pressure and 

temperature. PWR operates at about 160 atmospheres and about 315C.  

• Fewer control rods are enough in PWR for power production, for example in a 

1000MW plant, 5 dozens control rods are sufficient. 

• In PWR, primary and secondary circuits are independent of each other that help 

the maintenance staff to inspect any one of them, without disturbing the 

operations of other one. 

• A PWR has got a high power density and this, combined with the fact that 

enriched Uranium is used as fuel instead of normal Uranium, leads to the 

construction of very compact core size for a given power output.  

• The water used in primary and secondary circuit is separate and is not intermixed 

therefore the water used in the turbine side is mostly free from radioactive steam. 

Thus the secondary-side piping is not required to be clad with special shielding 

materials.  

Among the existing power reactors in world more than 60 % of operating power reactors 

are the Pressurized Water Reactor (PWRs). Whereas, nuclear power reactors under 

construction & as well as planned in future, show strong tendency toward PWRs.  In 

comparison with other power reactors, Pressurized Water Reactor (PWRs) has 10-100 

times higher steam generator dose rates. These significantly high dose rates in the 
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primary circuits of PWRs are essentially due to radioactivity which is dominantly 

contributed by corrosion products, coolant activation and followed by fission products 

leakage from fuel [10]. There has been extensive investigation in developing corrosion 

resistance alloys. The recent trend towards core life-time extensions and high burn-up 

cores, coupled with aging of the existing fleet of nuclear reactors; it is essential to limit 

fission product activity to much lower levels. This is required in order to keep PWRs 

economically feasible against their competitors. Under these conditions, the significance 

of fission products releases becomes even higher.  

The fission product activity (FPA) is considered to be the second leading contributor 

towards prevalent radiation levels in Pressurized Water Reactors (PWRs). The elevated 

radiation level results in delay and prolongation of routine repair/maintenance tasks of 

reactor’s cooling system, which not only reduces its effectiveness but also results in several 

million dollars revenue loss per power plant annually [11]. Consequently, the plant 

availability factors are also lowered. This situation is further aggravated due to prevailing 

strong shift of plant age profile toward over 25 years operational range. With plant aging, 

the fuel failures become more frequent which leads to elevation of radiation levels in the 

primary circuits of PWRs [12]. 

 There is a growing trend of nuclear power production in the global energy market 

but it also requires reduction of fission product activity (FPA) levels to make PWRs an 

economically competitive option [1]. The levels of fission product activity (FPA) have 

been of concern both from the operational as well as from accidental perspectives. These 

levels are continuously monitored during the normal operation of PWRs.  The fuel pins 

develop leakages with their burnup. When the failed fuel fraction exceeds a safe limit, 

replacement of defective assemblies by refueling becomes necessary. Therefore, low 

levels of leaked-out fission products (FPs) in primary coolant of PWRs are indicative of 

the core health [13]. In the accidental conditions, the total value of fission product 

activity (FPA) serves as the available source term that can potentially escape into the 

surroundings [14-15].   

 However the reliable estimates of fission product activity (FPA) are also 

significant for the evaluation of fuel performance, assessment of radiological 

9 
 



consequences in case of radioactivity release accident and scheduling repair/maintenance 

tasks. The detailed knowledge about radioactivity build up and sensitivity analysis of 

fission product activity (FPA) is essential for reducing the plant maintenance time, which 

also helps to reduce the dose for plant operators and general public. 

In this work, first a broad calculation methodology has been formulated for 

modeling and simulation of kinetics of fission product activity in primary loops of typical 

Pressurized Water Reactors (PWRs). The work is conducted under steady-state normal 

operation conditions. To accomplish this task, a three stage methodology is further 

employed using computer code FPCART that uses reactor physics codes ODMUG [16] 

and LEOPARD [17] codes as its subroutines for estimation of core averaged macroscopic 

fission cross-section and neutron flux. FPCART has been developed in FORTRAN-77 

that employs Runge-Kutta – Fehlberg algorithm. This scheme is used for the solution of 

ODEs. The mathematical model uses coupled first order, ordinary differential equation 

handling the kinetics of dominant fission products with in fuel, fuel-clad and the primary 

coolant loops. 

In the second step of this study, a reliable methodology is developed for the static 

as well as dynamic sensitivity analysis [18] of fission product activity (FPA), in primary 

coolant of PWRs. In this work, normalized sensitivity analysis of the kinetic model of 

fission product activity used in the FPCART computer code [17] has been undertaken for 

both static as well as dynamic cases. Various key parameters, having large absolute 

values of sensitivity are identified.  

Sensitivity analysis (SA) is mainly used to identify important parameters & 

variables used in a model with respect to changes in the value of parameters of the model 

and changes in the structure of the model. Where, the parameter sensitivity is usually 

performed as a series of tests; setting various values to the parameters and studying the 

change in the dynamic behavior of the stocks.  Studying the model’s behavior with 

respect to change in parameter values makes the sensitivity analysis as a useful tool for 

model building as well as model evaluation. Sensitivity Analysis (SA) deals with, the 

variation observed in the output of a mathematical model to variations made in the input 
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of the model. These output variations are normally apportioned qualitatively and 

quantitatively. In other words, sensitivity analysis (SA) is about systematically changing 

the parameters involved in the model and then studying the effects of such changes. The 

method explores the independent variables which impacts the particular dependent 

variable under certain conditions. Sensitivity analysis is normally conducted to identify 

parameters which are sensitive in terms of affecting the dynamic response of the reactor. 

The optimal solution sensitivity is achieved by varying one parameter and keeping other 

parameters constant [19].  

Then, in third part of this work, time dependent activity inside the containment 

was calculated by developing a mathematical model and simulating results for volumetric 

activity and surface activity after a typical loss of coolant accident in a typical reactor. 

The computed activity in core after long run of reactor was found in good agreement with 

reported values for typical system. Then effect of   (fraction of source directly available 

in coolant at (t=0) start of accident) on peak activity in containment air was determined. 

Also, the effect of mixing rate   on peak activity inside containment air was 

determined. 

1.1 Objectives 

This work covers both the development of a method which calculates fission product 

activity in primary coolant and source term calculation model for typical accident 

scenarios in nuclear reactors. The activity is conducted in pressurized water reactor under 

steady state normal operation conditions. As first step, the system of coupled first order 

differential equations have been developed to calculate fission product activity in reactor 

fuel, fuel clad gap and finally in primary coolant of a typical pressurized water reactor. 

The system of these differential equations has been implemented in FORTRAN -77 using 

Runge-Kutta – Fehlberg algorithm. Various simulations are carried out to study time 

variation of fission product activity (FPA) in primary coolant of a PWR under steady 

state normal conditions. 

The method proposed in this work is implemented as a computer program 

FPCART (Fission Product Coolant Activity in Reactors under Transients). This computer 
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program is having three stage model, which is capable of analyzing the activating reactor 

fuel, fuel clad gap and ultimately in reactor coolant system under prevailing conditions. 

This program makes assumptions that fission products are produced in the fuel, and 

diffusing part of it to the fuel clad gap under normal reactor operation at a constant rate. 

Since certain failed fuel fraction are present in the fuel, therefore fraction of 

fission products reach the primary coolant of PWR from gap through leakage that comes 

in direct contact with the outer surface of the cladding and carries with it the leaking 

fission products through the failed portions of the clad. Both of these process, i,e leakage 

of fission products from fuel to gap and then consequently  reach to the primary coolant 

through leakage from gap are modeled as first order rate process. Fission products 

production rate is dependent on the operating conditions of PWR like, fuel to coolant 

ratio, power density, and fuel being used etc. It also depends on the design of a reactor as 

well. The impurities are removed through ion exchangers, filters and evaporator tanks as 

per their ratio of concentration in coolant. The time dependent concentration is acquired 

from a balance between the production rate of radioactive nuclei and the rate of lost due 

to purification, leakage and radioactive decay. 

This study initially focuses to devise a stable methodology for assessing and 

analyzing the sensitivity of fission product activity (FPA), in primary coolant of PWR. 

The scope of this part of work envisages meeting following requirements: 

• Fission product activity evaluation is crucial to assess procedure for conducting 

repair and maintenance though ALARA. This also supplements for achieving cost 

effective operation cycle with reduced doses and increase profitability. 

•  Fission product activity estimation also helps in establishing better understanding 

for planned shutdowns of reactor systems. 

• Extended fuel cycle operation and power up-rates have increased fuel duty 

appreciably. This transition to higher duty cores have been accompanied with 

many fuel failure incidents causing anomalous and unanticipated core behavior in 

PWRs, fuel integrity problems, and adverse radiological events. 
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• Similarly the assessment made regarding dose during reactors operations is also 

crucial for preventing the workers at plant from over exposure under diverse 

operating conditions of plant. 

• Heavy costs are involved for the operations of LWRs, dealing with fuel 

degradation in reactor due to radiation, high temperature, high pressure cyclic 

stresses and corrosive environment. Thus in such a scenario, the study finding the 

details knowledge of radiation field build up and methods to improve coolant 

chemistry is expected to be highly useful for laying out maintenance schedules.  

• This work includes studying the online monitor’s operability with fuel failures 

which are normally caused because of linkage between primary coolant activity 

and fuel failure.  

• The sensitivity analysis identify the parameters, which require precise 

measurements and also identify those important parameters which need to be 

controlled for reducing both radiation doses to the concerned staff as well as the 

down time of the reactor for maintenance. 

• The sensitive analysis also provides the information about identifying the key 

parameters affecting the fission product activity levels in primary circuit of 

PWRs.  

Finally a mathematical model for the source term evaluation is developed by first 

employing the time dependent source, re-suspension rate, decay of fission fragments, 

leakage from containment, deposition on surfaces and re-circulation of air through filters 

and later on a computer program FPARA was developed. The program used ORIGEN2 

computer code as a subroutine for core inventory calculations. The computer program 

FPARA is capable of calculating source term for a typical reactor accident inside 

containment and in air outside containment from controlled leakages. Then volumetric 

and surface activity as a function of time for accident in containment air was computed in 

this work for Kr- isotopes, Xe-isotopes, iodine-isotopes, Te-isotopes, Sr-isotopes, and Cs-

isotopes respectively. Finally, the effect of containment leakage rate  was also 

determined on volumetric leakage rate of activity from containment.  
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1.2 Thesis Layout 

This thesis is composed of six chapters. The first chapter concisely introduces the main 

area of research chosen under this work and core objective of this research work. 

  The second chapter presents the contemporary literature on the significance of 

fission products in nuclear reactor operation. Moreover this chapter solicits the models so 

far reported regarding the modeling and simulation of fission product, including the 

number of reactors installed worldwide, energy produced and annual radiation doses 

received by workers. This chapter also reviews various energy resources, which can be 

taped to meet the growing requirements of electrical energy all over the world. This 

chapter also includes the reviews of sensitivity analysis and source term evaluation on 

nuclear systems. 

  Chapter 3 introduces the model of fission product activity comprising first order 

differential equations in fuel, fuel gap and in primary coolant. The implementation of 

numerical technique named RK4 method has been described in this chapter. This chapter 

also encompasses the arguments on FPCART computer program along with, its 

schematic diagram and flow chart. A mathematical model and description of a computer 

program FPARA for source term evaluation is also developed in this chapter. 

  Chapter 4 starts with discussion on sensitivity analysis, including the different 

types and techniques of this analysis. The chapter also includes the description on static 

and dynamic sensitivity analysis of fission produce activity. This chapter also gives detail 

of FPCART-SA computer program along with its flowchart.  

 Chapter 5 includes the simulation results for dynamic and static sensitivity analysis 

of fission product activity (FPA) in primary coolant obtained by differential sensitivity 

analysis (SA). Finally the results obtained by dynamic and static sensitivity analysis (SA) 

have been compared for each isotope numerically and graphically with respect to all 

important parameters and the most sensitive parameter has been identified. Furthermore, 

for source term evaluation, results for loss of coolant accident on fission product activity 
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in containment and in air as a function of time are presented. Effects of various 

parameters are also included here.  

 Finally Chapter 6 summarizes the work including conclusions and directions for 

future work. 



CHAPTER 2 

Literature Review 

2.1 Background 

Currently fossil fuel is being used in energy production and contributes to increase in 

global warming, due to entailing billions of tons of carbon dioxide emission. The 

electricity is mainly produced from fossil fuels, natural gas and coal all over the world. 

The fossil fuel is believed to be primarily responsible for such a high scale emission of 

carbon dioxide and the resulting green house effect. 

 The aforementioned facts depict that generation of electricity from fossil fuel 

causes maximum carbon dioxide emission to environment and therefore, it is hazardous 

to human health. There are few options which can be seriously explored to reduce this 

green house effect and at the same time meeting the electricity generation requirements; 

• Installation of new modern infrastructure ensuring efficient electricity generation 

and supply with minimum losses. 

• Exploring the new renewable energy fronts for meeting the energy production 

requirements, such as solar, biomass, geothermal, hydro and wind etc. 

• Confiscating the carbon emitted, during the electricity generation from fossil fuels. 

• Shifting the focus to nuclear technology for generating electricity. 

As explained above, nuclear technology is also a viable option for not only meeting the 

electricity production requirements, but to reduce the huge carbon emitted to the 

environment. The recent survey shows that electricity production capacity through 

nuclear technology all over the world has increased to almost three-fold as compared to 

previous times. This amounts to 1000 billion watts by 2050. Such a huge scale electricity 

generation through nuclear technology, is expected to save 1.8 billion tons of carbon 

dioxide (CO2) emission to environment [4]. 

 Besides considering nuclear technology as adequate source of electricity 

generation, it involves higher level governmental approval in any region because of 
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various hurdles associated to nuclear technology such as safety, proliferation, and waste 

management concerns. The continuous emission of carbon dioxide in lieu of electricity 

production, poses a major threat to human living environment therefore a carbon free 

source for electricity generation is indeed a vital option. Nuclear technology with its own 

pros and cons, is in fact a carbon free source for power generation, and thus can 

significantly contribute towards meeting the future requirements of electricity. 

 Although nuclear technology appears as a potential option of meeting the power 

generation requirements but at the same time there are few challenges which essentially 

need to be address, in order to make nuclear technology as a viable option. These 

challenges as described above involve the initial infrastructure costs, safety, proliferation 

and waste management. The usage of nuclear technology is directly associated with 

properly handling these challenges. The world community can further expedite the efforts 

to handle these challenges, as nuclear technology can potentially reduce the global 

warming. The consideration shown for nuclear technology will hopefully turn this source 

as a competitive and safer along with meeting the power generation requirements. 

Electricity demand is on the increase, in the growing economic times. Therefore 

nuclear technology has enough potential to provide a safe, environmentally friendly and 

economic source for the electricity production. The world faces the challenge of meeting 

the growing demand for electricity production whilst maintaining the human friendly 

environment, with less damage to climate. In such a scenario nuclear technology has been 

adopted and its usage has been growing since its inception.  The rise in nuclear 

technology adoption is associated to new nuclear plants construction and up-gradation of 

existing plants. This increase reliance on nuclear technology has sufficiently contributed 

worldwide in improvements in power production rates. 

 



Table 2.1: Nuclear Power Reactor in operation and under construction in the world [20]  

Country Reactors in Operation Reactors under construction Nuclear Electricity Supplied 

in 2010 

   

 No of Units Total MW(e) No of Units Total MW(e) TW(e).h       % of Total 

Argentina 02 935 1 692 06.69 05.91 

Armenia 01 375 - - 02.29 39.42 

Belgium 07 5926 - - 45.73 51.16 

Brazil 02 1884 1 1245 13.90 03.06 

Bulgaria 02 1906 2 1906 14.24 33.13 

Canada 18 12569 - - 85.50 15.07 

China 13 10058 28 28230 70.96 01.82 

Czech Republic 06 3678 - - 26.44 33.27 

Finland 04 2716 1 1600 21.89 28.43 

France 58 63130 1 1600 410.09 74.12 

Germany 17 20490 - - 133.01 28.38 

Hungary 04 1889 - - 14.66 42.10 

India 19 4189 6 3766 20.48 02.85 

Iran - - 1 915 - - 

Japan 54 46821 2 2650 280.25 29.21 

Korea 21 18698 5 5560 141.89 32.18 
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Table 2.1: Nuclear Power Reactor in operation and under construction in the world (Cont.) [20]  

Country Reactors in Operation Reactors under construction Nuclear Electricity Supplied 

in 2010 

   

 No of Units Total MW(e) No of Units Total MW(e) TW(e).h       % of Total 

Mexico 02 1300 - - 05.59 03.59 

Netherlands 01 482 - - 03.75 03.38 

Pakistan 02 425 1 300 02.56 02.60 

Romania 02 1300 - - 10.70 19.48 

Russia 32 22693 11 9153 159.41 17.09 

Slovakia 04 1816 2 782 13.54 51.80 

Slovenia 01 666 - - 05.38 37.30 

South Africa 02 1800   12.90 05.18 

Spain 08 7514 - - 59.26 20.09 

Sweden 10 9303   55.73 38.13 

Switzerland 05 3238   25.34 38.01 

Ukraine 15 13107 2 1900 83.95 48.11 

United Kingdom 19 10137 - - 56.85 15.66 

United State of America 104 101,240 1 1165 807.08 19.59 

 

Total 

 

441 

 

375,267 

 

67 

 

64064 

 

2629.95 

 

13.5% 
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Table 2.2:  Different Types and Net Electrical Power of Reactors in Operation [6]  

Country PWR BWR GCR PHWR LWGR FBR Total 

No MW(e) No MW(e) No MW(e) No MW(e) No MW(e) No MW(e) No MW(e) 

Argentina - - - - - - 02 935 - - - - 02 935 

Armenia 01 375 - - - - - - - - - - 01 375 

Belgium 07 5926 - - - - - - - - - - 07 5926 

Brazil 02 1884 - - - - - - - - - - 02 1884 

Bulgaria 02 1906 - - - - - - - - - - 02 1906 

Canada - - - - - - 18 12569 - - - - 18 12569 

China 11 8758 - - - - 02 1300 - - - - 13 10058 

Czech 

Republic 

06 3678 - - - - - - - - - - 06 3678 

Finland 02 976 02 1740 - - - - - - - - 04 2716 

France 58 63130 - - - - - - - - - - 58 63130 

Germany 11 14033 06 6457 - - - - - - - - 17 20490 

Hungary 04 1889 - - - - - - - - - - 04 1889 

India - - 02 300 - - 17 3889 - - - - 19 4189 

Japan 24 19284 30 27537 - - - - - - - - 54 46821 

Korea 17 15976 - - - - 04 2722 - - - - 21 18698 

Mexico - - 02 1300 - - - - - - - - 02 1300 
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Table 2.2:  Different Types and Net Electrical Power of Reactors in Operation (Cont) [6] 

Country PWR BWR GCR PHWR LWGR FBR Total 

No MW(e) No MW(e) No MW(e) No MW(e) No MW(e) No MW(e) No MW(e)

               

Netherlands 01 482 - - - - - - - - - - 01 482 

Pakistan 01 300 - - - - 01 125 - - - - 02 425 

Romania - - - - - - 02 1300 - - - - 02 1300 

Russia 16 11914 - - - - - - 15 10219 01 560 32 22693 

Slovakia 04 1816 - - - - - - - - - - 04 1816 

Slovenia 01 666 - - - - - - - - - - 01 666 

South Africa 02 1800 - - - - - - - - - - 02 1800 

Spain 06 6004 02 1510 - - - - - - - - 08 7514 

Sweden 03 2799 07 6504 - - - - - - - - 10 9303 

Switzerland 03 1700 02 1538 - - - - - - - - 05 3228 

Ukraine 15 13107 - - - - - - - - - - 15 13107 

UK 01 1188 - - 18 8949 - - - - - - 19 10137 

USA 69 67205 35 34035 - - - - - - - - 104 101240

 

Total 

 

269 

 

248637 

 

92 

 

84062 

 

18 

 

8949 

 

46 

 

22840 

 

15 

 

10219 

 

01 

 

560 

 

441 

 

375267
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Fig.2.1: Types & number of nuclear reactors in operation [6] and their net electrical 

power. 
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 Power plants currently deliver more than 6 % of the world energy and about more 

than 13.5% of world electricity demand being met by 441 nuclear power plants operating 

worldwide, and 67 new plants under construction,  with their total installed capacity 

reaching 375 gigawatts (electric) GWe [20]  .  The electricity production using nuclear 

technology has been increased from 1901 TW(e).h to 2630 TW(e).h from 1990 to 2011. 

Similarly the total installed nuclear capacity has also been increased from 327.6 to 

375.267 GW (e) because of construction of new nuclear plants and up-gradation in old 

setups [20]. The special concerns have been shown all over the world for increasing the 

output gained by nuclear plants. The recent reviews made for estimating the energy 

requirements; show that there is an annual increase of 3.3% in energy requirements 

worldwide, where as the generation of electricity from nuclear technology is expected to 

grow by 1.5% annually [1].  

  Power reactors have several types, but mainly, the light water reactor is widely 

used. Among the existing nuclear power reactors, More than 95% of the nuclear power in 

the world is derived from water cooled reactors [9] and in these systems water is used as 

a coolant both in primary circuits as well as in secondary circuits and in the number of 

auxiliary systems. Light water reactors (LWRs) are power reactors that are cooled and 

moderated with ordinary water, Pressurized water reactors (PWRs) and Boiling water 

reactors (BWRs) are the most common types of lights water reactors. The most widely 

used reactor type in the world is the Pressurized Water Reactor (PWR). There are 441 

nuclear power reactors in world, out of which 269 are the Pressurized Water Reactor 

(PWRs) [6]. 

 Significant decrease in the steam generator dose rates have been found in several 

nuclear power plants from last few decades. However, as compared with the other power 

reactors including gas or sodium-cooled reactors, the pressurized water reactors (PWRs) 

still maintain 10—100 times higher steam generator dose rates. These significantly high 

dose rates in the primary circuits of PWRs are essentially due to radioactivity in the 

primary circuit which is dominantly contributed by corrosion products, coolant activation 

and followed by fission products leakage from fuel [21-23]. Such high dose rates result in 

delay and prolongation of routine repair/maintenance tasks of rector’s cooling system, 
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which not only reduces its effectiveness but also results in several million dollars loss per 

power plant annually [24]. 

 Reliable estimates of production, buildup and release of fission products in nuclear 

fuel are required primarily for evaluation of fuel performance. The fission gases produced 

during the fuel burnup, yields a pressure that constraints the burn up capacity. This point 

has received high attention for the attaining high burn up fuels and long core life. Further 

in a situation of a loss of coolant accident (LOCA), the high amount radiations are 

emitted which is also for the reason of presence of fission product in the fuel. The 

presence of fission and activation- products in the primary coolant, are mainly 

responsible for establishing the delay, which is mandatory before any maintenance can be 

started. 

 The main source of biological hazard in the case of a severe reactor accidents are 

radioactive fission products and actinides generated during normal reactor operation. The 

fission products activity, in primary coolant of pressurized water reactor requires high 

attention and macroscopic indicators [25] are needed to evaluate the radiation level in the 

reactor core. 

 The radioactive rare gas fission products diffused from UO2 fuel and then from 

fuel leakage of fission product from cladding into primary coolant has been of concern 

from early reactor operation period [25]. Defective fuel elements were used during 

reactor research program for perceptive of the physical phenomenon involved in fission 

product release from defective fuel and as a result, a technique was developed in order to 

enable the feature of surface uranium contamination from the failed fuel pins [26].  

  In order to investigate the phenomenon of fuel damage and fission product release 

under severe power reactor accident condition, the Phebus Fission Product (FP) project 

was launched in 1992 due to significance of the fission product releases both during 

normal operation as well as in severe accidents conditions [27]. In research reactors, the 

fission product releases have also been measured including highly enriched in uranium 

(HEU) fueled SLOWPOKE-2 core where transportable gamma-ray spectrometric data 

was collected and after the investigation of the release rates, the source of the short-lived 
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fission products has been identified to be direct recoil from exposed uranium-bearing 

surfaces [28]. Now days, experimental effort is mostly focused on detailed studies of the 

transport and release of fission products from fuel to clad gap & coolant under different 

circumstances in a variety of situations. 

 In past, a lot of theoretical models have been developed for modeling and 

simulation of fission product activity and releases for the development of primary coolant 

radioactivity monitoring systems [29], because It is important for fuel management and 

radiological safety point of view to determine the amounts of unstable gaseous and 

volatile fission products released from defective fuel rods to the coolant of an operating 

reactor. There are two steps [30] for the modeling of the release of unstable fission 

products from the defective fuel rods to the coolant. In the first step, release of unstable 

fission products to the fuel-to-clad gap is modeled. While in second step the migration of 

these fission products to the coolant through the defects is modeled.  

 For this purpose Lewis et al used empirical diffusion coefficients to develop a 

model for the release of unstable fission products from the fuel pellet to gap [31]. In this 

model the empirical diffusion coefficient for the fuel matrix is obtained by fitting the 

model to measured data. Later on Lewis et al. improved their model [26]  by including the 

effect of fuel oxidation on the  enhancement of fission products release. Just like the 

above model, the release of fission products from the fuel to the gap was also treated in 

these models by using the empirical diffusion coefficient that must be fitted to 

experimental data [32]. Main drawback of this model is the prediction of fission products 

release from the UO2 matrix to the gap was treated empirically without considering the 

physical phenomena involved in this process. Beyer [33] has developed an analytical 

model in which release of unstable fission products to the gap was also obtained 

empirically from measured coolant activities.  

 Although all the models described above are useful in finding out the number of 

defective fuel rods along with their failure type. But all these models have one common 

drawback that do not incorporate the physical processes such as atomic diffusion within 

the UO2 matrix and nucleation of gas bubbles, their growth and interlinkage at grain 
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boundaries [30]. Since it is difficult to take into account these processes into an empirical 

diffusion coefficient, thus all the models mentioned above have a limitation that when 

fission products are released to the gap, these models cannot incorporate the effect of fuel 

rod power (temperature) and burn up of fission products [30]. 

 In order to overcome above mentioned drawbacks, Koo et al., [30] have developed 

a model  for the release of unstable fission products from defective fuel rods into the 

coolant of PWRs under steady state operating conditions . This model is mainly based on 

fuel temperature, and affects both oxygen potential and fuel oxidation in fuel pellet. This 

affect determines the extent of diffused gas. This model has assumption for unstable 

fission products that pass from gap to coolant, to occur through the phenomenon of first 

order rate process. This model is said to be deterministic and stochastic in its nature, 

extending an analytical method for determining the release to birth rate ratio for unstable 

fission products containing defective fuel rods in primary coolant under steady state 

operating conditions of the reactor. Under power and flow rate transients this model does 

not have capability to predict primary coolant activity and also role of reactor purification 

systems is not considered in this model. The study also does not include the consequence 

of number of failed fuel rods on coolant activity. 

  A Lot of research effort has been done in past for the estimation of failed fuel rods 

[11] by using the primary coolant activities [34]. For this purpose both experimental as 

well as theoretical techniques have been developed. For experimental measurements, 

non-destructive method of leakage detection has been used [11]. The on-line fission 

product activity (FPA) monitoring using γ-ray scanning of primary coolant 133Xe activity 

by anti-coincidence counting is commonly used. The failed fuel fraction estimation is 

also carried out by using on-line chemical analysis system.  For an automatic 

identification of failed rods in fuel assemblies matched filters are designed. Thus 

recently, the ultrasound pulse-echo inspection technique combined with matched filters 

technique has been developed [35]. This detection technique is based on processing 

echoes from the continuous emitted ultrasonic pulses. All of the failed rods are correctly 

identified with false alarm probability [35] smaller than 3%. Although for the 

identification of the fuel failures such systems are useful, but apart from being expensive 
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and cumbersome, these systems alone cannot be used for prediction of activity in primary 

coolant with time and also cannot be used for maintenance scheduling and cycle 

optimization. The best utilization of these systems requires model based codes for 

prediction of the behavior of fission product activity after such failures occur. 

  Various models have been developed in past for theoretical estimation of failed 

fuel fraction and corresponding fission product activity (FPA).  Ivanov has proposed a 

model [36] for the explanation of peculiarities of fission gases release out of porous fuel 

and has found close comparison between theoretical and experimental values of the 

typical time for flow changes. However main drawback of this model is that their method 

mainly focuses on fuel region only and cannot be used to find fission product activity in 

primary coolant.   

  Andrew et al., have developed an artificial neural network (ANN) based model 

[37] for the estimation of volatile fission product releases under severe accident 

conditions for both Canada deuterium uranium (CANDU) as well as light water reactor 

(LWR) fuel. As well as the physical phenomenon’s involved in the release of volatile 

fission products are concerned, they are extremely complex under severe accidents 

conditions. They have used back propagation neural network models with modified delta 

learning rule based training to predict the cumulative fractional release of volatile fission 

product cesium from CANDU fuel fragments and mini-elements, as well as LWR 

elements, under a variety of simulated severe accident conditions within the range of the 

experimental data on which they were trained. The model however is applicable for 

cesium and meant for severe accident conditions only. 

 For the estimation of both the number and the degree of fuel failures in various 

power reactors, various computer codes have been developed [38] which are based on 

above described models. The solutions of equations containing nuclear transmutation and 

decay are the main problem which commonly arises in the field of nuclear energy. 

Nuclide chain equations can be described as a simultaneous system of homogenous, 

linear, first order ordinary differential equation with constant coefficients.  In order to 

calculate the composition of nuclide in a nuclear reactor during irradiation, a wide variety 
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of computer codes are available based on the analytical solution of chain equations 

describing the fission product accumulation and isotopic composition of fuel. Majority of 

these codes are complex and highly developed, containing the use of multi energy group 

neutron spectra and cross section, to determine the nuclear fuel composition as a function 

of space and time [38]. But on the contrary, these codes are incomplete in a way that they 

only determine the limited number of nuclides. Also these reactor physics codes are 

inappropriate for use in some cases because they are cumbersome and expensive.  

 In view of the recent advances in reactor design, Aboanber [38] has developed 

fourth order Runge-Kutta (RK-4) algorithm based methodology for solution of chain-

model of fission products and to estimate their affect on reactivity. Also he compared the 

results of RK-4 method with analytical method and ORIGEN2 code system. The 

accuracy and speed of the calculation of RK-4 are acceptable and faster than both 

analytical method and ORIGEN2 code.  

 There have been significant discrepancies found in several theoretical predictions 

[39] and the corresponding experimental data which includes clad-rupture time, the 

degree of oxidation and in the amount of liquefied and relocated fuel [39]. These 

discrepancies strongly point toward deficiencies present in the models used for 

predictions. From last few decades, lot of research effort has been made to acquire 

information about failed fuel fraction from the primary coolant activity of operating 

PWRs. As a result of these research efforts, a number of codes are now available and 

being used at the nuclear power plants. However, computer codes currently available for 

this purpose still contain significant overall errors in estimating the failed fuel rods. In 

order to overcome drawback of existing computer codes, Chun et al., have developed a 

Windows computer code [40] entitled as "CAAP" (Coolant Activity Analysis Program) 

by using the radioactivity data of primary coolant obtained from operating PWRs for the 

estimation of the number, the degree of failures, and the location of failed fuel rods. Both 

diffusion and kinetic models are developed and incorporated into the CAAP program to 

estimate the number of failed fuel rods. Reliable codes which give estimates of primary 

coolant activity can clearly be used both for degree of failures and on-line monitoring of 

failed fuel rods from reactors. 
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  For the fuel testing of advanced gas reactor and their qualification in the advanced 

test reactor, an on line, multi-spectrometer fission product monitoring system have been 

designed by Hartwell et al.[41]. During the NPR-1A experiment, they compared model 

total activity result with measured results for the first TRISO-coated fuel failure particle, 

and realize that whenever fuel element fails, sharp peak is found for total activity of 

primary coolant and after that it settles to steady state value, which is a little bit higher 

than the prior value before the failure. Even though these measurements provide a useful 

data, but such experimental measurements have been not done in standard PWRs; due to 

which we have to develop computer codes which give reliable estimates of primary 

coolant under normal operating conditions. 

 Recently, a lot of research work has been done to evaluate activity of fission 

product in the primary coolant & chemical and volume control system (CVCS) resin of 

reactors. Some of the recent efforts in this regard include the following works. Lewis et al 

[42] developed a model to estimate fission product activity in reactor coolant and applied 

it to estimate 129I in radioactive waste. Later on, they extended their work to model the 
129I activity in the primary coolant of a CANDU reactor [43] during constant reactor 

operation. 

 Hwang et al., [44] developed a theoretical methodology on the basis of Lewis & 

CVCS resin model to evaluate the activity of 129 I in primary coolant & chemical and 

volume control system (CVCS) resin using scaling factor approach. The main purpose of 

using scaling factor is the estimation of difficult-to-measure (DTM) radionuclide’s, by 

relating DTM radionuclide activity with the activity of gamma emitting radionuclide 

whose activity are easy to measure. They conclude that ratio of effective removal 

efficiency of 129I/137Cs in CVCS resin is less sensitive as compared to that of primary 

coolant. Later on, Hawng et al [45] developed a mathematical model to describe the 

activity of 129I and 137Cs in primary coolant and CVCS resin in pressurized water reactor 

during constant power operation.  

 Furthermore, Lewis et al., has developed a model [46] to describe for the release of 

volatile fission products from defective fuel element to predict coolant activity behavior 
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for fuel-failure monitoring analysis, utilizing model parameters derived from in-reactor 

experiments conducted with defective fuel elements containing natural and artificial 

failures at the Chalk River  Laboratories [47]. 

 Lewis has developed a model [48] based on first order kinetics and diffusion 

theory, for the transportation of iodine and noble gases in the fuel to sheath gap of 

defective nuclear fuel elements. Later on, Lewis & Bonin [49] modified their model 

which accounts for both diffusive and bulk-convective transport. They found that during 

high temperature a reactor accident, convection is the dominant process of transport due 

to release of fission products into the gap, and when reactor is operating normally, then 

diffusion is found to be dominant process of transport. 

 Iqbal et al have developed a detailed model [50] for kinetic study of fission 

product activity in primary circuits of PWR under power perturbations. For this purpose, 

they developed two stage, fourth order Runge- Kutta technique based methodology to 

implement in FPCART code. Mirza et al extended this work [51] to study fission product 

activity (FPA) analysis under flow rate transients in PWRs. Later on Iqbal et al further 

extended this work to develop a stochastic model [52] for the evaluation of fission 

product activity (FPA) under power perturbation  in primary coolant due to fuel rod 

failures. 

 From safety point of view for worker, the major objective of nuclear industry is 

reduction of dose exposure to worker. Thus adults can be exposed to a maximum of 20 

(mSv) of annual total effective dose equivalent as given in PNRA regulatory limits [53]  

While the annual limit for total effective dose equivalent to any individual tissue or organ 

other than eye lens is 500 (mSv) & dose equivalent for  eye lens is 150 (mSv) [53]. 

Moreover, the annual limit for total effective dose equivalent to any individual public 

person should not exceed 0.1 rem (1mSv) as given in 10CFR20.1301 & PNRA regulatory 

limits [2, 53]. The annual effective whole body dose of less than 50 rems is not a serious 

threat and may cause only blood changes. Whereas the doses in the range of 50 rems to 

200 rems extends some level of illness but it is also found hardly ever fatal. while doses 

in the  range of 200 rems to 1000 rems is considered to be quite dangerous, whilst 
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radiation doses more than 1000 rems are fatal and it may also lead to increase in cancers 

and deaths. 

 The current occupational exposure limit set by 10CFR20, 5 rem/year whole body, 

is thought to lead to negligible additional risk when compared to other risks an individual 

takes in everyday life, but when applied to a population, unquestionably leads to 

additional, incremental health affects within the population. We can only consider the 

regions with high intensity of dose in order to study the dose effects, because the low 

dose region cannot help to conduct study for dose effects. Thus, for mentioning the 

smooth maintenance and routine operations at plant, it is recommended to establish large 

number of trained force of workers, to keep them safe from over exposure by adopting a 

rotation policy. 

 All over the world, measure are taken which show stabilized levels of dose 

radiations per worker at the working environment in the plants and steps are also being 

taken to continuously further reduce this rate. But the situation does not guarantee that 

problems are fully resolved as various reports still show problem at light water reactors. 

Light water reactors do still pose higher risk in the context of dose exposure for the 

reason of having one or two orders of magnitude higher steam generator surface dose rate 

as compared to the competitors like sodium or gas cooled reactors. Further, Light water 

reactors are being extensively studied and efforts are being made for detection and 

protection from radiations. 

 One of the major problems facing nuclear industry is the exposure of workers to 

the radiation fields. Thus, in order to reduce the exposures to worker in nuclear power 

plants, radiation field must be reduced. While from 1984 to 2009, annual collective dose 

(person-rem) has decreased significantly, from approximately 52,000 to 10,024 person-

rem per year for light water reactor. It is obvious from the data given in Tables 2.2, 2.3 

and 2.4 that the average collective dose and average number of personnel per pressurized 

water reactor (PWRs) have been lower than those for boiling water reactors (BWRs) 

since 1994. Generally BWRs have higher collective doses due to the fact that the steam 

produced directly from the reactor is used to drive turbines to produce electricity. As a 
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consequence radioactivity is produced in BWR which is present in both reactor and 

power generating component of the system. On the contrary, PWR are designed in such a 

way that radioactivity is kept within the steam generator and reactor vessel, but not in the 

turbine.  

 The annual collective dose per LWR has been dropped by 53% between 1994 and 

2009 [54]. This decrease in annual collective dose has mostly occurred earlier to 2001. 

Collective dose of both PWR and BWR have leveled off since 2001, after a long trend of 

decrease since in the mid-1980. There is an increase in the average collective dose per 

reactor from 2008 to 2009 for PWRs by 1% to 69 person-rem, where as average 

collective dose per reactor for BWRs increases by 17% to 151 person-rem from 2008 to 

2009 [54]. However, there is an increase in the overall collective dose per reactor for 

LWRs by 9% from 88 person-rem in 2008 to 96 person-rem in 2009. The average 

number of personnel with measurable dose per reactor increased to 660 for PWRs in 

2009 from a value of 633 in 1994,  and average number of personnel with measurable 

dose per reactor decreased to 1034 for BWRs in 2009 from a value of 1059 in 1994. 

There is an increase in the average collective dose per MW-yr for LWRs by a value of 

0.11 rem/MW-yr in 2009 to a value of 0.10 rem/MW-yr in 2008 [54], due to combination 

of a 9% increase in the collective dose and a 0.6% decrease in power production. 

 Failures of fuel rod usually occurs when reactor is in normal operation and then 

detection of fuel rod failure is one of the most essential issue in routine operation of PWR 

[35]. Beside implications on the performance of a reactor, failed rods mainly affect the 

safety operation of the power plants. The phenomenon which currently contribute mainly 

in the failure of fuel rods are debris, crud/corrosion, grid fretting, issues of fabrication, 

clad creep, handling damage etc. Recent trend of longer fuel cycle length and high burn 

up cores has provoked the problem of failed rods [55]. Both these factors translate into 

higher stress and as a result corrosion cracking stress will occur which cause in more fuel 

failures. 

 The failure in fuel rods results into many hazards from increase in radiation levels 

during reactor operations, leading to disturbance in maintenance schedules resulting in 
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lengthy delays. This also substantially effects the involved finances with an order of 

several million dollars per annum [24]. Further, the efforts required to maneuver the 

failed fuel rods also involve financial burden. Although, serious attention has been given 

in recent past to reduce the fuel rod failure rate, but still the incident, are being reported. 

These incidents are unfortunately attributed most of the times to unknown reasons. Thus 

the innovative fuel fabrication methods are required which may show less susceptibility 

to fuel rod failures, saving unnecessary delays in operations and lessening financial 

burden. 

 The fuel rod failure estimation is also performed, with the help of computer 

programs such as IODYNE [56] and CHIRON [57] by providing them online available 

radioactive measurements. These computer programs employ empirical failure models 

that encompass both, high and low power failures. But these computer programs have 

been found incapable of estimating number of fuel rods, are down [58]. These computer 

programs, estimate the failed fuel rod rate at steady state, with constant parameters that 

limits their usability to real time domain. 

 The Fig.2.2 shows comparison of annual dose per reactor for BWRs and PWRs, 

whilst Fig.2.3 represents the comparison of number of persons with measureable dose per 

annum for BWRs and PWRs, whereas Fig. 2.4 shows average electricity generated per 

annum for BWR and PWR. For ensuring better health standards at work place and 

lessening the radiation exposures, the following steps are deemed desirable; 

• The comprehensive training and guidance of concerned staff. 

• The new and modern equipment installation, that require less maintenance.  

• The timely and comprehensive assessment regarding radioactive buildup in various 

components of reactors, help in achieving the target of lowest doses to personals. 

Furthermore, the fission products are also responsible for radioactivity in primary 

coolant, therefore it is essential to have fair estimate of fission produces activity buildup 

by employing realistic models. This will help to devise better controlling strategies in 

order to handle the fuel failure situations.  

 



Table 2.3:  Information regarding commercial Light Water Reactors 1994- 2009 [54].  

 

Year Number 
of 

Reactor 
Included* 

Annual 
Collective 

Dose 
(Person-

rem) 

Number of 
personnel 

with 
Measurable 

Dose** 

Electricity 
generated*** 
(MW-years) 

Average 
Measureable 

Dose per 
Worker 
(rem)** 

Average 
Collective 
Dose per 
Reactor 
(person-

rem) 

Average 
.No Personal 

with 
Measureable 

Dose per 
Reactor** 

Average 
Collective 
Dose per 
MW-year 
(person- 

rem/MW-yr) 

Average 
Electricity 
generated 

per Reactor 
(MW-yr) 

Average 
Maximum 

Dependable 
Capacity 

Net (MWe) 

Percent  of 
Maximum  

Dependable 
Capacity 
Achieved 

1994 107 21,672 83,454 74,537 0.26 203 780 0.29 697 884 79% 
1995 107 21,233 85,671 78,875 0.25 198 801 0.27 737 896 82% 
1996 109 18,883 84,644 79,660 0.22 173 777 0.24 731 902 81%
1997 109 17,149 84,711 71,851 0.20 157 777 0.24 659 910 72%
1998 105 13,187 71,485 77,070 0.18 126 681 0.17 734 918 80%
1999 104 13,666 75,420 83,198 0.18 131 725 0.16 800 923 87% 
2000 104  12,652 74,108 86,007 0.17 122 713 0.15 827 926 89% 
2001 104  11,109 67,570 87,553 0.16 107 650 0.13 842 929 91% 
2002 104  12,126 73,242 88,830 0.17 117 704 0.14 854 934 91% 
2003 104  11,956 74,813 87,015 0.16 115 719 0.14 837 936 83% 
2004 104  10,368 69,849 89,823 0.15 100 672 0.12 864 926 93% 
2005 104  11,456 78,127 89,178 0.15 110 751 0.13 857 952 90% 
2006 104  11,021 80,265 89,990 0.14 106 772 0.12 865 958 90% 
2007 104  10,120 79,530 92,145 0.13 97 765 0.11 886 959 92% 
2008 104  9,196 79,450 91,834 0.12 88 764 0.10 883 961 92% 
2009 104  10,025 81,754 91,231 0.12 96 786 0.11 877 964 91% 

* Includes only those Reactors that had been in commercial operation for at least one full year as f Dec.31 of each the indicated years. 

**Figures are not adjusted for the multiple reporting of transient’s individual. 

*** Beginning 1997, it reflects the net electricity generated 
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Table 2.4:  Summary of information Reported by Commercial Pressurized Water Reactors 1994- 2009 [54]. 

 

Year Number 
of 

Reactor 
Included* 

Annual 
Collective 

Dose 
(Person-

rem) 

Number of 
personnel 

with 
Measurable 

Dose** 

Electricity 
generated*** 
(MW-years) 

Average 
Measureable 

Dose per 
Worker 
(rem)** 

Average 
Collective 
Dose per 
Reactor 
(person-

rem) 

Average 
.No Personal 

with 
Measureable 

Dose per 
Reactor** 

Average 
Collective 
Dose per 
MW-year 
(person- 

rem/MW-yr) 

Average 
Electricity 
generated 

per Reactor 
(MW-yr) 

Average 
Maximum 

Dependable 
Capacity 

Net (MWe) 

Percent  of 
Maximum  

Dependable 
Capacity 
Achieved 

1994 70 9,574 44,283 52,398 0.22 137 633 0.18 749 928 81% 
1995 70 11,762 49,985 54,138 0.24 168 714 0.22 773 929 83% 
1996 72 9,417 46,852 55,338 0.20 131 651 0.17 769 935 82% 
1997 72 9,546 50,690 48.985 0.19 133 704 0.19 680 943 72% 
1998 69 6,358 38,586 53,289 0.16 92 559 0.12 772 942 82% 
1999 69  7,321 43,938 56,235 0.16 105 637 0.13 815 942 86% 
2000 69  6,562 42,922 57,530 0.15 95 622 0.11 834 943 88% 
2001 69  6,273 38,773 58,822 0.16 91 562 0.11 852 946 90% 
2002 69  6,018 42,264 59,370 0.14 87 613 0.10 860 947 91% 
2003 69  6,296 44,054 57,921 0.14 91 638 0.11 839 949 88% 
2004 69  4,917 35,901 60,399 0.14 71 520 0.08 875 943 93% 
2005 69  5,460 44,583 59,791 0.12 79 646 0.09 867 955 91% 
2006 69  6,031 46,106 59,751 0.13 87 668 0.10 866 960 90% 
2007 69  4,732 42,015 61,956 0.11 69 609 0.08 898 961 93% 
2008 69  4,674 44,808 60,586 0.10 68 649 0.08 878 964 91% 
2009 69  4,742 45,547 60,468 0.10 69 660 0.08 876 966 91% 

* Includes only those Reactors that had been in commercial operation for at least one full year as f Dec.31 of each the indicated years. 

**Figures are not adjusted for the multiple reporting of transient’s individual. 

*** Beginning 1997, it reflects the net electricity generated 
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Table 2.5:  Information of the Dose Data per Annum for diverse Commercial Boiling Water Reactors 1994- 2009 [54]. 

 

Year Number 
of 

Reactor 
Included* 

Annual 
Collective 

Dose 
(Person-

rem) 

Number of 
personnel 

with 
Measurable 

Dose** 

Electricity 
generated*** 
(MW-years) 

Average 
Measureable 

Dose per 
Worker 
(rem)** 

Average 
Collective 
Dose per 
Reactor 
(person-

rem) 

Average 
.No Personal 

with 
Measureable 

Dose per 
Reactor** 

Average 
Collective 
Dose per 
MW-year 
(person- 

rem/MW-yr) 

Average 
Electricity 
generated 

per Reactor 
(MW-yr) 

Average 
Maximum 

Dependable 
Capacity 

Net (MWe) 

Percent  of 
Maximum  

Dependable 
Capacity 
Achieved 

1994 37 12,098 39,171 22,139 0.31 327 1,059 0.55 598 801 75% 
1995 37 9,471 35,686 24,737 0.27 256 964 0.38 669 865 80% 
1996 37 9,466 37,792 24,322 0.25 256 1,021 0.39 657 838 78% 
1997 37 7,603 34,021 22,866 0.22 205 919 0.33 618 845 73% 
1998 36 6,829 32,899 23,781 0.21 190 914 0.29 661 874 76% 
1999 35 6,434 31,482 26,963 0.20 184 899 0.24 770 885 87% 
2000 35 6,089 31,186 28,477 0.20 174 891 0.21 814 893 91% 
2001 35 4,835 28,797 28,730 0.17 138 823 0.17 821 895 92% 
2002 35 6,108 30,978 29,460 0.20 175 885 0.21 842 907 93% 
2003 35 5,659 30,759 29,094 0.18 162 879 0.19 831 912 91% 
2004 35 5,451 33,948 29,425 0.16 156 970 0.19 841 893 94% 
2005  35 5,996 33,544 29,387 0.18 171 958 0.20 840 946 89% 
2006 35 4,990 34,159 30,238 0.15 143 976 0.17 864 954 91% 
2007 35 5,388 37,515 30,189 0.14 154 1,072 0.18 863 955 90% 
2008 35 4,522 34,642 31,248 0.13 129 990 0.14 893 957 93% 
2009 35 5,283 36,207 30,763 0.15 151 1,034 0.17 879 959 92% 

* Includes only those Reactors that had been in commercial operation for at least one full year as f Dec.31 of each the indicated years. 

**Figures are not adjusted for the multiple reporting of transient’s individual. 

*** Beginning 1997, it reflects the net electricity generate 
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Fig. 2.2: Average collective dose per annum for BWR & PWR 1994-2009 [54]. 
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Fig. 2.3: Average number of workers with measureable dose per annum for BWR & 

PWR [54]. 
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Fig. 2.4: Average electricity generated (MW-yr) per annum for BWR & PWR [54]. 
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2.2 Review of Sensitivity Analysis in Nuclear System   

Diverse techniques have been used by various researchers in the past to conduct 

sensitivity analysis for nuclear system. The Monte Carlo sampling, the response surface 

technique and the differential analysis techniques are among various techniques used for 

conducting sensitivity analysis for kinetic simulations. For the production of water and 

power, a dual purpose power-desalination plants was investigated by Stamet et al [59], 

for the optimization of plant performance to generate diverse levels of power and water 

demands. For this purpose they carried out an analysis to determine the sensitivity 

analysis of the system at the optimal conditions. 

Matthees et al performed sensitivity study for the seismic analysis [60] of nuclear 

power plant. In this work structural and soil parameters for both linear and nonlinear 

behavior were varied within the limit of appropriate bandwidth. Later on this study was 

extended to three classes of multi-criteria methods by Hartog et. al [61] . They choice the 

best nuclear power plants site to investigate the level to which the results of the analysis 

are influenced by the choice of specific methods. 

An energy spectrum of delayed neutron for Liquid metal fast breeder reactor 

(LMFBR) is not as well-known as that of light water reactor (LWR). Also for kinetic 

calculation, delayed-neutron energy spectra are required, which has vital role when safety 

and accident analysis are concerned. Therefore, Onega et.al studied implication of 

sensitivity analysis on safety of fast breeder reactor [62]. In this study, they conclude 

from sensitivity analysis results that the uncertainties in accident analyses can be reduced 

by improving spectral data of delayed neutron. Wildeman et al [63] have used method of 

sensitivity analysis to investigate performance of fuel rods. 

Pin et al adopted automated sensitivity analysis method for the performance 

estimation of nuclear waste management system [64]. For this purpose they developed an 

automated procedure with the help of computer calculus. In order to verify sensitivity 

calculation results they compared it with the results of perturbation and analytical 

analysis. Later on this work was extended by Keith Reid et.al [65] to incorporate 

stochastic sensitivity analysis of the biosphere model for Canadian nuclear fuel waste 
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management. For this purpose SENSYV technique was developed to evaluate sensitive 

parameter for BIOTRAC code [65] which runs in stochastic manner. 

Andrade Lim et al used perturbation theory [66] to find out the sensitivity analysis 

for thermal hydraulic systems. They found that sensitivity coefficients obtained in this 

manner are in good agreement with the values obtained using direct calculation. Later on 

this work was extended by Ounsy et al [67]. They applied adjoint sensitivity method for 

the code uncertainty evaluation. For thermal hydraulic codes discrete adjoint sensitivity 

method (ASM) was used. They demonstrate that discrete ASM is a competent tool for the 

evaluation of sensitivity code. In this method small central processing unit time is used as 

compared to the common approach in which one complete code is run for each sensitivity 

evaluation, which is the main advantage of ASM method.  

Fessler et.al applied parameter sensitivities for the calculation of nuclear cross 

section [68]. They discussed dimensionless sensitivity parameter in the perspective of 

nuclear modeling, because understanding of sensitivity parameters gives us assistance to 

improve knowledge about essential nuclear constants.  

Salah et.al [69] conducted sensitivity and uncertainty analysis of Kozloudy pump 

trip test by  using a three dimensional thermal-hydraulic kinetic code. They use 

RELAP5/3.3-PARCS/2.6 code for the validation and evaluation of coupled code 

technique through the Kozloduy VVER100 pump trip test. After comparing code results 

with experimental data, they concluded that at steady state, the errors in simulation results 

are mainly due to the model used for the evaluation of Doppler feedback effect. The 

overlap of errors, owing to Doppler effect and measurement of control rod position, 

results in discrepancies during transient state. 

Later on Pavlova et al extended this work by performing sensitivity analysis of 

loss of feed water (LOFW) transient [70], using RELAP5/MOD 3.2 computer model. 

They made a comparison between real plant data and the results obtained by 

RELAP5/MOD 3.2 computer model of VVER-1000 during the loss of feed water 

(LOFW) transient at Unit 6 of Kozloduy nuclear power plant (NPP).Thermal hydraulic 

sensitivity calculation of LOFW for VVER-1000 has also been also performed. They 
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conclude that RELAP5/MOD3.2 is adequate to simulate transient phenomena which 

occur during LOFW transients in VVER-1000. 

Kazeminejad [71] has conducted uncertainty and sensitivity analysis for steady-

state thermal-hydraulics of research reactors. He concluded from steady state thermal 

hydraulic results that there is close agreement between the results obtained by present 

code and that of bench mark calculation. His study shows that Mirshak and Labuntsov 

correlations are more sensitive to the inlet pressure variations than the Katto correlation.  

De Crécy et al [72] have performed uncertainty and sensitivity analysis for loss of 

flow transient (LOFT) for Best Estimate Methods Uncertainty and Sensitivity Evaluation 

(BEMUSE) program. García-Herranz et al have used nuclear data uncertainties to 

conduct sensitivity analysis of Monte Carlo burn-up calculations [73]. Abdel-Khalik et al 

have performed analysis of nuclear system simulation by conducting sensitivity analysis 

(SA), uncertainty quantification (UQ) and data assimilation (DA) methodologies [74]  

Palmiotti et al [75] have used global approach of sensitivity analysis to physically 

validate the parameters that enters into neutronics  simulation tools for Innovative nuclear 

systems such as advanced fast reactors, with the main aim of reduction of uncertainties 

which are associated to design parameters.  

 Nasir et al [19]  conducted sensitivity analysis of reactivity insertion limits in 

material test reactor. The sensitivity of peak power values, maximum fuel, clad and 

coolant temperature on different parameters was investigated and key parameters were 

identified, which contain large values of sensitivities. This work was later continued by 

Housiadas [76] using the Lumped Parameter (LP) approaches  in place of detailed 

simulations. It was concluded that LP-technique gives reasonably accurate results over 

large operational regime except in extreme conditions. 

Sensitivity analysis for delayed neutron data was carried out by Van Rooijen et 

al [77] using the adjoint technique. Reportedly, this technique allows conducting 

sensitivity analysis for all parameters appearing in the neutron diffusion equation.  
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Marseguerra et al have carried out first-order differential sensitivity analysis of 

nuclear systems using Monte Carlo simulations [78]. They have applied it for the analysis 

of containment spray injection safety system. The system carries out automatic 

importance ranking on the basis of sensitivity indices. 

Work on nuclear data sensitivities has been carried out by Aliberti et al [79] for 

the target accuracy assessment, for future nuclear systems. For uncertainty analysis, they 

used ‘ANL covariance matrix’ [79] composed of the basic data uncertainties appearing in 

the diagonal elements and the off-diagonal elements consisting of partial energy 

correlations. No crucial issue was found that would prevent the use of data for feasibility 

or pre-conceptual studies provided that the modeling uncertainties do not have significant 

impact on values of integral parameters. 

Allison et al  have carried out assessment of using core exit temperatures as 

indicators of the extent of PWR core damage using RELAP code for the TMI-2 and Surry 

PWR full plant simulations [80]. Their sensitivity study revealed that the core exit 

temperatures are very good indicators for the start of core uncover during accident state. 

However, they are not reliable indicators of core peak temperature and core damage state. 

Mazrou et al [81] have used sensitivity analysis technique for finding suitable 

neural network architecture for its performance improvement, by using a multistage and 

iterative strategy. The researcher recommends distinct artificial neural networks, each 

system for a separate parameter that behaves in a different way. 

In view of rod internal pressure as the most limiting criteria for high burnup PWR 

fuel, Kim et al [82]  has quite recently developed a statistical methodology for PWR rod 

internal pressure evaluation. The reported comparison between the sensitivity factors 

based simplified methodology, the sophisticated methodology and the deterministic 

performance analysis code shows good agreement. 

Recently, Mirza et al have conducted differential sensitivity analysis of corrosion 

product activity in primary coolant of PWR for both static as well as dynamic cases [83]. 
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From the results, they identify main parameters which are needed to control in order to 

reduce both radiation-doses to the personal as well as reactor down-time for maintenance. 

2.3 Source Term Evaluation for Nuclear Systems 

The source term estimates are very important part of safety assessment of nuclear 

reactors. In this work, we focused on source term for a typical research reactor having 

containment structures and the same method is applicable to a variety of other systems as 

well. Efforts in past three decades were focused on finding source term using 

radioisotope production, decay and depletion analysis [84-98]. Hamidouche et al [93] 

have been employing a coupled code technique to find source term. Jeong and Chang 

[94] used Monte Carlo methods with depletion, decay and production of fission 

fragments for source term in pebble bed reactors.  

When we compare accidents in research reactors with power reactors, the number 

of reported accidents including startup, shutdown, fuel shuffling, reloading etc., are 

higher in research reactors, when compared with accidents in power reactors. However, 

more than 60% of the present operational research reactors are more than 30 years old 

including the MTR type. A large fraction has also been refurbished. Therefore, aging of 

research reactors has enhanced risks of accidents. Efforts are being made to improve 

safety as well as methods to find source term and accident consequences [86-88].  

Currently, there are 240 research reactors that are operating worldwide. These include 

Swimming pool type, Triga type, tank type, tank-in-pool type, graphite moderated type, 

homogeneous type, Material test type and Miniature neutron source type. Out of these 

240 operational research reactors, 67 are pool type and Material Test reactor (MTR) type 

designs [84, 87-88]. Under-construction two out of eight are MTR type systems [90] . 

Several safety analyses in different forms have been done in several studies for 

MTR type system. For Pakistan Research Reactor-I (MTR type) Bokhari [99] have 

carried out safety analysis. Similarly, Bousbia-Salah et al., have analyzed decay heat 

removal during a postulated loss of coolant accident in MTR type systems [100]. Marik 

et al have reported refurbishment work and safety of a research reactor [101] . Also, 

Hainoun et al  have simulated loss of flow accident and reactivity insertion accident in 
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IEA-RI system[102] and Jeong et al carried out decommissioning related safety studies 

for research reactors[103]. Recently, Waqar et al have compared actinide and fission 

product inventory for HEU and various LEU fuels for MNSR systems [87]. 

In this work, the time dependent activity due to release of fission products from 

damaged core into coolant and in containment building/atmosphere have been calculated 

using a balance of airborne activity, surface activity and volumetric activity. A 

mathematical model has been developed and implemented into a computer code FPARA. 

The loss of coolant accident scenario has been used to compute time dependent source 

term for various important isotopes and effect of release rate fractions and other 

parameters have been studied. 

2.4 Reactor Description 

In this part of work, the Pakistan Research Reactor-1 (PARR-1) has been taken as a 

reference MTR system, because it is close to Material testing reactor (MTR) in design. 

The PARR-1 has been in operation since 1965. The reactor was initially operated at a 

steady-state power level of 5 MW using highly enriched uranium (93% enriched). Due to 

demand of high neutron flux and non-availability of HEU fuel, Pakistan Research 

Reactor-1 (PARR-1) was converted to low enriched uranium (LEU) fuel and reactor has 

been upgraded from 90% enriched 5MW HEU system to 19.99%, 9MW LEU core under 

the worldwide reduced enrichment for research and test reactors (RERTR) program. The 

reactor uses water as moderator and as coolant. The equilibrium reactor core is composed 

of 24 standard fuel elements (SFE) and 5 control fuel elements (CFE). The reactor core 

also contain central flux trap which provides an opportunity for production of 

radiopharmaceuticals and other isotopes. The other utilization of the reactor facility is 

research in solid state physics, neutron diffraction, neutron capture studies, neutron 

activation analysis (NAA), neutron radiography and training of scientists, engineers and 

technicians.  

 The standard fuel elements have parallel flat plates with a coolant gap of 2.1mm 

between the fuel plates. The overall physical dimension of the fuel plates in the control 

fuel elements are the same as that of standard fuel elements. The fuel plates have 
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aluminum cladding of thickness 0.38 mm and meat thickness of 0.51 mm. Control rod 

material is composed of Ag (85%), In (10%), Cd (5%) having a nickel coating of  

0.04mm thickness [19]. These five oval-shaped Ag-In-Cd control rods are used to control 

Reactor Power. A schematic cross sectional view of the upgraded LEU PARR-I system is 

shown in Fig. 2.5. Normal fuel cycle length is 40 effective full power days (EFPD). The 

maximum discharge burnup is 40%. A summary of various design parameters for PARR-

1 is given in Table 2.6. 

The free volume of the PARR-1 containment building is about 15000 m3 with free 

surface area of 8577 m2. The normal exhaust rate at PARR-1 is 25000 m3/h while 

emergency exhaust rate is 2100 m3/h through the stack at height 61 m. The leakage 

through containment penetrations occurs at the rate of 266 m3/h. High efficiency 

particulate air (HEPA) filters in conjunction with activated charcoal filters are employed 

in the exhaust stack for the particulate and iodine removal respectively. The HEPA filters 

are composed of 0.5–2µm fiberglass mat with random arrangement of fibers. They stop 

up to 99.97% of 0.3µm particles are effective down to 0.01µm particles. Generally, these 

are widely used for removal of hazardous aerosols including radioactive substances. For 

airborne particles, the efficiency of HEPA and charcoal filter is 99.97% and 90% 

respectively [104].  
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Fig. 2.5: Schematic cross sectional view of a the upgraded LEU Pakistan Research 

Rector-I (PARR) system indicating the reactor, swimming pool, thermal column, 

containment and exhaust stack (not to the scale).  
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  Table 2.6: Summary of Design Parameters of the PARR-1 LEU Core [96] 

Parameter Value 

Reactor Pool type 

Fuel material U3Si2Al 

Control rod material Ag(85%)-In(10%)-Cd(5%) 

Fuel enrichment (wt%) 19.99 

Total standard fuel elements (SFE) 24 

Total control fuel elements (CFE) 5 

Water Boxes (WB) 2 

Flux trap (FT) 1 

Graphite reflector elements (GRE) 2 
235U content:  

 Standard fuel element (g) 290 

 Control fuel element (g) 164 

Fuel plate (g) 12.81 

Density of uranium in fuel meat (g/cm3) 3.32 

Cladding material Al 

Fuel element dimensions:  

 Total length (cm) 88.33 

 Plate cross sectional area (cm2) 7.96 × 7.59 

Number of fuel plates:  

 Standard fuel element 23 

 Control fuel element 13 
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2.5  Nature of the Problem 

The physical access to the cooling system of a reactor is an important issue to be 

considered in the design of a power reactor. Because such an access is vital for 

performing the repair and maintenance jobs. Normally, there are three main hurdles 

which prevail in accessing the personnel to primary coolant circuits of Pressurized Water 

Reactor (PWR). These are explained below [105-106].  

• Fission products leaking out of fuel pins owing to fuel cladding defects and 

contaminating the coolant.   

• The coolant activation occurs due to irradiation and resulting in N16 and H3 

• The corrosion products activation.  

The radioisotopes, which are produced by coolant activation owing to irradiation, possess 

shorter half lives and their behaviors are well recognized [106]. Further the activated 

corrosion products, which are present in coolant, have long life and sizeable radioactivity 

and thus restrict the access to primary pump and its relevant accessories. The fission 

process also produced certain fission products as by products, which also results into 

number of problems like deterioration of the clad-fuel interface and also decreasing heat 

transfer properties of fuel. Similarly when fission products are accumulated in fuel clad 

gap, it poses the threats to radiological safety of the plant. Moreover in the case if fuel 

rod clad failure occurs, then these radioactive fission products released to primary coolant 

extends contamination of complete primary loop. The time and process undergoes in 

primary coolant under steady state condition helps to make the understanding regarding 

the radioactivity buildup and laying out methods for optimization of plants operations. 

The future plant designs are also subject to include methods which quantify the effects of 

invoking various primary coolant treatments. 

Moreover, the reliable estimates of Fission Product Activity (FPA) are also 

significant for the evaluation of fuel performance, assessment of radiological 

consequences in case of radioactivity release accident and scheduling repair/maintenance 

tasks. The detailed knowledge about radioactivity build up and sensitivity analysis of 
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Fission Product Activity (FPA) is essential for reducing the plant maintenance time, 

which also helps to reduce the dose for plant operators and general public 

2.6 Chapter Summary 

This chapter encompasses the detailed description regarding various types of reactors 

used worldwide. A comparison note is included which shows the energy production by 

various types of reactors, doses radiation to environment and public. The chapter also 

discusses theoretical & experimental models being used for elaborating and 

understanding the behavior of fission products. Further, the computer codes used for 

study and sensitivity analysis methods are also highlighted which are used now days to 

study nuclear systems. Briefly, the source term evaluation and related factors have been 

described in this chapter. 

 



 

CHAPTER 3 

Mathematical Model and 

 Computer Implementation 
 

3.1 Fission Products activity in Primary coolant 

Fission products are source of radioactivity in primary coolant and other systems, thus to 

analyze the significance of these fission products, we need to find out how fission 

products originate and why they are perilous to human health [107]. 

3.1.1 Fission Product Production 

The fission products which are produced as a result of fission process are main sources of 

radioactivity in nuclear power plants, because they are highly radioactive. Fission 

products are yielded with in a fuel and exhibit smaller ranges, so they fall trapped within 

a fuel. For the reason of these fission products, confined within the fuel, the radiation 

emitted by these fission products are absorbed within fuel, coolant and reactor structures. 

The situation leads to alarming conditions when some defects take place in fuel clad, 

which results into fission products start mixing with primary coolant. Thus if this spread 

of radioactivity through fission products affect the reactor coolant system (RCS) and 

other supporting systems, then consequently safe operations of the plant are also 

adversely affected. Similarly in the case of some emergency where reactors are down 

involving fuel failures, these fission products can cause radioactivity to impart radiation 

dose to staff on-site through water or air or can be potentially hazardous to general public 

as well. 

During the normal course of operation of nuclear reactor, many radioactive 

nuclides are produced. These nuclides are produced as a result of various processes, 

involving direct products of fission process, transmutation and some are daughters which 

51 
 



are yielded through radioactive decay in a chain reaction that is ended with a stable 

nuclide. In order to analyze the hazardous nature of fission products, it is also important 

to consider the decay chain of these products. 

Here computer programs such as ORIGEN2 [108] are of vital importance. This 

program is capable of predicting the scale of radio-nuclides during the operations of a 

nuclear reactor under certain conditions, which also covers prediction regarding kinetic 

behavior of fission products in fuel region. Though ORIGEN2 does not have capabilities 

for fission products activity computation in the coolant and other allied systems 

Our work focuses to simulate the limitations of ORIEGEN2. We have tried to 

simulate the fission products behavior within the fuel, in fuel-clad gap and also in the 

primary coolant of PWR. Our model considers first order constant release rates from fuel 

to fuel-clad gap and then from clad gap to coolant though the defects in the cladding, 

considering a fixed failed fuel fraction.  

3.1.2 Fission Products Behavior in Fuel 

The fission process in fuel is basically about the splitting up of fissile nucleus into two 

fragments which consequently turn into two new atoms with same like chemical 

properties. The doublet split of mass numbers has maxima in the region such as 90-100 

and 140 therefore produce high yield of rare gas species including Krypton & Xenon and 

volatile species like Iodine and Cesium. These species affect the clad integrity through 

increased internal pressure and Stress Corrosion Cracking (SCC). At the same time, the 

radioactive escape of iodine and cesium can be harmful for the staff at reactor and 

general public. The first fence to fission products escape is fuel pellet of UO2, and 

zircaloy cladding provides the second barrier to any such escape of fission products. 

3.1.3 Fission Products Behavior in the Fuel Pellet 

The fission process of uranium as well as plutonium both generates stable as well as 

radioactive fission products. About 800 different isotopes can potentially be produced by 

the mixture of fission and other nuclear processes such transmutation by the capture of 

neutron or some decay reactions. The UO2 fuel is categorized in the class, which have 
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most abundant fission products. These fission products are constituted with 30 different 

chemical elements, which can further be categorized into following four groups; 

• Noble gases (Xe, Kr), 

• Volatile Species ( I, Cs, Br, Rb), 

• Semi-volatile species (Te, Ru, Mo, Tc, Sb, Sn, Ag) and  

• Low volatility species ( Ba, Sr, Y, Zr, Nb, Rh, Pd, La, Ce, Pr,Nd, Pm, Sm, Eu, U, 

Np) 

Any single fission product element can sustain in various chemical states subject to 

temperature, oxygen potential, pressure and concentration. 

During the fission process, a fission fragment initially possesses the kinetic 

energy of about 80MeV on average. This energy is 107 times the energy of a chemical 

bond in the UO2 matrix, released during irradiation. Due to such a high energy, the fission 

fragment produces serious lattice dislocations before reaching the state of rest in the UO2 

crystal escaping out from the surface of pallet. In the beginning, the fission products are 

supposed to exist in interstitial locations in the UO2 lattice. The process where these 

newly generated individual atoms move to micro bubbles, metal phase inclusion, phased 

including chemical combination with UO2 involves high level of complexity and could 

not be understood completely so far. But research is being carried out in this area to 

understand this phenomenon completely. This initial phase of fission fragment is very 

vital because it involves the resistance for an escape of fission product from fuel to fuel-

clad gap, which is modeled a first order rate coefficient in our model. 

One of the most important parts of reactor operations is radiochemical 

surveillance of a nuclear power plant. The operator at plant continuously monitors fuel 

performance, the radioactive release through gas and liquid effluents from the plant. Such 

monitoring ensures the minimum exposure of personnel to radiations [109]. 

 The performance assessment of various plant systems equipment, can be 

accomplished with assessment of radionuclide concentration in the reactor coolant, and 

can also be equally important in design of shielding and layout of these equipments. The 

reactor fuel is the primary source of all radio-activities, which can be released because of 
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some defects in the cladding to the primary coolant and subsequently to linked air and 

liquid pathways.  

During a severe accident, a large amount of radioactive fission products is 

generated and the goal of the containment system is to avoid or limit the release of these 

fission products to the external environment [110]. This goal is achieved through 

restriction of accidents or by using containment safety systems limiting the dangerous 

effects of the event. Therefore, the containment plays a basic role in safety. 

 Radioactive fission products are considered as the main source of radioactivity, 

which is produced in the reactor fuel as byproducts of fission. During the fission process, 

the released fission products are diffused in fuel and moved to fuel clad gap via system of 

tunnels in fuel matrix. Radioactive fission products as a result of such a fission process 

remains trapped in fuel clad, unless a failure leads their leakage to the primary coolant 

[52]. Even though the reactor core may contain no defective fuel, natural uranium 

contamination of core construction materials and Zircaloy cladding, along with enriched 

uranium contamination of the external cladding surfaces, can act as source of fission 

products in the coolant during power operations. The fission product has recoil range of 

more or less 10 microns; thus only those fissions which occur in this range of 10 microns 

of the outer surface of the Zircaloy cladding can ignite fission products in the coolant 

[109] . Further it is safely assumed that half of the recoils from the fissioned nuclei 

escape to the coolant while the other half is embedded in the host material [109] . 

 From primary coolant, these isotopes can be removed through multiple paths as 

shown in Fig 3.1. In the out of core region, these radio- nuclides are removed by ion-

exchangers and CVCS system. Other available paths for removing these isotopes from 

primary coolant are leakages, radioactive decay and filters etc. These isotopes are also 

removed by neutron activation and natural radioactive decay inside the core region [52].  
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Fig 3.1: Block diagram of fission product production and removal mechanism in primary 

coolant circuit of a typical PWR. 
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Fission products activity (FPA) in primary coolant is based on various parameters, during 

its course of action in PWR’s. These parameters are; 

• Reactor power,  

• Fission yield, 

• Water chemistry control efficiency,  

• Flow rates and leakages out of the system  

• Removal by neutron absorption in the core and transmutation to a new isotope etc. 

Also, fission product activity (FPA) value varies with time due to various factors such as 

release, removal, leakages of fission products throughout the primary system. 

 The system of first order differential equation, model the physical phenomenon 

involved in current study. This system of equations is the governing formulation of the 

kinetic behavior of fission product activity in the three regions; fuel, clad cap and primary 

coolant. FPCART computer program is used to simulate the system of these differential 

equations and examined the fission product activity (FPA) under power. The Runge-

Kutta 4th-order numerical method is used to solve the above discussed system of 

equations. The scope of our study includes typical PWR with operating power 1000MWt. 

The data regarding PWR [111] is given in Table 3.2. 

3.2   Fission Products in PWRs 

Primary coolant is forced under high pressure to the core of the reactor in PWR, where 

eventually it is heated by the energy produced as a result of fission of atoms. This hot 

water then flows to the steam generator – there the thermal energy is transferred to 

secondary system through the conducting walls of the steam generators tubes to form 

steam. Contrary to this, in the case of boiling water reactor, pressure in the coolant loop 

restricts the water from boiling within the reactor. In LWR’s the ordinary water is used as 

coolant as well as moderator. Primary coolant pump, push back the coolant to the reactor 

core and ensure the desired flow rate to the reactor core. This helps in heat removal, 

taking place continuously from the core of an operating reactor. But during this whole 

process the water is contaminated for the following reasons; 

• Due to the defects in the fuel cladding, radioactive fission products  are leaked 
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• The corrosion products activation occurs because of highly neutron flux 

• Due to the activation of the coolant atoms, deuterium (H2) is converted into 

Tritium (H3) and (O16) to (N16) in case of water. 

Steam through filters and demineralizer in the reactor coolant treatment system (RCTS) 

are used to purify the primary coolant. Minimum pre-set level of the purity is maintained 

in the primary coolant in order to constraint the fouling of the heat transfer surfaces and 

control the release to environment to a minimum extent, i.e., as low as reasonably 

achievable (ALARA). Boron is used as an additive to the coolant for absorbing neutrons 

(chemical shim control). Some other chemical are also used to control corrosion. In the 

progress the boron is eventually removed from the water as a result of RCTS loop (shim 

bleed). Evaporator is used to process the shim bleed while the left boron is reused or 

packaged as solid waste. Similarly the evaporate distillate is recycled in some cases or 

discharged to environment. The radioactive gases are exposed from the primary coolant 

by degasification and collected in pressurized storage tanks where they are kept for some 

time for radioactive decay till released to the environment. 

The activity removal systems comprise; 

• Removal of radioactivity present in the reactor coolant treatment systems, 

comprising filters and demineralizers 

• Leakages out of the primary system through pump seals etc 

• Reactions which perform transmutations by (n, γ) reactions, i,e by absorbing 

neutrons and transmutation to some other nuclide. 

Due to the radiation fields present near coolant activity, there exist problems regarding 

accessibility and safe maintenance of the several components. The basic parameters of 

fission products, involved in fission product activity in PWR are shown in Table 3.1. 

Similarly the nuclear properties of various isotopes are listed in Table 3.4. The current 

study is about typical PWR with operating power 1000 MWe. The design values of 

typical PWR [111] are given in Table 3.2.  
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Table 3.1: Main Parameters of Important Fission Product Radio-isotopes [112] 
 
            Nuclide                        Half-life                              Radiation(Type, Energy) 

                                                                                  <β >, Mev                       <γ>,Mev 

83Br 2.4 h 3.252E-1 6.874E-3 

84Br 31.8 m 1.240 1.757 

85Br 2.9 m 1.041 6.131E-2 

83MKr 1.83 h 3.191E-2 2.767E-3 

85MKr 4.48 h 2.542E-1 1.574E-1 

85Kr 10.752 y 2.281E-1 2.236E-3 

87Kr 1.272 h 1.330 7.879E-1 

88Kr 2.84 h 3.714E-1 1.950 

86Rb 18.64 d 6.562E-1 9.378E-2 

88Rb 17.8 m 2.057 6.672E-1 

89Rb 15.4 m 9.292E-1 2.234 

89Sr 50.57 d 5.846E-1 8.691E-5 

91Sr 9.63 h 6.475E-1 7.072E-1 

92Sr 2.71 h 1.799E-1 1.381 

90Y 2.671 d 9.338E-1 1.237E-6 

91MY 49.71 m 2.628E-2 5.283E-1 

91Y 58.51 d 6.059E-1 3.123E-3 

92Y 3.54 h 1.437 2.516E-1 

93Y 10.18 h 1.172 9.518E-2 

95Zr 64.032 d 1.200E-1 7.328E-1 

95Nb 34.991 d 4.452E-2 7.645E-1 

99Mo 2.748 d 3.937E-1 1.484E-1 

 

58 
 



Table 3.1: Main Parameters of Important Fission Product Radio-isotopes [Cont] [112] 
 
           Nuclide                        Half-life                              Radiation(Type, Energy) 

                                                                                  <β >, Mev                       <γ>, Mev 

125MTe 57.4 d 1.053E-1 3.513E-2 

127MTe 109 d 8.214E-2 1.158E-2 

127Te 9.35 h 2.244E-1 4.847E-3 

129MTe 33.6 d 2.630E-1 3.766E-2 

129Te 1.16 h 5.428E-1 6.237E-2 

131MTe 1.25 d 1.932E-1 1.456 

131Te 25  m 7.369E-1 4.457E-1 

132Te 3.204 d 1.014E-1 2.340E-1 

129I 1.61E07 y 6.233E-2 2.451E-2 

131I 8.023 d 1.924E-1 3.64E-1 

132I 2.295 h 4.968E-1 2.255 

133I 20.8 h 4.089E-1 6.115E-1 

134I 52.5 m 6.232E-1 2.523 

135I 6.57 h 3.663E-1 1.578 

131MXe 11.93 d 1.424E-1 2.007E-2 

133MXe 2.188 d 1.895E-1 4.160E-2 

133Xe 5.244 d 1.335E-1 4.612E-2 

137Xe 3.818 m 1.695 1.905E-1 

138Xe 14.08 m 6.419E-1 1.124 

134Cs 2.065 y 1.636E-1 1.555 

137Cs 30.041 y 1.879E-1 1.644E-6 

138Cs 33.41 1.246 2.355 
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Table 3.2: The values of various design Parameters for a typical PWR [111] used in 

Simulation. 

Parameter Value 
 

Power Density (MWth/ m3) 102 
 

Specific Power (MWth/ kg. U) 33 
 

Linear Power Density (kw/m) 17.5 
 

Core Height (m) 4.17 
 

Core Diameter (m) 3.37 
 

No. of Assemblies 194 
 

No. of Fuel Pins Per assembly 264 
 

Fuel Material UO2 
 

Clad Material Zircaloy 
 

Lattice Pitch (mm) 12.6 
 

Fuel pin outer Diameter (mm) 9.5 
 

Average Enrichment (w/o) 3.0 
 

Flow Rate (Mg/s) 18.3 
 

Coolant Pressure (MPa) 15.5 
 

Inlet Coolant Temperature (oC) 
 

293 
 

Outlet Coolant Temperature (oC) 329 
 

 

   

60 
 



3.3 Mathematical Formulation 

The measurement of fission product release from the reactor identifies the fuel integrity 

and also tells us the radiological release for the sake of monitoring of power plant [109]. 

Primary coolant receives the defective fuel, comprising fission products, while some 

volatile species are released though the off gas system. The magnitude and composition 

of the released fission products directly depends on the size of the defect and number of 

defective fuel rods in the core [113]. Another process known as fission recoil also 

extends the release of some fission products. The fission recoil happens from tramp 

uranium or natural uranium contaminate in the Zircaloy [109].  

 Some of the fission products which arise from chain reaction, occurred in UO2 

ceramic fuel, shielded in zircaloy clad. Fission products are yielded for the reason of 

fissions taking place in PWRs. Further the release of these fission products to fuel-clad 

gap are mainly because of diffusion. Further, these fission products start accumulating in 

gap region with fuel burnup. With the passage of time or as the fission process moves on, 

the fuel rods clad become prone to defects which ultimately result into release of fission 

products to primary coolant. In order to account for this process, a fixed failed fuel 

fraction throughout the operation cycle is taken into consideration during the initial 

phase. 

The other assumptions made are: 

1- Fission products undergo diffusion and move to fuel-clad gap and remain 

confined there till some defect in clad occurs. This process is modeled as a 

constant escape rate coefficient. 

2- Release rate coefficient is used to model the fission products escape from clad gap 

to coolant. 

3- Each fission product chain has been considered to have four isotopes in 

maximum, which are connected in the form of parent daughter relationship. 

4- Fission products released to the coolant get immediately mixed into the coolant.  

5- In Fig.3.1 a diagram is presented that shows schematic arrangement of fuel, fuel 

clad gap, coolant, and fission products buildup in clad gap and from gap 

consequent escape of fission products to coolant. 
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The model developed using FPCART computer program, incorporates following system 

of differential equations; 

Based on these assumptions, mass balance in the fuel region yields [40] for ith isotope in 

the chain: 

 

,
, , ; 1,2,3,4         

(3.1)

In the gap region: 

 

,
, , ,    ; 1,2,3,4  

(3.2)

And, in the coolant region: 

 

,
, , ,    ; 

1,2,3,4    

(3.3)

Where,  
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,  = Number of ith radio nuclide in fuel; 

,  = Number of ith radio nuclide in fuel-clad gap; 

,  = Number of ith radio nuclide in primary coolant; 

 = Average fission rate (fission/W.s); 

 = Fission yield of the ith radionuclide; 

 

 = i→j branching ratio; 

 

= Reactor core thermal power (W); 

= Microscopic absorption cross section for the ith radionuclide (cm2); 

 = Decay constant of the ith radionuclide (s-1); 



 = Failed fuel fraction; 

 

 

= Coolant leakage rate (g/s); 

= First order removal rate coefficient by reactor boron control system (s-1); 

 

 

= Let-down flow rate (g/s); 

 

= Total coolant mass (g); 

 

= Neutron flux (#/cm2.s); 

= Escape rate coefficient of ith radionuclide from fuel to gap (s-1); 

  = Release rate coefficient of ith radionuclide from gap to coolant (s-1); 

 

 

= (Coolant residence time in core) / (total primary circuit time); 

= Resin purification efficiency for ith radionuclide;; 

 

 Where (ε) is a very important parameter since it is the Release rate coefficient from the 

defective element to the coolant with units of ( ). This parameter goes hand in hand 

with the parameter D for the failed fuel analysis (which has no units and is the key 

parameter identified in the sensitivity analysis). The values of these parameters used in 

simulation have been listed in Table 3.3. The corresponding flow chart containing details 

of the sequence for release of fission products (FP) to coolant and their kinetic model is 

given in Fig.3.2. 

3.4 Calculation Methodology 

A computer program FPCART (Fission-product Primary Coolant Activity in Reactor 

Transients) has been developed based on the above system of differential Eqs. (3.1) to 

(3.3). FPCART is a Fortran-77 based computer program that reads job specific data at 

initialization stage. It then computes group constants using core design parameters given 

in Table 3.2. For this purpose, it uses the LEOPARD [17] code which is a zero-

dimensional unit-cell program employing 54 fast and 172 thermal groups. ENDF-1V 

nuclear data file is used as cross section library. The group constants, are given as 

parameters to ODMUG code [16]. These group constants along with the ODMUG code 

are employed as a subroutine in the FPCART program. The ODMUG’s job is to solve   

1-D multi-group diffusion equation and calculate group fluxes. The acquired group fluxes 
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are consequently used as parameters in system of different equations, which computes 

fission products activity. 

Thus the large coupled system of ordinary differential Eqs. (3.1) to (3.3) is solved 

with the help of FPCART using the fourth order Runge-Kutta method to find the activity 

values which arise during various fission products/progeny in the fuel, gap and in primary 

coolant.  

 

Table 3.3: The numerical values of various operational parameters [50] used in 

Simulation. 

Parameter Value 
 

D 2.5×10-3 

 
L(g/s) 2.3 

 
Q(g/s) 470 

 
β 0.001 

 
m (g) 1.072×109 

 
V (cm3) 1.485×109 

 
τ 0.056 

 
Po (MWth) 998 

 
F (fission/W.s) 3.03×1010 

 



Table 3.4: Data for various fission product gasses and associated decay products [108, 112].  

 

Isotope(location in 
chain) 

T1/2 η Y ν (s-1) σ (b) Branching ratio,fij 
1→2       1→3       2→3       2→4         3→4 

Kr-85M(1) 4.48 h 0.4538 1.3E-2 6.5E-08 0.0 1.0          0.0 
Kr-85(2) 10.752 year 3.958E-5 1.3E-2 6.5E-08 1.84E-1                               1.0 
Kr-87(3) 1.272 h 0.7454 2.56E-2 6.5E-08 5.518E+1 1.0 
Kr-88(1) 2.84 h 0.5674 3.55E-2 6.5E-08 0.0 1.0          0.0 
Kr-89(1) 3.15 min 0.986 4.63E-2 6.5E-08 0.0 1.0          0.0 
Rb-89(2) 15.4 min 0.9 2.05E-3 1.3E-08 0.0                               1.0          0.0 
Sr-89(3) 50.7 days 0.986 1.75E-4 1.0E-11 5.264E-2                                                               1.0 
Sr-90(1) 28.79 years 0.9 7.58E-2 1.0E-11 8.739E-2 1.0          0.0 
Y-90(2) 2.671 days 0.9 8.97E-8 1.6E-12 5.93E-1                               1.0          0.0 
Sb-129(1) 4.36 h 0.9 5.43E-3 1.0E-11 0.0 0.166      0.834 
Te-129M(2) 33.6 days 0.9 1.40E-7 1.0E-09 2.90E-1                               0.63 
Te-129(3) 1.16 h 0.9 5.11E-3 1.0E-09 0.0                                              0.37 
I-129(4) 1.61E7 year 0.99 5.0E-6 1.3E-08 5.225                                                               1.0 
Te-131M(1) 1.25 days 0.9 1.1E-2 1.0E-09 0.0 0.21        0.79 
Te-131(2) 25 min 0.9 1.71E-2 1.0E-09 0.0                               1.0          0.0 
I-131(3) 8.023 days 0.99 3.29E-5 1.3E-08 3.229E-1                                                               0.0109 
Xe-131M(4) 11.93 days 8.923E-3 4.05E-4 6.5E-08 0.0  
Sb-132M(1) 4.1 min 0.9 1.07E-2 1.0E-11 0.0 0.0          1.0 
Sb-132(2) 2.8 min 0.9 1.67E-2 1.0E-11 0.0                               1.0          0.0 
Te-132(3) 3.204 days 0.9 1.54E-2 1.0E-09 4.89E-4                                                               1.0 
I-132(4) 2.28 h 0.99 2.06E-4 1.3E-08 0.0  
Te-133M(1) 55.4 min 0.9 3.06E-2 1.0E-09 0.0 1.0          0.0 
I-133(2) 20.8 h 0.99 4.90E-2 1.3E-08 0.0                               0.0285    0.9715 
Xe-133M(3) 2.19 days 4.663E-2 2.67E-5 6.5E-08 0.0                                                               1.0 
Xe-133(4) 5.244 days 2.001E-2 4.90E-2 6.5E-08 2.44E+1  
Te-134(1) 41.8 min 0.9 6.97E-2 1.0E-09  1.0          0.0 
I-134(2) 52.8 min 0.99 7.83E-2 1.3E-08                                1.0          0.0 
Te-135(1) 19.0 s 0.9 3.11E-2 1.0E-09 0.0 1.0          0.0 
I-135(2) 6.57 h 0.9 2.98E-2 1.3E-08 2.119E-3                               0.1651    0.8349 
Xe-135M(3) 15.29 min 0.9098 1.10E-2 6.5E-08 0.0  
Xe-135(4) 9.14 h 0.2205 6.54E-2 6.5E-08 2.445E+5                                                               0.994 
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3.5 FPCART Program Description 

The computer program named FPCART is basically developed to simulate the fission 

product activity in the primary coolant of Pressurized Water Reactor. This program is 

developed in FORTRAN-77 computer programming language. FPCART computes 

fission product activity using operating conditions regarding reactor environment. The 

FPCART uses the system of first order differential equations (Eqs. 3.1 to 3.3). The 

computational algorithm providing the basis of this program is shown in Fig.3.2. 

Core design parameters (given in Table 3.3) are used to calculate group constants 

in LEOPARD code [6] which are consequently employed as a subroutine in FPCART 

code.  The LEOPARD computer program is a zero-dimensional unit cell code, having 54 

fast and 172 thermal energy groups. In current study, equivalent cells of a PWR as shown 

in Fig 3.1. and the data given in Table 3.2 are used to calculate group constants for fuel 

cells and water holes. The calculated group constants are then used in multi group 

diffusion theory based code ODMUG [7]. 

This program accepts macroscopic three-group data for either fast or thermal reactors, 

and calculates keff and the neutron flux in one dimension in slab, cylindrical, or spherical 

geometry. The ODMUG code has capabilities of performing the search on poison 

concentration to gain a specified value of keff. Further this program can also normalize 

neutron flux to any input power level. ODMUG also helps to compute group fluxes as a 

function of position in the reactor. These calculated group fluxes are averaged over the 

core. Both of the computer programs, LEOPARD and ODMUG are used as subroutines 

in FPCART. Then Eqs. 3.1 to 3.3 are used to compute the amount of fission product in 

primary coolant of the PWR.  These values of fission product concentrations are then 

finally transformed to specific activity of the primary coolant with the help of conversion 

factors used in the program and various other relevant relations. 
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Fig. 3.2: Flow chart of the FPCART program showing important steps of calculation 

methodology. 
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Read tmax and λ, η, σ, Y, ν 
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Generate group constant using LEOPARD 
computer code as a subroutine 

Generate group fluxes using ODMUG 
computer code as a subroutine 

Solve coupled system of ODEs using 
adaptive RK-Fehlbergalogrithm 

Print results, Next time step , t=t+Δt 
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Initialize the variables: t=0, Iso=0, φ=0 
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3.6 Numerical Simulation Techniques 

Various differential equation based systems have been used to study the behavior of 

dynamic physical systems. The solutions show the evolution of dynamical systems and 

the consequences of various changes occurring in the system during operations. 

Analytical solutions of general system of ODEs tend to have complicated and 

cumbersome mathematical expression. Consequently, one has to employ numerical 

methods for studying the behavior of the system subject to the user defined time 

intervals. Numerical methods are also considered as accurate for engineering problems 

because of their capabilities to limit the error within the range of system tolerance. The 

type of numerical technique for solving differential equations needs to be selected with 

care. The numerical methods used for solution of differential equations are divided into 

following classes. 

3.6.1  Single Step Methods 

This class of methods is known as single-step method, which is normally used to start the 

solution. In this method the point information about the curve is employed without 

iteration. These methods are termed as direct since these rely on number of evolutions 

made on function to attain desired accuracy. The difficulties arise in estimating the error 

is considered as the main drawback of these methods. 

3.6.2 Multi-Step Methods  

In multi step methods the solution is approached by incorporating the information from 

multi-points on the curve and iterations are carried out until the desired accuracy is 

achieved. These methods are termed as indirect and involve few numbers of evaluations. 

These methods also provide the way for error estimation. 

3.6.3 Numerical Solutions of ODEs by Using One Step Methods 

These methods differ in a way that they use values of preceding step in order to calculate 

the value of the function at current step. One step method basically employs Taylor 

Series Expansion at various orders of approximation. This approach has resulted into a 
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number of variants of Runge-Kutta formulas. Taylor Series is mostly used for one step 

numerical integration formulas. 

 

2 6          
(3.4)

Also since y'= f, y''= f ', and so on. Therefore we have 

 

, 2 , 6 ,         
(3.5)

Or in a discrete notation with y→yn, h= ( ) 

We can write above equation as  

 

 , 2 , 6 ,         
(3.6)

3.7  Numerical Solutions of ODE by using Runge- Kutta (RK4) Method 

The major problem faced by the field of nuclear energy is finding analytical solution of 

differential equations which are involved in the processes of nuclear transmutation and 

decay. An approximation is considered which shapes the nuclide chain equations to be 

presented as a system of homogenous, linear, first order differential equations with 

constant coefficients [38].  

Various computer programs are available which are based on analytical solution 

of the differential equations involved in chain reaction. These equations govern the 

isotopic fuel composition and fission product accumulation. The computer programs also 

calculate the nuclide composition of nuclear reactor during irradiation. These computer 

programs are quite complex which involve using multiple energy group neutron spectra 

and cross sections for the calculation of nuclear fuel composition with respect to time and 

space. Besides the efficient usability offered by these computer programs they are 

expensive and cumbersome. In this work, we have incorporated Runge-Kutta 4th order 
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methods. This method is used to solve the ODE’s numerically for isotopic fuel 

composition and fission product accumulation. This method is widely known for the 

simplicity of its algorithm for implementing which provides results with high accuracy 

for most of the applications. Further the RK4 technique is fairly fast, while being 

reasonably accurate. 

With the passage of time the modern advanced designs for the nuclear reactors are 

emerging, which require the nuclear design calculations to be more precise and accurate. 

This needs a great deal of improvement in techniques for saving the CPU time, spend on 

calculations [38]. To meet such a requirement RK4 method is used preferably as it solves 

first order, linear and homogeneous ordinary differential equations efficiently. Runge-

Kutta methods are well known and widely used to approach the solution accurately for 

various types of differential equations. 

Runge-Kutta 4th order (RK4) method in a study [114] covers wide range of 

methods which employ truncated Taylor series expansion. These methods also do not 

require higher derivatives calculations. Runge-Kutta methods work in a way by 

combining the information collected from various Euler styles steps and then propagating 

a solution over an interval. The collected information is then also applied for matching 

Taylor series expansion to a higher order. RK methods are virtually always found 

successful and it is preferred over other methods when time is not an issue and terrain is 

tough. 

, , 

 2 , 2 , 

 2  , 2    ,  

  ,   ,

 
1
6 2 2 , 

                            For each i= 0,1,…..N-1 
(3.7)
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The computations are performed by classical fourth order RK method to reach from ith to 

(i+1)th point with respect to time [114] . The classical RK 4th order method identically 

works on each step and also involves four evaluations of right hand side function of the 

ODE system at each time interval. These evaluations are performed once at initial point, 

twice at trial midpoints and then only once at a trial endpoint. As far as numerical 

schemes are concerned, they are explicit in nature and to gain access to the next point 

only previous point is required. In the case if initial value is provided by system itself 

then movement to the next point does not involve knowing any further points. 

 

3.7.1 Algorithm for the fourth order Runge- Kutta Method 
 

 Evaluate function ( 4 t e )im s per step  

, , 

 2  , 2 , 

 2  , 2    ,  

  , ,  

Increment functio  n

 
1
6 2 2  

 
Increment Independent Variable 
 

 , 

 
Repeat all steps until done. 
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3.8  Source Term Estimation for Nuclear Systems 

The source term is defined as the release of radioactivity during a reactor accident with 
respect to the following; 

• Magnitude, 
• Composition, 
• Form (Chemical or Physical), 

• Mode of release (puff, intermittent). 

The mechanism, time and location of the release also play important role in source term. 

The purpose of the source term evaluation for a typical reactor is to assess the 

radiological consequences of an accident.  

 Furthermore on-site (inside and outside the containment building) and off-site 

(general public) consequences are determined by the reliable assessment of source term 

[88]. For the easy estimation, radiological consequences can be grouped into the 

following categories:  

1) Consequences of accidental condition inside the reactor building with doses to 

operating staff or personnel within the building; 

2) On-site consequences (outside the reactor building) from; 

a) Direct radiation doses from the containment; 

b) Inhalation and ingestion doses from active material released from the 

containment; 

3) Off – site consequences (to member of the public) from: 

i. Direct radiation doses from the containment; 

ii. Inhalation and ingestion doses from active gaseous or liquid releases from the 

containment to the environment. 

Reliable estimation of source term are required for determination of on-site (inside and 

outside the containment building) and off-site (general public) consequences [88]. For 

most applications of practical interest, non-mechanistic, empirical correlation based 

approaches have been found adequate [88]. 
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3.9 Factors Effecting the Source Term 

The release of the radioactivity from the research reactor following an accident depends 

upon a number of factors including the core inventory, core damage propagation, fuel 

release factors, coolant retention and containment performance. IAEA’s report on 

derivation of source term and analysis of radiological consequences of research reactors 

[88] has listed several factors and in this, we have used the same in this work. 

The source term is also related to core inventory and it depends on core fissile 

content, thermal power, burn-up, neutronic flux and capacity factor [84, 88-93]. The 

chemical form and physical characteristics of radionuclides along with their specific 

activity also influence the source term. The dominant radionuclide’s constituting the 

source term are noble gases (Xe, Kr), volatile (I, Cs, Te) and semi-volatile (Sr, Ba, Ru) 

groups. 

Here, noble gases play important role for whole body dose; iodine for the thyroid 

dose and volatiles for the lung and internal dose. For research reactors, the source term is 

dominated by the fission products while actinides and transuranic elements can be 

neglected since they have many orders of magnitude smaller contributions [115].  

The core damage propagation depends on the reactor type, power and accident 

type among other factors [88-93]. For worst case scenario, accident is assumed to occur 

after a long full-power operation of reactor such that the core inventory is at the 

maximum value. The amount of radioactivity released during the accident depends upon 

fuel type; burn up, fuel temperature, core damage fraction and radiochemistry involved. 

The coolant retention of fission products depends on rate of deposition on core 

(plate-out) and dissolution in coolant. In case of loss of coolant accident (LOCA), plate-

out is the dominant retention mode [116]. The chemical form of fission products plays an 

important role in the estimation of their coolant retention capacity. Keeping in view their 

inert nature, experiments show that 95-100% release of noble gases can occur from MTR 

type fuels [117-118]. But the results of experiments and accidents demonstrate [119] that 

their release is less than 100%.  The Iodine release from fuel to coolant remains less than 
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30%. Mostly, the release of iodine from the coolant is in the form of I2 while according to 

theoretical models, small fractions of iodine releases in the form of organic compound 

CH3I are also possible [88]. For the aerosols a very small amount is released from the 

coolant [116]. 

A beam tube rupture would not cause complete exposure of the core to air; 

therefore a fraction less than 80% may be expected to melt even when severe loss of 

coolant has occurred [117-118].  Therefore, in the event of loss of coolant accident, the 

fraction of core damage remains less than 100% due to significant pool water in the core 

of a MTR type system.  

For limiting the release of radioactivity into the atmosphere, the performance of 

containment is crucial. The release of radioactivity into the environment is primarily 

governed by the containment exhaust rate (normal and emergency), containment leakage 

rate, radionuclide decay, deposition and re-suspension, filters efficiency, air recirculation 

rate and containment capability to withstand the large loads. 

The emergency exhaust rate is an important factor to reduce the source term. This 

exhaust rate along with the containment volume determines the degree of radioactive 

decay before release to the atmosphere. It also has a considerable effect on the air hold up 

time in the containment and therefore has an impact on the amount of radio-nuclides 

deposited on the surfaces inside the containment. The emergency ventilation rate may 

also affect the filter retention factor of charcoal filters for iodine removal, in particular for 

accident scenarios with high humidity in the exhaust air. High efficiency particulate air 

filters have efficiencies of > 99.97% for particulates, depending on the flow rate [88]. If 

the emergency ventilation rate is sufficiently low (<0.2 m3/s), a typical 5 cm thick bed of 

activated charcoal can be credited to remove up to 99.9% of iodine, depending on the 

chemical form of the iodine, the flow rate, water vapor, etc [120]. 
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3.10 Mathematical Model for Source Term Estimation 

3.10.1 Model Equations 

The time dependent activity inside the containment is calculated using a balance for the 

airborne activity, surface activity and volumetric activity. The balance equation has 

volumetric rate of change of activity which is equal to volumetric rate of gains minus 

volumetric rate of losses. The gain terms are based on two important parts: the 

introduction of precursor or source isotope and re-suspension rate of activity. Similarly, 

the loss rates are based on four different factors: the radioactive decay of fission product 

(i), leakage from containment, deposition on surfaces of containment and re-circulation 

of air through filters. Let us define  as the volumetric nuclide activity in the 

tainment air ( / ). Its rate of change is given by [88] : con

    3.8  

 

Here, the first term on right side is the decay of airborne activity. The second term is the 

volumetric leakage rate from the containment and it has  as leakage rate ( in  per 

second) and  is the total free volume of the containment ( ). The third term is a loss 

term and it is the removal rate by deposition on the containment surfaces. It has  ( ) 

as surface area and  is the velocity of deposition (in /  ) for ith isotope. The fourth 

term represents a removal rate of activity due to re-circulation of air through filters. This 

term has  as filter efficiency and  as the re-circulation rate of air in / . The fifth 

term is based on  as re-suspension rate (#/ ) for ith isotope and (t) as surface activity 

on the containment surfaces (in /  respectivily. These important parameters with 

their typical values are shown as Table 3.5. Majority of values are from IAEA Report 

[88] . 

            Similarly, we have the balance rate of change of surface activity for the isotope ( ) 

from the containment air and it has both gain of surface activity and loss of surface 

activity. Major factor for the gain in surface activity is the deposition rate of airborne 
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activity on surfaces. Also, the loss factor is based on re-suspension from the surfaces. If 

we consider  as surface activity (in / ) for ith isotope, then its rate of change is 

given by the following [88] : 

                                                           3.9  

At time  0, 0 0,     0     / ;   

Where 

 = Activity in core at start of accident; 

 = Fuel release fraction; 

 = Water release fraction; 

 = Fraction available immediately after the accident and rest of activity adds 
slowly as a time dependent source. 

 = Core damage fraction 

Several studies have assumed 100% core inventory released to the coolant at the time of 

accident [88]. However, experiments have shown that even in the case of severe 

accidents core inventory fraction not more than 50% becomes available immediately in 

the coolant/air and the rest of 50% inventory slowly enters into the system.  However, in 

this work, we consider only a fraction (fx) is available in coolant immediately after the 

accident. This is more realistic assumption. Therefore we consider a time dependent 

source, Q(t) as suggested by A.El-Jaby [47] which decreases exponentially after the 

accident:   The  has been considered as time dependent source after the accident that 

keeps on ente . hring into the system  T e  is given as 

                     1      exp                             (3.10) 

Here,  is the mixing rate (#/ ) with which  decays to zero after the accident. We 

have assumed that only fraction ( ) becomes available immediately after the accident 

and the rest of activity has above behavior to add as a source to the containment. This is 

different from others who used 100% activity available for source at the initiation of 
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accident. Factual fraction is not more than 50% available immediately and 50% slowly 

entering into the system. Details of this methodology are provided in this work. 

           If we consider  as fraction of activity that is made instantaneously available to 

coolant (at ) after start of accident, then the activity balance is given as: 0

           1   exp0                                     (3.11) 

The second term with 1  factor is time dependent part of activity that enters during 

the accident with mixing rate ( ) and   as a normalization constant. When we integrate 

over large time  (~ 10/ ) then 

  1   exp  

  1    
exp  

  

1   
1 0

  1  

   

Therefore, durin e  g accid nt source into the containment air is:

                             1     exp                        (3.12) 

In this work, we have ignored the time delay of activity release from fuel to water and 

then from water to the containment air. We have also assumed the  value as fraction of 

activity that instantaneously mixes with the containment air after the start of accident and 

becomes available as source to be released to outside air. The rest of 1  enters into 

coolant as a time dependent function given in equation 3.12. The initially surface activity 

on inner surfaces of the containment has been considered to be zero. 
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             Let us define  as containment exhaust rate /  and  as the efficiency of 

exhaust filters for particulate and iodine removal. Then, activity released, for ith isotope, 

to the environment at a y timn e, t, is given as [88]: 

                                     1                                            (3.13) 

 

3.10.2   Computational Methodology 

Computer program Fission Product Activity Release in Air (FPARA) was developed in 

this work to calculate the source term available in the reactor containment and then in 

atmosphere as a function of time for all fission products relevant to the health hazard. The 

program has three loops as shown in Fig. 3.3. The innermost loop computes activity for 

the ith isotope as a function of time when initial conditions and input data for reactor 

system is given. First, the reactor is allowed to operate for several days at full power and 

depletion calculations are performed and core fission product estimates are obtained.  

               In this work, we have used the ORIGEN2 computer program [121] and have 

used the computed values of fission fragments in the fuel region. Then, program needs to 

set accident type, its parameters and release factors from fuel and water. In next step, it 

sets the isotope parameters which include half-lives, and the attachment factors. Then, 

release rates are computed and the coupled ordinary differential equations are solved to 

find volumetric and surface activity at this time step. Then, question is asked for the next 

time step and if answer is yes, then loop1 (the inner loop) is continued. 

             The middle loop (Fig. 3.3) is for next isotope and whole inner process is 

repeated. The outermost loop is executed when we want to change the accident type and 

related parameters. Finally, it prints out the results into designated data files for further 

processing. 
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Fig. 3.3:   Flow chart for program FPARA (Fission Product Activity Release in Air) for 

Source Term and Containment / air release. 
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Table 3.5   Important Parameters values Used in the Source Term Model [88, 92, 122] 
 

Parameter Value 

Containment Volume ( , ) 15000  

Containment Surface Area (  ,  

Containment leakage rate  

8577 

, /

Re - circulation e ,

1 – 7  

rat  /  

Decay constant or 

6.944 

  , : f  

Activity in Core 

1.052 10

,   : for

Core damage fraction

 1.610 10  

 , %

Fuel release fraction 

 10 – 100  

, %  

Water release fractio

10 – 100    

n , %  

Deposition velocity :  

0.01 – 10 

 , /

Re-suspension rate ,  

 10−6 – 0.001 

0 – 10  

Re-circulation filter efficiency , %  10 

Exhaust filter efficiency , %  10 

Fraction of  r tely eleased immedia , %) 50 – 100  

Mixing rate for , ,  0.001 – 0.5  
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3.11 Accident Scenario Evaluation  

Previously probability safety analysis has been used to identify various likely accident 

scenarios for nuclear reactors. Typically, accidents having annual probability greater than 

10  per year are included in the analysis. In this work, we have considered loss-of-

coolant accident in which 100% core damage may occur. Earlier studies [123]  show that 

the total core damage frequency is about 1.43 10  per year and likelihood of various 

major accident sequences that can lead to total core melt-down ranges from 1 10  to 

8.75 10  per year. It has been shown also that probability of occurrence of loss of 

coolant accident ranges from 1.7 10  to 3.6 10  per year. For such an accident in 

a PARR-I type system, the water release fractions for noble gases and iodine are 100 

percent [88]. We have assumed the same water release fractions in this work. Barton et al 

[124]  and Shibata et al [125] have implied very conservative assumptions to keep fuel 

release fraction  for such accident scenarios. They assumed 100% release of noble 

gases such as  and  isotopes. They take release fraction from fuel  for ,  and 

 in the range of 25 – 30%. We have employed a fraction of 27% for these fission 

fragments. They have suggested a range of 1 – 5% for ,  and   and we have used 

3% for these isotopes. Other fission fragments remain less than 0.1% released from fuel.  

The reactor containment is provided with an air supply system that brings outside 

air into the building and an exhaust system with fans & filters then releases air into the 

stack. When high activity is released to air, reactor protection system initiates the 

containment isolation to prevent further releases of radioactivity in air and starts re-

circulation of the containment air through various filters.  

 

3.11.1     Loss of Coolant Accident   

Forced cooling loss accident does not lead to any destruction of core of a typical 10 MW 

MTR open pool type system, not even under most severe conditions [88]. However, beam 

tubes are designed as double tubes with additional plate on the outside of concrete shield 

to prevent any leakage in case of a break of the inner tube. A tube rupture can lead to loss 

of coolant from the pool which could eventually lead to LOCA. The core spray system 
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would then start operating to cool the core. Probability of occurrence of such an accident 

leading to core melt is less than 10-5 per year [88] . Bartzis [126] have shown that in very 

severe LOCA, less than 80% of the core will melt and in majority of the cases about 50% 

or less will get totally damaged [126].  

 In these accidents the containment isolation failure can occur in which 

confinement isolation may not happen. Probability of such an occurrence is less than 10−9 

per year.  In this work, we consider loss of coolant accident with normal ventilation 

system on and air ducts are not completely closed. It is close to a failure to switch from 

normal to emergency ventilation.  Here we have considered normal ventilation rate of 

6.94 m3/s and 10% efficiency filters working in the exhaust system.   

3.12   Chapter Summary 

The first portion of chapter deals with the development of governing equations to 

compute buildup of fission product inventory in the reactor fuel-clad gap and in the 

primary coolant. Details of FPCART computer program are provided with flow chart. 

This program simulates the fission product activity as a function of time. Then details of 

numerical method used to solve coupled ODEs are provided. Some numerical data for 

various fission products is also included. The details of source term estimation are given 

with flow chart of a program FPARA (Fission Product Activity Release in Air) along 

with the computational methodology and accident scenario. In this work, we have 

selected loss of coolant accident in a typical reactor system for analysis. 

  



CHAPTER 4 

Sensitivity Analysis 
 

4.1 Background 

Study of the transport and affects of radioactive pollutants through modeling is vital for 

keeping the reactor operation safe and controlled. Modeling is an important area that 

extends a wide range of usability to various areas. Modeling is phased over several steps; 

one of them is the identification of the parameters which are most significant on model 

results. These parameters, which have strong influence on model results, are determined 

through sensitivity analysis. Thus sensitivity analysis has high importance, for validating 

the parameters of the model and also extends directions for future research [127]. 

Modelers may accomplish sensitivity analyses for several reasons [128], which 

includes; 

a) Finding parameters, which require further research in order to strengthen 

the knowledge base and consequently reducing the uncertainty in output, 

b) Finding the insignificant parameters, which may be removed from the 

model, 

c) Finding out inputs, which have more influence on output variability, 

d) Finding out the parameters which are strongly correlated with the output; 

and  

e) Finding the effects on results with altering the given input parameter. 

In order to answer above mentioned questions, there are various ways for performing 

sensitivity analysis, however results obtained from various analysis may not be identical 

[129].  

Normally sensitivity analysis methods are based on following general strategy; 

1) Specifying model with its independent and dependent variables, 
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2) Assigning probability density functions to the involved input parameter, 

3) Employing Random sampling method to yield an input matrix, 

4) Output vector calculation, and 

5) Evaluating the importance of relationship between input and output 

parameter. 

The researchers have found that there are certain two ways [128], where all models show 

sensitivity to respective input parameters; 

1) The sensitivity of each input parameter is explored using model, and it helps 

in finding the contribution in variability to the overall output by that specific 

parameter, and 

2) Similarly the sensitivity analysis is made to find out the input parameters 

which are strongly correlated with results and thus a minor change in such 

parameters brings significant impact on output. 

The essential difference between sensitivity analysis (parameter sensitivity) and 

uncertainty analysis (parameter importance) is based on the method employed to conduct 

the analysis. Sensitivity analysis basically determines the extent a model is dependent on 

input parameters. Moreover, sensitivity analysis also finds the input factors, which affects 

the output in most sensitive manner [130]. An important parameter is the one which 

calculates the variability in the output. Similarly uncertainty analysis focuses to figure out 

factors for which the model behaves as if they were having fixed values. Uncertainty 

analysis is based on the sensitive information of the model along with the uncertainty 

present in input factors. 

Sensitivity Analysis (SA) deals with, the variation observed in the output of a 

mathematical model to variations made in the input of the model. Sensitivity analysis is 

conducted to segregate the parameters which have maximum influence on model results. 

Therefore the information acquired through sensitivity analysis helps to eliminate less 

essential parameters, and to focus on rest of parameters to reduce uncertainty and 

enhance the model accuracy. Thus, the far most important point to consider is to identify 

the parameters for which the model shows sensitivity. Some of the sensitivity measuring 
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methods are based on sound mathematics but do not show efficient results when 

compared with other simple techniques [128].  

Various fields of sciences and engineering are being revolutionized from 

sensitivity and uncertainty analysis. This includes the data processing applications in 

various experiments, computational modeling and simulation activities. Mainly complex 

systems are evaluated with sensitivity and uncertainty analysis. The uncertainty analysis 

specifically finds the uncertainty associated with the input parameters [131], while 

sensitivity analysis refers to explore the effects on the solution of mathematical models, 

with the change in parameters.  

4.2 Performing Sensitivity Analysis by Different Approaches 

Moreover, various other methods also exit for performing sensitivity analysis, which are 

based on statistical or deterministic methods. These methods are equally applicable for 

local and global sensitivity analysis of large sized computational models [132]. 

4.2.1 Sensitivity Analysis by Deterministic Approach 

In order to find local sensitivities by deterministic approach, following methods are used; 

• Brute-Force Method  

• Direct Method 

• Green's Function Method 

• Forward Sensitivity Analysis Procedure (FSAP) 

• Adjoint Sensitivity Analysis Procedure (ASAP). 

Except Brute Force method (BF) the rest of aforementioned deterministic methods are 

well accepted to compute the local sensitivities [132] with good accuracy but at the same 

time are computationally expensive. Similarly Direct Method (DM) and Forward 

Sensitivity Analysis Procedure (FSAP) involve number of evaluations, equal to the 

involved parameters. Contrary to this, Adjoint Sensitivity Analysis Procedure (ASAP) 

involves a single model evaluation for an adjoint model where source term is related to 

the response under investigation. If this adjoint model is developed simultaneously with 
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the original model, then the adjoint model requires relatively modest additional resources 

to develop and implement. If, however, the adjoint model is constructed a posteriori, 

considerable skills may be required for its successful development and implementation. 

4.2.2 Sensitivity Analysis by Statistical Approach  

Statistical methods are employed for conducting local and global sensitivity analysis on 

large computational models. These statistical methods are infact based on sampling 

approaches like; 

• Random sampling, 

•  Stratified importance sampling, and  

•  Latin Hypercube sampling. 

Besides sampling approaches involve in statistical methods, they rely on first- and second 

order reliability algorithms and variance based methods as well. The variance based 

methods are; 

• Correlation ratio-based methods,  

•  Fourier Amplitude Sensitivity Test. 

Statistical based methods for sensitivity analysis are considered to be relatively easy 

compared to deterministic methods but they don’t produce the exact values of the local 

sensitivities. Moreover these statistical methods are also subject to following major draw 

backs [133]; 

1. The major bottleneck statistical methods face is their computationally 

expensiveness for small systems and therefore they are also found impracticable 

for large time dependent systems. 

2. The other drawback refers to the incapability of the statistical methods to have 

separate results which hinder improvements in parameters and thus the complete 

simulations and statistical post processing are required to be repeated. 

Sensitivity analysis is mainly used to determine the sensitivity of a model with respect to 

changes in the value of parameters of the model and changes in the structure of the 

86 
 



model. Where, the parameter sensitivity is usually performed as a series of tests; setting 

various values to the parameters and studying the change in the dynamic behavior of the 

stocks.  Studying the model’s behavior with respect to change in parameter values makes 

the sensitivity analysis as a useful tool for model building as well as model evaluation. 

Sensitivity Analysis (SA) deals with, the variation observed in the output of a 

mathematical model to variations made in the input of the model. These output variations 

are normally apportioned qualitatively and quantitatively. In other words, sensitivity 

analysis (SA) is about systematically changing the parameters involved in the model and 

then studying the effects of such changes. The method explores the independent variables 

which impacts the particular dependent variable under certain conditions. Sensitivity 

analysis is normally conducted to identify parameters which are sensitive in terms of 

affecting the dynamic response of the reactor. The optimal solution sensitivity is achieved 

by varying one parameter and keeping other parameters constant [19]. 

Sensitivity analysis (SA) also introduces stability in computer programs by 

considering the uncertainty that occurs because of small perturbations in parameters. 

Sensitivity analysis also finds the stability and sensitivity of computer programs which 

are used to control real time systems. The computer programs, which are unstable, show 

inconsistent behavior as small changes in the input bring large impacts on output. 

Therefore unstable computer programs exhibit very unstable behavior. The sensitivity 

analysis of computer programs also highlights the parameters which impacts the changes 

in computational results to great extent. Thus stability is something that is relevant to the 

behavior of computer programs, if a small change is made in the input then: 

1) There occurs a relative small change in the output as well, that is an acceptable 

act. 

2) There occurs a large impact on the output which consequently results into 

possibilities; 

a) The occurred change is still admissible. 

b) The occurred change is not acceptable and it represents some error. 
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Finally, when a small change is made in input and consequently the small impact is 

observed on output, then such a computer program is considered as stable. While when a 

small change is correspondent with a large change then computer program is considered 

as unstable. 

The output of Sensitivity Analysis can extend various important findings [134]; 

• Categorizing the input parameters in terms of their respective impact on output. 

• Evaluating the effects on the results by introducing variations in input and 

parameters 

• Quality improvement of computer programs. 

• Defining the scope, where a computer programs is more appropriate to specific 

part of input domain. 

 

 



Table 4.1: Sensitivity analysis methods along with types and tools for solution [135] . 

SA Methods Types of SA 
Methods 

Tools 

Basic SA Local SA One at a time Sensitivity Method 
Differential Sensitivity Analysis 

  Taylor’s Series 

  Brute Force Method 

  Approximate Empirical Models 

  Direct Method  

  The Green Function Method 

  The Polynomial Approximation Method 

  Stationary System Method 

  Quasi Stationary SA Method 

  Scaling Relations and  
Self-similarity conditions 
 

 Global SA The FAST Method 

  The WASP Method 

  Stochastic SA Method 

  Monte Carlo Methods with 
Latin Hyper Cube Sampling 
 

 Rate SA Rate sensitivity coefficients and log- 
normalized algebraic rate sensitivity 
matrix 
 

 Feature SA Point-wise Feature SA 

  Farce-fit Feature SA 
 

Special Systems  
SA  

Functional or  
Deterministic SA 

Functional dependence of parameters 
with some perturbing parameter 
 

 Stochastic Models SA Stochastic Concentration’s vector with  
noise term  

 Reaction Network SA Weighting Parameters 

 Experimental SA Experimental Elementary sensitivities 
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4.3      Methodologies for Sensitivity Analysis 

Sensitivity analysis (SA) is an important tool for building mathematical, computational, 

and simulation models in order to identify the prominent parameters. The values of model 

parameters, the computations, and the input values of variables are prone to many sources 

of uncertainty. Sensitivity analysis may be performed on mathematical and computational 

models to determine the sensitivity of model outputs to the uncertainty of input variables, 

computations, and parameter values. 

There are a number of methods to perform Sensitivity Analysis, for e.g. Variance-

based Technique, The Monte Carlo sampling, the response surface technique and the 

differential analysis techniques [131] are among various techniques used for conducting 

sensitivity analysis for kinetic simulations. 

Sensitivity analysis is generally categorized into local and global classes. Local 

sensitivity analysis computes the point estimation of parameters. Whereas, global 

sensitivity analysis finds the affect regarding whole parameter distribution.  

4.3.1 Local Sensitivity Analysis 

Local sensitivity means that determining the sensitivity on the output side of the model, 

by doing a change in one input factor and keeping others constant. One of the salient 

characteristics of Local sensitivity is its linearity. Following characteristic is determined 

by most of the local sensitivity methods; To  estimate the  rate  of  change  in  the  output 

model  with  respect  to  changes  in  model  inputs [136]. Such knowledge is important 

for 

• Evaluating the applicability  of the model, 

• Determining  parameters  for which it is important to have more accurate values, 

• Understanding the behavior of the system being modeled. 

The choice of a sensitivity analysis method depends to a great extent on 

• The sensitivity measure employed, 

• The desired accuracy in the estimates of the sensitivity measure, 
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• The computational cost involved. 

Techniques used for local sensitivity, employ simple mathematics and needs only fewer 

of the model evaluations. Though their local natures are considered as major bottlenecks. 

Thus the suitability of the sensitivity analysis is for infinitesimally small scale variations 

or a linear model. Furthermore it is limited in its scope for measuring the change on a 

single input parameter at a time. Therefore, local sensitivity information is mainly 

interpreted qualitatively. 

Various methods are mentioned in Table 4.1 to investigate the computation 

quality. Amongst these various methods, one at a time method and Differential sensitivity 

analysis are most common methods for performing local sensitivity analysis (SA). While, 

Variance-based SA is the most common method for performing Global sensitivity 

analysis [137].  

4.3.1.1 One at a Time Sensitivity Method 

The simplest conceptual understanding regarding sensitivity analysis is to change one 

parameter at a time and keep the other parameters fixed and this process is repeatedly 

performed [128]. This way the sensitivity of a particular parameter is determined in 

reference with parameters which are kept constant. Similarly the sensitivity ranking is 

done by increasing each parameter with a specific percentage and keeping rest of the 

parameters constant. As a results change is observed in model output which determines 

the sensitivity ranking. This type of process pertain to local sensitivity analysis as it only 

involves the analysis relative to point estimate and does not consider the whole 

parameters distribution [128]. 

4.3.1.2 Differential Sensitivity Analysis  

Differential sensitivity analysis is a type of direct method that is well known since its 

inception as sensitivity analysis technique [128]. This method is based on partial 

differentiation of the aggregated models & modeled relationship is described by explicit 

algebraic equation. Thus in this method, we acquire the sensitivity coefficients for a 
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particular independent variable by computing the partial derivatives [127] of dependent 

variable with respect to independent variable.  

The sensitivity of a function is normally characterized by using first derivative of 

that continuous function. The tangential information of the function is obtained by 

finding out first derivative of the function, while curvature information of the function 

can be acquired by finding out second derivative of the function. Whereas sensitivity, 

mostly achieved by finding out the first derivative of function is also a ratio of a change 

in the function’s value, that is a result of change in an independent variable. The larger 

the absolute value of the first derivative is, the more sensitive the function is considered 

with respect to that variable. The sign of first derivative also indicates, if the changes are 

in same or opposite directions [138]. 

Differential sensitivity analysis computes partial derivatives of output functions 

with respect to input parameters in the form of systems of equations as a mathematical 

model [134]. Mathematical models are often expressed as systems of equations, which 

relate the dependent variables to the independent variables. Sensitivities of a 

computational model can be estimated via mathematical model. This really is an analysis 

of the mathematical model, not an analysis of the computer program.  

Differential sensitivity analysis is not a viable option for some of the computer 

programs which cannot be described by governing equations. For such computer 

programs, variables are indirectly related in a complex manner on the basis of logical 

relations and inequalities. Differential sensitivity analysis is considered to be expensive, 

time taking & complex. Thus it is not a suitable choice for the systems which involve 

variables in a very complicated manner. Agents based computations which involve 

parametric interaction or control flow statements based on logical relations and 

inequalities, can be the examples of such cases. It is also observed that mostly computer 

programs are evolved over a passage of time and usually resist to any required 

modification due to involved complications [135]. 
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This method does not guarantee stability for all inputs. It provides a stability 

measure around tested values [137] i.e. local sensitivity analysis and conclusions cannot 

be made regarding global sensitivity [139].  

4.3.2  Global Sensitivity Analysis 

Global sensitivity determines the effect on model output of all the uncertain input factors 

acting simultaneously over their ranges of uncertainty. Most widely techniques used for 

global sensitivity analysis are variance-based methods [130]. Global sensitivity 

techniques are also applicable to non-linear, non-monotonic models and include the 

complete uncertain space of input factors. The main difficulty is that the number of 

model evaluations required is often large. 

Out of several techniques for local and global sensitivity analysis available, one 

has been chosen for each; respectively the direct differential method and the Fourier 

Amplitude Sensitivity Test (FAST) [130]. Both have been implemented in the simulation 

program which has been used to perform the model calculations as well. The calculation 

method of the program is the simultaneous solution of all differential and algebraic 

equations. 

4.3.2.1   The Fourier Amplitude Sensitivity Test (FAST)  

The Fourier Amplitude Sensitivity Test (FAST) has been applied here to obtain the 

global sensitivity information. The FAST method yields quantitative global sensitivity 

results in the form of variances. The Fourier Amplitude Sensitivity Test (FAST) method 

is computationally relatively efficient. Its main drawback is the complexity and lack of 

transparency of the underlying theory [130]. 

4.4    Sensitivity Analysis of Fission Product Activity 

The Fission Product Activity (FPA) is the second dominant contributor towards prevalent 

radiation levels in typical pressurized water reactors (PWRs). The elevated radiation 

levels result in delays and prolongation of routine repair/maintenance task entailing 

revenue loss of the order of several million dollars per power plant annually [11]. There 
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is a growing trend of nuclear power production in the global energy market but it also 

requires reduction of Fission Product Activity (FPA) levels to make PWRs an 

economically competitive option [1]. However the reliable estimates of Fission Product 

Activity (FPA) are also significant for the evaluation of fuel performance, assessment of 

radiological consequences in case of radioactivity release accident and for scheduling 

repair/maintenance tasks.  

The predicted values of Fission Product Activity (FPA) are clearly dependent on 

values of various parameters used in the model. While values of some of these 

parameters are known with reasonable accuracy for a typical PWR, the other parameters 

can have considerable uncertainties. It is possible for values of Corrosion Product 

Activity (CPA) to have large uncertainties due to overlap of uncertainties of various 

parameters. The uncertainties in Fission Product Activity (FPA) values, in turn, lead to 

uncertainties in corresponding values of dose received by maintenance personnel. The 

detailed knowledge about radioactivity build up and sensitivity analysis of Fission 

Product Activity (FPA) is essential for reducing the plant maintenance time, which also 

helps to reduce the dose for plant operators and general public. 

Sensitivity Analysis of Fission Product Activity (FPA) in primary loop is the 

study of how the variation in the FPA can be assessed, qualitatively or quantitatively, by 

varying different parameters on which it depends, for example reactor power, fission 

yield, water chemistry control efficiency, flow rate etc. It can uncover technical errors in 

the model, simplify models, rank the inputs in order of their impact on the output, and 

investigate the stability of computer programs. Sensitivity analysis is applied in 

simulation studies of very different real-life systems, in all kinds of disciplines: physics, 

chemistry, engineering, economics, management science etc. The sensitivity models 

might be deterministic or stochastic. 
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4.5   Mathematical Derivation of Dynamic Sensitivity Analysis of FPA 

As described in chapter 3 that FPCART model is based on following set of differential 

equation for fuel region [40], 

 

,
, , ; 1,2,3,4         

(4.1)

In the gap region 

 

,
, , ,    ; 1,2,3,4  

(4.2)

And, in the coolant region 

 

,
, , ,    ; 

1,2,3,4    

(4.3)

 

Where (ε) is a very important parameter since it is the Release rate coefficient from the 

defective element to the coolant (with units of s ) . This parameter goes hand in hand 

with the parameter D for the failed fuel analysis (which has no units and is the key 

parameter identified in the sensitivity analysis). This parameter (ε) specifically depends 

on the nature of the defect and will significantly affect the release of fission products into 

the coolant especially that of the iodine’s because of their inherent chemical nature and 

thus their sensitivity on defect size (i,e this parameter is strongly dependent on the size, 

number and location of defects on the failed rods)  . 
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Now for dynamic sensitivity analy s u nsi si g 

 
(4.4)

As the sensitivity coefficients (SC), and  

 

 
(4.5)

Where    is given in Eq (4.4) 

Thus  

 
(4.6)

as the normalized sensitivity coefficients (NSC) of quantity n with respect to parameter α. 

Where α is taken as one of parameter P, ν, D, L, β, m, Q. 

 

Table 4.2: Important parameters along with their notation and description used for 

sensitivity analysis of Fission Product Activity (FPA) in PWR. 

 

Parameters Notation Description of Parameters 

 
D Failed Fuel Freaction 

 
Q Let Down Flow Rate 

 
L Coolant Leakage Rate 

 
m Total mass of Coolant 
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The dynamic sensitivity coefficients for the Fission Product Activity (FPA) are obtained 

by differentiating equation (4.1-4.3) with respect to parameter α. 

• For Reactor Power (P) 

For example when α = P, the resulting system of equation becomes, 

For Fuel region 

,
, , ; 1,2,3,4         

 

(4.7)

When we take α = P, then resulting systems of equation for Clad Gap region is 

 

,
, , ,    ; 1,2,3,4  

(4.8)

For

,

 Coolant region 

, , ,    ; 

1,2,3,4    

(4.9)

 

The simultaneous solution of the set of equation (4.7-4.9) yields the corresponding values 

of the dynamic sensitivities of ,   with respect to the Reactor Power (P). Similarly the 

dynamic sensitivities of ,  with respect to other parameters can be found. On 

comparing these indices for a certain radioisotope and for a particular region, the most 

sensitive parameter can be identified.      
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Fig. 4.1: Flow Chart for Dynamic Sensitivity Analysis of Fission Product Activity in 
PWR. 
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4.6   Mathematical Derivation of Static Sensitivity Analysis of FPA 

Since the time profile of sensitivity coefficients gives the dynamic response of the system 

to a differential change in parameter and the static or stationary sensitivity coefficients 

are the limits in time of the dynamic quantities [135]. By using definition of sensitivity 

coefficient, static sensitivity analysis (SA) is performed by differentiating Eqs. (4.1-4.3) 

for α and putting time derivative in equation (4.1-4.3) equal to zero; and solving the 

resulting set of coupled algebraic equation for , . 

dSA,

dt 0 

For Fuel region 

, , 0 ; 1,2,3,4      

 

(4.10)

For Gap region 

 

, , ,  0  ; 1,2,3,4  
(4.11)

For Coolant region 

, , ,  0  ; 

1,2,3,4    

(4.12)
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On solving these equations, the saturation values of sensitive indices with respect to 

Reactor Power (P) for a particular region and radioisotope can be found and compared 

with the corresponding value obtained by dynamic sensitivity analysis. Similarly, static 

sensitivity analysis (SA) can be applied with respect to other parameters given in Table 

4.1 and comparison can be made. 
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Fig. 4.2: Flow Chart for Static Sensitivity Analysis of Fission Product Activity in PWR. 
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CHAPTER 5    

Results & Discussion 
 

In this chapter, firstly the simulations for time dependant fission product activity (FPA) in 

primary coolant have been carried out and then saturation values for each isotope have 

been compared with that of static analysis. 

In the 2nd part, sensitivity coefficients have been calculated using differential 

sensitivity analysis (SA) dynamically & statically and important parameters have been 

identified. The dynamic and statics analyses for both fission product activity (FPA) and 

sensitivities have been made on the basis of schemes shown in Fig. 4.1 and 4.2 

respectively using MATLAB.   

Finally the results obtained by mathematical dynamic and static sensitivity 

analysis (SA) have been compared for each isotope numerically and graphically with 

respect to all important parameters and the most sensitive parameter has been identified. 

All above calculations have been made for equilibrium state with constant power. The 

saturation values of activity and sensitivity indices have been used for comparisons.  

5.1        Results for Fission Product Activity 

The dynamic and static analyses about specific activity of various fission products have 

been  made by using MATLAB programs and are described in following sections. 

5.1.1   Dynamic Analysis of Fission Product Activity (FPA) 

In this part, calculations have been done for fissions product activity (FPA) varying with 

respect to time of reactor operation. The differential Eqs.4.1-4.3 has been solved for 

eleven fission products namely ,  , , , , , , , ,  

and . 
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Sensitivity analysis of Fission Product Activity (FPA) in a typical 1000 MWe 

Pressurized Water Reactor (PWR) has been carried out. The corresponding values of 

various plant parameters are given in Table 3.2. A constant power operation has been 

considered in this work using initial values of fission product activity (FPA) as zero. The 

FPCART model is based on nine different parameters. The numerical values of these nine 

parameters which are used in simulation are given in Table 3.3. The various fission 

products having dominant values of activity considered in this work include isotopes of 

Iodine, Krypton and Strontium. As shown in Fig. 5.1, the fission product activity (FPA) 

values for these radionuclides, approach their corresponding saturation values for 

operating time of few days at full power. 

The saturation values of fission product activity (FPAs) for various isotopes 

predicted by FPCART-SA code are in good agreement with the corresponding 

experimental measurements as given by Iqbal et al [50]. It is noted that for the isotopes 

considered in this work, ,  and   have dominant values of mass specific 

activity with corresponding values 0.273 , 0.162 and 0.332 μCi/g. 

5.2  Results for Differential Sensitivity Analysis of Fission Product 
Activity 

Two types of analyses have been made using mathematical sensitivity analysis (SA) 

under steady state conditions and constant power operation, which are dynamic 

sensitivity analysis and static sensitivity analysis. 

5.2.1 Dynamic Sensitivity analysis of Fission Product Activity (FPA)  

The dynamic sensitivity profiles with parameter failed fuel fraction (D) for specific 

activities of eleven fission products in primary coolant of a PWR have been obtained by 

solving Eqs. 3.1-3.3 along with Eqs.4.4-4.9 which describes the variation of importance 

of failed fuel fraction (D) with reactor operation time.  Similarly, dynamic sensitivity 

analysis (SA) has been made for all other parameters given in Table 4.2 and dynamic 

responses for some selected parameters are given in Fig.5.2-5.5. The figures have been 

discussed briefly in the following paragraphs.   
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The time variation of the normalized sensitivity coefficients for various fission 

products including iodine, krypton and strontium, have been studied.  The dynamic 

normalized sensitivity ΨD
I  for a variety of fission product activity (FPAs) in reactor 

primary coolant for failed fuel fraction (D) with time is shown in Fig. 5.2. Initially, all the 

indices tend to increase and attain maximum values given in Table 5.1 showing a positive 

effect due to failed fuel fraction (D) with time is shown in Fig. 5.2.  

 

 

 

Fig. 5.1: Variation of specific activity for various Fission products with time in the 

primary coolant of a PWR.   
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The normalized dynamic sensitivity values for all radioisotopes are in [0, 1] range. These 

results indicate that an increase in the failed fuel fraction leads to a corresponding 

increase in the fission product activity (FPA) values, therefore,   is positive for 

all isotopes. The dominant radionuclides in this case include  , , ,  which 

are followed by  and then by . This behavior is consistent with the expected the 

failed fuel fraction is among the source terms for the saturation values of the normalized 

sensitivity coefficient.    

The total mass of coolant in the primary circuit, ‘m’ appears in the denominator of 

loss terms in fission product activity (FPA) dynamics equations. Consequently, an 

increase in the value of ‘m’ results in a corresponding decrease in the values of loss terms 

and as the result, the FPA values are expected to show increase. The dynamic normalized 

sensitivity  for a various FPAs in reactor primary coolant for total mass of 

coolant (m) with time is shown in Fig. 5.3. As expected, the normalized sensitivity 

coefficients of FPA for ‘m’ are found positive as shown in Fig. 5.3. It is found that  

has largest value of the normalized sensitivity coefficient, which is followed by  and 

with the corresponding values 4.356 10 , 4.345 10   , 4.32 10 . 

The let-down flow rate ‘Q’ appears in the numerator of a loss term in the fission 

product activity (FPA) dynamics equations. An increase in its value results in decrease of 

FPA values. Therefore, we expect negative values for the corresponding normalized 

sensitivity coefficient. The dynamic normalized sensitivity  for a various fission 

product activity (FPAs) in reactor primary coolant for let-down flow rate (Q) with time is 

shown in Fig. 5.4. The Fig. 5.4 shows values of the dynamics normalized sensitivity 

coefficient consistent with the expected behavior. The radioisotopes ,   and  

show largest absolute value of the normalized sensitivity coefficients with values: 

4.334 10  , 4.323 10 , 4.3 10  respectively. 
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The increase in the primary coolant leakage rate (L) has negative impact on the 

fission product activity (FPA) since the leakage also takes part of FPA out of the primary 

coolant circuit. Consistently, the time evolution of the dynamic sensitivity of FPA for 

primary coolant leakage rate ‘L’ has negative values as shown in Fig. 5.5. The  



shows the largest negative saturation value of 2.1404 10 and it is flowed by  

and . The dynamic normalized sensitivity values (  ) for  show a steep 

variation initially and later on, its values approach gradually towards the final equilibrium 

values. 

 

 

 

 

 

Fig 5.2: Variation of normalized sensitivity values for various indicated Fission product 

in primary coolant for failed fuel fraction (D) with reactor operation time. 
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Fig 5.3: Variation of normalized sensitivity values for various indicated Fission product 

in primary coolant for total mass of coolant (m) with reactor operation time. 
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Fig 5.4: Variation of normalized sensitivity values for various indicated Fission products 
in primary coolant for Let- down flow rate (Q) with reactor operation time. 
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Fig 5.5: Variation of normalized sensitivity values for various indicated Fission products 

in primary coolant for Coolant leakage rate (L) with reactor operation time. 
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Table 5.1: The static / saturation (dynamic) normalized sensitivity coefficients of fission 

product activity, for indicated parameters due to various listed radioisotopes, in primary 

circuit of a PWR.   

 

Isotope 

Normalized Sensitivity Coefficients for FPA 

D L ( ×10-6) m (×10-4) Q (×10-4) 

     

I-129 0.9343 -1.8427 3.4196 -3.401 
 

I-131 7.2828×10-4 -2.1430 4.3556 -4.3241 
 

I-132 0.9308 -1.9780 4.0206 -4.0010 
 

I-133 0.9997 -2.1236 4.3201 -4.2988 
 

I-134 1.0 -1.7610 3.5775 -3.5599 
 

I-135 1.0 -2.0832 3.8946 -3.8737 
 

Kr-85 0.7747 -2.0641 1.9278 -1.9072 
 

Kr-87 0.3771 -1.8580 2.8562 -2.8376 
 

Kr-88 0.8577 -2.0177 2.3491 -2.3293 
 

Sr-89 0.9636 -2.1404 4.3446 -4.3231 
 

Sr-90 0.4335 -2.1371 3.9657 -3.9444 

 

 

 

 

 



5.3 Results and Discussions for Source Term Evaluation 

In this part of the chapter first the results for the calculated core inventory are presented 

and discussed. Then major results for the source term calculation are reported along with 

discussion.  

5.3.1  Core Inventory Values 

In this work, the computer program Fission Product Activity Release in Air (FPARA) 

was developed to compute source term in the reactor containment and then in the 

atmosphere as a function of time for all relevant fission products. The program FPARA’s 

flow chart is shown as Fig. 3.3 with three loop. We have used data given in Table 5.2 for 

fraction of activity released from fuel and assumed 90 – 100% core damage in the loss of 

coolant scenarios. The fraction of activity released from fuel to coolant has been taken in 

the range 90 – 100%. The state-of-the-art computer code ORIGEN2 [121] was used as 

subroutine in FPARA program to find fission product inventory in core after about 180 

days of continuous full power operation [140-141]. The results were compared with 

activity values reported in IAEA’s report on similar reactor system [140] and were found 

in close approximation. Result shows large differences for Xe-135 which may be 

attributed to the cross section libraries and their differences in weighting factors. Table 

5.3 shows the decay constant and results of our calculations for Kr, Xe, I, Sr, Te, Cs and 

Rh isotopes. These are close to the already reported benchmark MTR LEU fueled pool 

type research reactor [88, 140].  
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Table 5.2:  Fraction of Activity Released from the Fuel for Various Isotopes Under Loss 

of Coolant Accident [88, 117-118, 125] 

 

 

Radionuclide 

Fractional 

Release from 

Fuel to Coolant  

Fractional 

Release from 

Coolant  to air,  

Deposition 

Velocity,  

Re-suspension 

Rate 

 % * % * m/s  *    s−1 *

  

Noble gases 

(Kr - Xe) 

95 – 100 100 < 10-6  < 10-6 

Iodine  25  – 30 0.01  –  1.0 ~ 0.003 ≤ 0.01 

Cesium 25  – 30 0.01  –  0.1 < 0.003 ≤ 0.01 

Tellurium 25  –  30 0.01  –  0.1 < 0.003 ≤ 0.01 

Rubidium 1 – 5  0.01  –  0.1 < 0.0004 ≤ 0.01 

Ruthenium 1 – 5 0.01  –  0.1 < 0.0004 ≤ 0.01 

Strontium  1 – 5 0.01  –  0.1 ≤ 0.0004 ≤ 0.01 

Other fission 

products  

0.1 – 1.0 Less than 0.01 < 10-6 ≤ 0.01 

 

* (Dadillon, 1967; De Montaignac, 1973;  Shibita, 1984; IAEA, 2008). 
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Table 5.3:  Comparison of Results of ORIGEN2 for core inventory for a typical MTR 

system  with IAEA Reference Case [88, 140]* 

Isotope   
This work; 
Inventory 
(TBq) 

IAEA case; 
Inventory 
(TBq) 

 Isotope  
This work; 
Inventory 
(TBq) 

IAEA case; 
Inventory 
(TBq) 

Kr-83m 1.05E-04 1.61E+03 1.67E+03  I-134 2.20E-04 2.35E+04 2.39E+04 

Kr-85m 4.05E-05 3.81E+03 4.10E+03  I-135 2.91E-05 1.93E+04 1.99E+04 

Kr-85 2.05E-09 2.59E+01 2.90E+01  Sr-89 1.59E-07 1.33E+04 1.37E+04 

Kr-87 1.52E-04 7.70E+03 7.40E+03  Sr-90 7.54E-10 2.05E+02 2.19E+02 

Kr-88 6.80E-05 1.09E+04 1.13E+04  Te-127 2.06E-05 5.29E+02 3.89E+02 

Kr-89 3.65E-03 1.38E+04 1.44E+04  Te-127m 7.36E-08 4.99E+01 7.44E+01 

Xe-131m 6.74E-07 9.99E+01 7.18E+01  Te-129 1.66E-04 2.19E+03 2.03E+03 

Xe-133 1.53E-06 1.96E+04 2.10E+04  Te-129m 2.39E-04 2.19E+03 1.07E+03 

Xe-135m 7.56E-04 3.54E+03 3.28E+03  Te-132 2.46E-06 1.33E+04 1.31E+04 

Xe-135 2.12E-05 4.03E+04 1.71E+04  Cs-137 7.29E-10 2.15E+02 2.21E+02 

Xe-137 3.02E-03 1.84E+04 1.85E+04  Cs-138 3.59E-04 2.01E+04 2.05E+04 

Xe-138 8.15E-04 1.92E+04 2.02E+04  Rh-105 5.44E-06 3.38E+03 3.30E+03 

I-131 9.98E-07 8.95E+03 8.81E+03  Rh-103 2.04E-07 9.69E+03 9.32E+03 

I-132 8.37E-05 1.34E+04 1.31E+04  Ru-105 4.34E-05 3.74E+04 2.90E+04 

I-133 9.26E-06 2.09E+04 2.11E+04  Ba-140 6.27E-07 1.92E+04 1.98E+04 

* (IAEA, 1987;  IAEA, 2008) 
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5.3.2 Source term Estimation for Containment using FPARA Code 

In this work, we assumed that after loss of coolant accident,  fraction of activity is 

instantaneously released to the containment and 1  fraction keeps on adding to the 

containment as a function of time. This delayed fraction obeys an exponential decay with 

frequency . The release fractions from fuel to coolant and then from coolant to the 

containment given in Table 5.2 for various isotopes have been used along with various 

parameters shown as Table 3.5.  Assuming 80% of the core gets damaged in the loss of 

coolant accident, the activity in the containment air is computed with the program. The 

air-recirculation at the reactor containment is assumed to be zero during accident. The 

containment has isolation condition with a fixed leakage rate 25000 /   or 7 /  

and it has been taken for iodine and aerosols as well. All surfaces of the containment 

have been assumed to be painted with deposition velocity variations from 10  to  0.1 

m/s. The re-suspension rates of 10  to 0.01 per second were considered in this work. 

The filter efficiency and re-circulation efficiency was taken as 10% for all types of 

isotopes in air. We have taken containment volume of 15000 and containment surface 

area as 8577  [88, 92]. 

5.3.2.1   Effect of the fraction,  

First, we find effect of  (fraction of source in coolant that is directly available in the 

coolant after accident) on volumetric activity in containment air. The volumetric and 

surface activities in the containment have been computed using the program FPARA as a 

function of time after the postulated loss-of-coolant accident. This study was carried out 

for one isotope Kr-89 as a representative of other fission products. For Kr-89, the 

volumetric activity versus time for different values of  (from 100% to 40%) is shown as 

Fig. 5.6. Results show that if we assume 100% activity directly available at t=0, then after 

accident, it decreases exponentially. However, when 80% is directly available in coolant 

and 20% enters slowly with mixing rate of 0.01 per second, we see first an increase in 

volumetric activity and eventually a decrease with time (Fig. 5.6). Peak values of 

volumetric activity and surface activity as a function of  fx are shown as Table 5.4 for Kr-

89. The peak becomes more pronounced when directly available fraction is reduced to 
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60%, 50% and 40%. This is due to competition in gain and loss rates within the 

containment region. As the value of  decreases, the indirect source keeps on increasing 

and peak becomes pronounced at later times and peak shifts to higher time values. We 

have assumed 50% in later part of this work where 50% activity is made directly 

available at t = 0 with in coolant.  

 
 
 
 
Table 5.4:  Peak values of Volumetric activity  and time at which the peak activity 

occurs as a function of  (fraction of source in coolant without delay). 

 

Fraction  (%) Peak value of Volumetric 
Activity,  / 10  

Time at which Peak Value 
Occurs (sec) 

100 0.736 0.0 

80 0.591 17 

60 0.524 100 

50 0.499 145 

40 0.489 176 

* fo 8r Kr- 9;  

** 0.01  .  
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Fig 5.6:  Volumetric Activity (Bq/m3) for Kr-89 in the Containment Air as a 

Function of Time after Accident (in seconds) for Various Values of Fraction (fx) 

of Source that is Directly available after Loss of Coolant Accident (wx = 0.01 per 

second).  
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5.3.2.2  Effect of Mixing Rate 

The delayed fraction of core inventory, (1 − fx), enters into the coolant as a decreasing 

function with  wx as a mixing rate. We have varied the value of wx from 0.001 per second 

to 0.5 per second, to find its effect on both volumetric activity in air within containment 

(nv) and containment surface activity (ns). The volumetric activity has been computed for 

isotope Kr-89 as a function of time. The peak values and time at which peak occurs are 

shown as a function of  as Table 5.5. The activity is shown as Fig. 5.7. For a fixed 

value of fx equal to 50%, we have varied the mixing rate. When wx is about 0.5/s the peak 

becomes high and it gets shifted to large time values after the accident. As the wx is 

decreased from 0.5 to 0.05 per second, the peak value of activity decreases and it shifts 

from 60 seconds to 169 second. Although, the fx remains fixed, a decrease in mixing rate 

results in a decrease in the peak fission product activity values in the containment as 

depicted in Fig. 5.7 Eventually, when wx is very low (~0.001/s) the activity decreases 

monotonically.  

 

Table 5.5:  Peak Value of Volumetric Activity ) in the Containment Air and Peak 

Time as a Function of Mixing Rate  

   Peak Value* )            
(× 1012 Bq/m3) Time at which Peak occurs (s) 

0.001 0.368 zero 

0.005 0.433 143 

0.01 0.509 124 

0.05 0.646 53 

0.1 0.681 33 

0.5 0.721

* For isotope Kr-89;     ** 

 10 

0.5 
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Fig 5.7: Volumetric Activity (Bq/m3) for Kr-89 in the Containment Air as a 

Function of Time after Accident (in seconds) for Various Values of Mixing Rates 

(wx ) Keeping Fraction (fx)  = 0.5.  
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5.3.2.3   Volumetric activity in containment air 

First, noble gases (Kr and Xe) activity per unit volume released from fuel to the 

containment air under loss of coolant accident using FPARA code has been computed for 

normal exhaust rate of 25000 /  and data shown as Table 3.5 and 5.2 respectively. 

Figure 5.8 shows volumetric activity as a function of time after accident (seconds) for Kr-

83m, Kr-85m, Kr-87, Kr-88 and Kr-89 respectively. Here , the fraction of source in 

coolant that is directly available at 0 is 50% and mixing rate is 0.01 per second. The 

largest contributor comes from both Kr-88 and Kr-89 respectively and the lowest 

contribution is due to Kr-85 (Fig. 5.8). Table 5.6 shows peak values.  

 It is observed that the volumetric activity first increases to a peak value and 

then decreases in an exponential way. Similarly, the results for Xenon (noble gas) are 

shown in Fig. 5.9. These results show that Xe-133, Xe-138 and Xe-137 are the dominant 

contributors towards containment activity with Xe-133 at the top. Then, Xe-135 and Xe-

135m are about five times lower in activity when compared with Xe-133. Moreover, 

131  is the smallest contributor to the volumetric activity due to xenon as seen in 

Fig. 5.9. Also, the peak values for Xenon after accident are shown in Table 5.7. 

Table 5.6:  Peak values of Volumetric activity in containment air for Krypton isotopes 

after the accident**. 

Isotope Peak value, 10  /  

Kr-83m 0.0774 

Kr-85m 0.1846 

Kr-85 0.0012 

Kr-87 0.3678 

Kr-88 0.5261 

K -8r 9 

*

0.5092 

0.5, 0.01 / ;        ** loss of coolant type 
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Fig 5.8: Volumetric Activity (Bq/m3) for Various Isotopes of Krypton (Noble 

gas) in the Containment Air as a Function of Time after Accident (in seconds) for 

fx = 0.5 and  wx = 0.01 per second.   
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Fig 5.9: Volumetric Activity (Bq/m3) for Various Isotopes of Xenon (Noble gas) 

in the Containment Air as a Function of Time after Accident (in seconds) for fx = 

0.5 and  wx = 0.01 per second.   
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Table 5.7:   Peak values of Volumetric activity in containment air for Xenon isotopes 

Isotope* Peak value, 10  /  

Xe-131m 0.0049 

Xe-133 0.9602 

Xe-135m 0.1594 

Xe-135 0.1969 

Xe-137 0.7036 

Xe-138 0.8505 

 

Using program FPARA, source term for iodine in the containment air have been 

computed for exhaust rate value of 25000 /  and for loss of coolant accident, the core 

damage fraction is taken as 80%. The fuel release fraction  for iodine isotopes has 

been taken as 27%. Low water release fraction of 0.01% has been considered. Iodine 

isotopes have also shown high depletion velocity of 3 10  / , about 1000 more as 

compared to Xenon isotopes. The results are shown as Fig. 5.10. The volumetric activity 

in containment is about 1000 times lower when compared with the activity values for  

and  isotopes. The I-134 remains largest source of activity among iodine isotopes and 

I-131 is the smallest contributor. The peak values of I-134 remains less than 1.25

10  /  as shown in Table 5.8. 
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Fig 5.10: Volumetric Activity (Bq/m3) for Various Isotopes of Iodine in the 

Containment Air as a Function of Time after Accident (in seconds) for fx = 0.5 

and  wx = 0.01 per second.   
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Table 5.8:  Peak values of Volumetric activity in containment air for Iodine isotopes. 

Isotope* Peak Value, 10  /  

I-131 0.4912 

I-132 0.7251 

I-133 1.134 

I-134 1.234 

I- 31 5 

*

1.054 

0.5,    0.01 /  
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Table 5.9:   Peak values of Volumetric activity in containment air for Strontium isotopes. 

Isotope* Peak Value, 10  /  

Sr-89 30.27 

S 9r- 0 

*

0.464 

0.5,   0.01 /  

 

For Sr, Te and Cs isotopes released as fission fragment in containment air, the water 

release fraction  was considered as 10 10  and deposition velocity of 4

10 3 10  /  was assumed. The other parameters were kept the same.  Results 

are shown as Fig. 5.11, Fig. 5.12 and Fig. 5.13 respectively for Sr, Te and Cs isotopes. 

The peak values after accident for Sr isotopes are shown in Table 5.9. The Sr-89 remains 

largest source of activity among Sr-89 and Sr-90. The peak value remains less than 

30 10  /  for Sr-89. For isotopes Te-132, Te-129, Te-127, Te-129m and Te-

127m, the lowest contribution to activity is due to Te-127m and the largest activity comes 

from Te-132 as shown in Fig. 5.12. The peak values after accident are shown as Table 

5.10. The activity due to Cs-138 is about 100 times higher when compared with Cs-137 

activity in containment. However, the peak activity due to Cs-138 is about 21

10  /  in containment air as shown in Fig. 5.13. Table 5.9 shows the peak values of 

volumetric activity after accident in containment air. 
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Fig 5.11: Volumetric Activity (Bq/m3) for Various Isotopes of Strontium in the 

Containment Air as a Function of Time after Accident (in seconds) for fx = 0.5 

and  wx = 0.01 per second.   
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Fig 5.12: Volumetric Activity (Bq/m3) for Various Isotopes of Tellurium in the 

Containment Air as a Function of Time after Accident (in seconds) for fx = 0.5 

and  wx = 0.01 per second.   
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Fig 5.13: Volumetric Activity (Bq/m3) for Various Isotopes of Cesium in the 

Containment Air as a Function of Time after Accident (in seconds) for fx = 0.5 

and  wx = 0.01 per second.   
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Table 5.10:   Peak values of Volumetric activity in containment air for Te isotopes. 

Isotope* Peak Value, 10  /  

Te-127 2.87 

Te-127m 0.272 

Te-129 311.61 

Te-129m 1.737 

T -1 2e 3  

*

72.392 

0.5,    0.01 /  

 

 

Table 5.11:   Peak values of Volumetric activity in containment air for Cs isotopes. 

Isotope* Peak Value, 10  /  

Cs-137 0.146 

C -1 8s 3  

*

21.28 

0.5,    0.01 /  

 

We have also compared the simulation results from FPARA program with the 

results of source term evaluation for ASTRA reactor [88, 142]. This reactor is a pool type 

research reactor with MTR fuel elements and a maximum power of 10 MW. The reactor 

had high enriched uranium fuel in the form of Ux Siy, 18 standard fuel elements with each 

having 23 fuel plates. Using the reactor data of this system [142], we simulated the 

LOCA with 100% core damage and 100% water release fractions for noble gases and 
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iodine isotopes. We used fx as 100% in this study. The confinement failure with exhaust 

rate of 100 m3/hr was employed. The deposition velocities less than 10−3 m/s were 

assumed. The reactor was allowed to operate for 180 days at 10 MW and then the activity 

values were computed using program FPARA.  For various radio-nuclides the activity in 

the core at start of the accident is shown in Table 5.12. Then released activity into the 

containment air for Kr-87, Kr-88, Xe-133, Xe-135, I-131 and I-135 has been computed 

and compared with already reported results in Table 5.12. The results show that our 

simulation results remain in close agreement with the reported results [88, 142].  

 

Table 5.12: Comparison of Activity Released in the Containment Air for ASTRA 

Reactor under Loss of Coolant Accident  

Radionuclide Activity in Core* 
(TBq) 

Activity Released* 
(TBq) 

This work,  
Activity Released 

(TBq)  
Kr-87 8880 1.778 2.051 

Kr-88 1356 2.715 2.652 

Xe-133 2520 5.041 4.933 

Xe-135 3380 0.676 0.692 

I-131 1056 0.012 0.014 

I-133 2528 4.20E-03 5.04E-03 

* (IAEA, 2008). 

 

5.3.2.4   Effect of leakage rate through containment  

In this work, we have also compared volumetric activity due to Sr-90 in the containment 

air for different containment leakage rate for loss of coolant accident. The exhaust rate 

(lr) is allowed to vary from 0.1 to 7 m3/s and the air-recirculation at the reactor 

containment is assumed to be zero during accident. The core damage fraction of 80% has 

been employed for loss of coolant accident; fuel release fraction (ff) is about 5% and 

water release fraction is taken as 10−3. The deposition velocity is assumed to be 4 10  

m/s. Results are shown as Fig. 5.14, where peak volumetric leakage rate (MBq/m3.s) 
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from the containment is about 0.529 MBq/m3 for small leakage rate of 0.1 m3/s and it 

goes to 0.456 MBq/m3 for normal leakage of 7 m3/s.  

 

 
 
 

 
 

Fig 5.14: Volumetric Activity (Bq/m3) for Sr-90 in the Containment Air as a 

Function of Time after Accident (in seconds) for various values of containment 

leakage rates (fx = 0.5 and  wx = 0.01 per second).   
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CHAPTER 6       

Summary, Conclusions & 

Recommendation for Future Work 
 

This chapter contains summary of the work done for sensitivity analysis of fission 

product activity, source term evaluation & conclusions, future recommendations, and 

important considerations for safe operation of nuclear reactors have also been described. 

6.1   Summary 

Sensitivity analysis (SA) of fission product activity (FPA) in primary loop provides us 

with a measure to quantify the dependence of Fission product activity (FPA) on failed 

fuel fraction, mass of coolant, coolant leakage rate, let-down flow rate etc. Pressurized 

water reactors (PWRs) being two third majority of nuclear reactors suffer certain 

problems of material degradation, heat transfer reduction, high exposure rates etc, all 

leading to higher operational and maintenance cost. The major sources of these problems 

are fission products activity with most important radio-isotopes of iodine, krypton and 

strontium. The partial derivative technique has been employed to calculate sensitivity 

coefficients under steady state constant power operation.  

Our works encompasses the static and dynamic sensitivity analysis using 

differential technique. The impact caused by uncertainties in the values of major 

parameters is quantified in terms of normalized sensitivities of fission product activity 

(FPAs) in primary coolant for eleven dominant radio-nuclides. The dominating 

parameters in primary coolant are identified and then ranked in order of their respective 

impact on fission product activity (FPA) values. By focusing on these dominating 
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parameters, the prevailing radiation levels may be controlled which consequently can 

result in reduced maintenance down time. 

First of all, rate equations have been developed with various important 

assumptions and time dependant specific activities have been obtained with MATLAB 

ODE23tb Solver. Also static analysis of fission product activity (FPA) has been performed 

to find saturation values of specific activities. On comparison, these results show good 

agreement with that obtained by FPCART. Secondly, the time dependant sensitivity 

equations with respect to various parameters have been formulated using partial 

derivative technique. The solution of the equations give time dependant sensitivity 

coefficients for each isotope corresponding to each parameter. The saturation values of 

sensitivities obtained by dynamic analysis have also been compared with those obtained 

by static sensitivity analysis (SA) showing good agreement with one another. On the 

basis of saturated sensitivities, the failed fuel fraction ‘D’ have been identified as the 

most and coolant leakage rate ‘L’, as least effective parameters for fission product 

coolant activity numerically and graphically.  

Moreover, in this work, time dependent activity inside the containment was 

calculated by developing a mathematical model and simulating results for volumetric 

activity and surface activity after a typical loss of coolant accident in a typical reactor. 

The time dependent source, re-suspension rate, decay of fission fragments, leakage from 

containment, deposition on surfaces and re-circulation of air through filters was 

employed in the model and a computer program FPARA was developed. The program 

uses ORIGEN2 computer code as a subroutine for core inventory calculations. The 

computer program FPARA is capable of calculating source term for a typical reactor 

accident inside containment and in air outside containment from controlled leakages. 

The computed activity in core after long run of reactor was found in good 

agreement with reported values for typical system [140]. Then effect of   (fraction of 

source directly available in coolant at (t = 0) start of accident) on peak activity in 

containment air was determined. Also, the effect of mixing rate   on peak activity 

inside containment air was determined. Then volumetric and surface activity as a 
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function of time for accident in containment air was computed in this work for Kr- 

isotopes, Xe-isotopes, iodine-isotopes, Te-isotopes, Sr-isotopes, and Cs-isotopes 

respectively. Finally, the effect of containment leakage rate  was also determined on 

volumetric leakage rate of activity from containment.  

6.2   Conclusions 

Sensitivity analysis (SA) is an important tool for building mathematical, computational, 

and simulation models in order to identify the prominent parameters. The sensitivity 

analysis (SA) of fission product activity (FPA) helps to find important parameters which 

can be controlled to reduce coolant activity of a PWR. Consequently radiation exposure 

to workers can be reduced by improving training and health physics procedures and by 

using more reliable components requiring less maintenance in order to keep human 

residence times in radiation areas to a minimum.  

The sensitivity analysis of fission product (FPA) in primary coolant activity to 

four governing parameters of the kinetic fission product activity model, namely: the 

failed fuel fraction ‘D’, the coolant leakage rate ‘L’, total mass of coolant ‘m’, and the 

let-down flow rate ‘Q’ has been studied in this work. Both static as well as dynamic 

normalized sensitivity analysis of eleven dominant fission product radioisotopes of 

iodine, krypton and strontium has been carried out for the fission product activity (FPA) 

in the primary circuits of typical PWRs. Also time variations as well as asymptotic values 

of normalized sensitivities towards the above mentioned parameters have been 

determined using derivative based deterministic technique. The study has revealed the 

ordering of parameter according to their impact on the saturation values of fission product 

activity (FPA) in primary coolant and the following conclusions can be drawn from the 

static/asymptotic results of this work. 

1. The fission product activities (FPAs) have been found highly sensitive towards 

the failed fuel fraction values, ‘D’ and for 88Kr having the dominant value of 

FPA, the normalized sensitivity coefficient has been found as 0.8576. 

2. The total coolant mass ‘m’, and for the let-down flow rate ‘Q’, have been found 

second most important parameters as far as normalized sensitivity coefficient 
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values for FPAs are concerned. Both of these parameters have roughly the same 

orders-of-magnitude values of the normalized sensitivity coefficients. For the 
88Kr radioisotope, the corresponding values are 2.35×10-4 and -2.33×10-4 

respectively. 

3. The coolant leakage rate   has the smallest normalized sensitivity coefficients for 

fission product activity (FPA). The corresponding values of the normalized 

sensitivity coefficients for isotope having dominant activity 88Kr and 131I have 

been found as -2.018×10-6,    -2.143×10-6 respectively.  

When we look into the study of source term evaluation for typical research reactors; 
Following can be inferred 

• When we compare effect of   (fraction of source in the coolant that is directly 

available after the accident) on volumetric activity of fission products, we see that 

if 100% source is assumed to be available in coolant at t=0, then after the loss of 

coolant it simply decreases exponentially in the containment.  

• However, when 80% or less is allowed to become available as  , then first an 

increase in volumetric activity in containment occurs due to time dependent 

source with  1  fraction and  mixing rate. It reaches a peak value and 

then decreases exponentially due to loss terms. The peak becomes more 

pronounced when  is changed from 80% to 40% in steps. 

• When source due to delayed release from core to coolant,  has fixed fraction 

 and  (mixing rate) as variable, results show that peak in volumetric activity 

in containment air starts shifting to higher time values with increase in .  Peak 

values also increase with increasing the  values.  

• Volumetric activity in containment air for different fission products remains 

strong function of decay constant, leakage rate, retention functions and other 

parameters. However, with time dependent source entering into coolant after 

reactor accident, we see not just decrease in source term within the containment 

but an increase also. The combined effect is a peak in the time dependent 
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activity . Peak activity values have been determined and the time behavior 

discussed in this work.  

• The leakage rate  from containment is a major source of activity going to the 

atmosphere and we see if we control the value of  , we can decrease the 

volumetric leakage rate to the environment in first 10 minutes of the accident. 

Similarly, controlling the exhaust through filters can also decrease activity 

releases to the outside air. 

6.3   Recommendations for Future Work 

In the present work, the sensitivity analysis (SA) of fission product activity (FPA) in a 

typical PWR has been made to find the most sensitive parameter regarding saturation 

value of specific activity of isotopes of Iodine, krypton & strontium under steady state 

constant power operation, with the help of partial derivatives. However, a number of 

areas still exist which need to be explored for further development to assess reliable, safe 

and economic operation of PWRs. The following approaches may be used to extend this 

work.  

• Dynamic & static sensitivity analysis (SA) of Fission Product Activity (FPA) has 

been done in this work for long steady state power operation of reactor. Also, 

sensitivity analysis of FPA can also be made using both flow rate and under 

power perturbations.  

 

Based upon source term evaluation results and conclusions of this work, following set of 

recommendations is suggested that; 

•  More detailed hydrodynamics modeling and radiochemical dynamics may be 

incorporated for improved containment modeling. 

•  Realistic fuel failure data may be utilized for reliable source term estimates with 

improved model for direct and indirect source in coolant. 

• Time and space dependent models for fission product leakages to the environment 

after reactor accident are needed to simulate effects of different parameters. 

 

136 
 



References 
[1]. "International Energy Outlook 2011", . DOE/EIA-0484(2011), . U.S. Energy 

Information Administration. Washington, DC, (2011). 

[2]. US_NRC, "10 CFR, Part 20 Standards for Protection Against Radiation",, 

U.S.Government, Ed.:US, NRC, (2006). 

[3]. M.Z. Jacobson and M.A. Delucchi, "Providing all Global Energy with Wind, 

Water, and Solar Power, Part1: Technologies, Energy Resources, Quantities and 

Areas of Infrastructure, and Materials". Energy Policy, (2010). 

[4]. J.M. Deutch and E.J.Moniz, "The Future of Nuclear Power – An Interdisciplinary 

MIT Report". July (2003). 

[5]. A. Gagarinskii, V. Ignat'ev, N. Ponomarev-Stepnoi, S. Subbotin, and V. 

Tsibul'skii, " Role of Nuclear Power in World Energy Production in the 21st 

Century". Atomic Energy, 99(5): p. 759-769, (2005). 

[6]. IAEA, Nuclear Power Reactor in the World. REFERENCE DATA SERIES No 2. 

International Atomic Energy Commission, IAEA-RDS-2/30. VIENNA, (2011). 

[7]. International Atomic Energy Agency, "Sustainable Development, and Nuclear 

Power". IAEA, : Vienna, (1997). 

[8]. M.M. Abu-Khader, " Recent advances in nuclear power: A review". Progress in 

Nuclear Energy, 51(2): p. 225-235, (2009). 

[9]. IAEA, "Coolant Technology of Water Cooled Reactors". International Atomic 

Energy Agency IAEA- TECDOC- 667.Vol 1-3, (1992). 

[10]. C.J. Wood, " Recent developments in LWR radiation field control". Progress in 

Nuclear Energy, 19(3): p. 241-266, (1987). 

[11]. S. D.Kreider and A.Schneider, " The detection of failed fuel in LWRs- A 

historical review". Trans. Am. Nuclear Society, 61: p. 46-47, (1990). 

[12]. N.M. Mirza, S.M. Mirza, and M.J. Iqbal, "Recent Trends in Mathematical 

Modeling and Simulation of Fission Product Transport From Fuel to Primary 

Coolant of PWRs". in Nuclear Power - System Simulations and Operation, P.V. 

Tsvetkov, Editor. InTech. Janeza Trdine 9, 51000 Rijeka, :Croatia p. 123-138. 

(2011). 

137 
 



[13]. H. Zänker, H. Müller, and R. Berndt, " A complementary cesium coolant 

concentration ratio for localizing defective PWR fuel rods during reactor 

operation ". Journal of Radioanalytical and Nuclear Chemistry, 152(1): p. 47-54, 

(1991). 

[14]. G.F. Huang, L.L. Tong, J.X. Li, and X.W. Cao, " Study on mitigation of in-vessel 

release of fission products in severe accidents of PWR". Nuclear Engineering and 

Design, 240(11): p. 3888-3897, (2010). 

[15]. Y. Pontillon, G. Ducros, and P.P. Malgouyres, " Behaviour of fission products 

under severe PWR accident conditions VERCORS experimental programme—

Part 1: General description of the programme". Nuclear Engineering and Design, 

240(7): p. 1843-1852, (2010). 

[16]. J.R.Thomas and H.C.Edlund. "Reactor statics module — multigroup criticality 

calculations". Proceedings of the Conference ICTP. Trieste. Italy,(1980). 

[17]. R.F. Barry, "LEOPARD--A Spectrum Dependent Non-Spatial Depletion Code 

For  IBM-7094". WCAP-3269-26, Westinghouse Electric Corporation, (1963). 

[18]. S.E. Awan, S.M. Mirza, and N.M. Mirza, " Sensitivity analysis of fission product 

activity in primary coolant of typical PWRs". Progress in Nuclear Energy, 53(3): 

p. 245-249, (2011). 

[19]. R. Nasir, N.M. Mirza, and S.M. Mirza, " Sensitivity of reactivity insertion limits 

with respect to safety parameters in a typical MTR". Annals of Nuclear Energy, 

26(17): p. 1517-1535, (1999). 

[20]. IAEA, "Nuclear Technology Review 2011 ". International Atomic Energy 

Agency. VIENNA, (2011). 

[21]. G.C.W. Comley, " The significance of corrosion products in water reactor coolant 

circuits". Progress in Nuclear Energy, 16(1): p. 41-72, (1985). 

[22]. D.H.Lister, E.Mcalpine, and N.S.Mcintyre, "Corrosion Product Release in Light  

Water Reactor". EPRI-NP 3460, (1984). 

[23]. P. Cohen, "Water coolant technology of power reactors". Gordon and Breach 

Sci.Pub. New York, (1969). 

[24]. T. Moore, " The challenge of nuclear fuel reliability". EPRI, J. (Fall), ( 2005). 

138 
 



[25]. A.H. Booth, "A suggested method for calculating the diffusion of radioactive rare 

gas fission products from Uo2 fuel elements and a discussion of proposed in-

reactor experiments that may be used to test its validity" Atomic Energy of 

Canada Limited, AECL-700, (1957). 

[26]. B.J. Lewis, " Fundamental aspects of defective nuclear fuel behaviour and fission 

product release". Journal of Nuclear Materials, 160(2-3): p. 201-217, (1988). 

[27]. P. von der Hardt and A. Tattegrain, " The phebus fission product project". Journal 

of Nuclear Materials, 188: p. 115-130, (1992). 

[28]. A.C. Harnden-Gillis, L.G.I. Bennett, and B.J. Lewis, " Experiments and analysis 

of fission product release in HEU-fuelled SLOWPOKE-2 reactors". Nuclear 

Instruments and Methods in Physics Research Section A: Accelerators, 

Spectrometers, Detectors and Associated Equipment, 345(3): p. 520-527, (1994). 

[29]. KEPCO, " Development of Primary Coolant Radioactivity Monitoring System". 

KRC-88N-T04, (1990). 

[30]. Y.H.Koo, D.S.Sohn, and Y.K.Yoon, " Release of unstable fission products from 

defective fuel rods to the coolant of a PWR". Journal of Nuclear Materials, 

209(3): p. 248-258, (1994). 

[31]. B.J. Lewis, C.R. Phillips, and M.J.F.Notley, " Model for the release of radioactive 

Krypton, Xenon, & Iodine from defective Uo2 fuel elements". Nuclear 

Technology, 73: p. 72-83 (1986). 

[32]. B.J.Lewis, F.C.Iglesias, D.S.Cox, and E. Gheorghiu, " Model for fission gas 

release and fuel oxidation behavior for defected UO2 fuel elements". Nuclear 

Technology, 92: p. 353-362, (1990). 

[33]. C.E. Beyer, "Methodology Estimating Number of Failed Fuel Rods and Defect 

Size". Electric Power Research Institute, EPRI NP-6554, (1989). 

[34]. K.G.Turnage, B.E.Hunt, S.D. Bennertt, and E.B. Gibson. "Fission product 

analysis and operational experience with leaking fuel rods at hatch nuclear plant". 

International Topical Meeting on LWR Fuel Performance, American Nuclear 

Society. p. 467–476,(1994). 

[35]. J.M.Seixas, F.P.Freeland, and W.Soares-Filho. "Matched filters for identifying 

failed fuel rods in nuclear reactors". Proceedings of the IEEE International 

139 
 



Conference on Electronics, Circuits and Systems, Vol.2, p. 643–646. Sant Julians, 

Malta,,(2001). 

[36]. A.S. Ivanov, " The model of the fission gas release out of porous fuel". Annals of 

Nuclear Energy, 25(15): p. 1275-1280, (1998). 

[37]. W.S. Andrews, B.J. Lewis, and D.S. Cox, " Artificial neural network models for 

volatile fission product release during severe accident conditions". Journal of 

Nuclear Materials, 270(1-2): p. 74-86, (1999). 

[38]. A.E. Aboanber, " Numerical solution of the chain model of fission product 

nuclides. Effect on the reactivity of the reactor". Annals of Nuclear Energy, 28(9): 

p. 923-933, (2001). 

[39]. B. Clément, N. Hanniet-Girault, G. Repetto, D. Jacquemain, A.V. Jones, M.P. 

Kissane, and P. von der Hardt, " LWR severe accident simulation: synthesis of the 

results and interpretation of the first Phebus FP experiment FPT0". Nuclear 

Engineering and Design, 226(1): p. 5-82, (2003). 

[40]. M.-H. Chun, N.-I. Tak, and S.-K. Lee, " Development of a computer code to 

estimate the fuel rod failure using primary coolant activities of operating PWRS". 

Annals of Nuclear Energy, 25(10): p. 753-763, (1998). 

[41]. J.K. Hartwell, D.M.Scates, and M.W. Drigert. "Design of an On-Line, Multi-

Spectrometer Fission Product Monitoring System (FPMS) to support Advanced 

Gas Reactor (AGR) fuel testing and qualification in the Advanced Test Reactor". 

IEEE Nuclear Science Symposium,. Puerto Rico,(2005). 

[42]. B.J. Lewis and A. Husain. "A model for predicting fission product activites in 

reactor coolant application of model for estimating I-129 levels in radioactive 

waste". DOE Scientific and Technical Information. Waste Management 2003 

Symposium, Tucson, AZ (US), . Oak Ridge, Tenn. Feb 23-27,(2003). 

[43]. B.J. Lewis and A. Husain, " Modelling the activity of 129I in the primary coolant 

of a CANDU reactor". Journal of Nuclear Materials, 312(1): p. 81-96, (2003). 

[44]. K.H. Hwang and K.J. Lee, " Modeling the activity and scaling factor of 129I in 

the primary coolant and CVCS resin of operating PWR". Annals of Nuclear 

Energy, 32(18): p. 1898-1917, (2005). 

140 
 



[45]. K.H. Hwang and K.J. Lee, " Modeling the activity of 129I and 137Cs in the 

primary coolant and CVCS resin of an operating PWR". Journal of Nuclear 

Materials, 350(2): p. 153-162, (2006). 

[46]. B.J. Lewis, A. El-Jaby, J. Higgs, W.T. Thompson, F.C. Iglesias, R. Laidler, J. 

Armstrong, R. Stone, and R. Oduntan, " A model for predicting coolant activity 

behaviour for fuel-failure monitoring analysis". Journal of Nuclear Materials, 

366(1-2): p. 37-51, (2007). 

[47]. A. El-Jaby, B.J. Lewis, W.T. Thompson, F. Iglesias, and M. Ip, " A general model 

for predicting coolant activity behaviour for fuel-failure monitoring analysis". 

Journal of Nuclear Materials, 399(1): p. 87-100, (2010). 

[48]. B.J. Lewis, " A generalized model for fission-product transport in the fuel-to-

sheath gap of defective fuel elements". Journal of Nuclear Materials, 175(3): p. 

218-226, (1990). 

[49]. B.J. Lewis and H.W. Bonin, " Transport of volatile fission products in the fuel-to-

sheath gap of defective fuel elements during normal and reactor accident 

conditions". Journal of Nuclear Materials, 218(1): p. 42-56, (1995). 

[50]. M.J. Iqbal, N.M. Mirza, and S.M. Mirza, " Kinetic simulation of fission product 

activity in primary coolant of typical PWRs under power perturbations". Nuclear 

Engineering and Design, 237(2): p. 199-205, (2007). 

[51]. S.M. Mirza, M.J. Iqbal, and N.M. Mirza, " Effect of flow rate transients on fission 

product activity in primary coolant of PWRs". Progress in Nuclear Energy, 49(2): 

p. 120-129, (2007). 

[52]. M.J. Iqbal, N.M. Mirza, and S.M. Mirza, " Stochastic simulation of fission 

product activity in primary coolant due to fuel rod failures in typical PWRs under 

power transients". Journal of Nuclear Materials, 372(1): p. 132-140, (2008). 

[53]. " Regulations on Radiation Protection (PAK/904) ammended upto March 28, 

2012". Pakistan Nuclear Regulatory Authority, (2004). 

[54]. D.E.Lewis and D.A. Hagemeyer, " Occupational Radiation Exposure at 

Commercial Nuclear Power Reactors and other Facilities 2009". U.S.NRC, 

NURGE -0713, .Vol 31, (2009). 

141 
 



[55]. P.J. Millett and C.J. Wood. "Recent advances in water chemistry control at US 

PWRs". EPRI, Proceedings of 58th International Water Conference. Pittsburgh, 

Pennsylvania,(1997). 

[56]. L.J. Clink and H.R. Freeburn, " Estimating PWR fuel rod failures throughout a 

cycle". Trans. Am. Nucl. Soc., 54(1), (1987). 

[57]. P. Rudling, M. Wayne, and Y. Rosa, " CHIRON, Fuel Failure Prediction Code,". 

American Nuclear Society, 61: p. 46-47, (1990). 

[58]. J.D.B. Lambert, K.C. Gross, E.V. Depiante, E.L. Callis, and P.M. Egebrecht. 

"Adaptation of gas tagging for failed fuel identification in light water reactors". 

ASME Fourth International Conference on Nuclear Engineering,. CONF-960306-

25: New Orleans, LA (United States), 10-13 Mar (1996). 

[59]. L.E. Stamets, L.T. Fan, and C.L. Hwang, " Systems analysis of dual-purpose 

nuclear power and desalting plants part II. Sensitivity analysis". Desalination, 

11(2): p. 239-254, (1972). 

[60]. W. Matthees and G. Magiera, " A sensitivity study of seismic structure-soil-

structure interaction problems for nuclear power plants". Nuclear Engineering and 

Design, 73(3): p. 343-363, (1982). 

[61]. J.A. Hartog, E. Hinloopen, and P. Nijkamp, " A sensitivity analysis of 

multicriteria choice-methods: An application on the basis of the optimal site 

selection for a nuclear power plant". Energy Economics, 11(4): p. 293-300, 

(1989). 

[62]. R.J. Onega and R.J. Florian, " The implication of sensitivity analysis on the safety 

and delayed-neutron parameters for fast breeder reactors". Annals of Nuclear 

Energy, 10(9): p. 477-490, (1983). 

[63]. S.J. Wilderman and G.S. Was, " Application of adjoint sensitivity analysis to 

nuclear reactor fuel rod performance". Nuclear Engineering and Design, 80(1): p. 

27-38, (1984). 

[64]. F.G. Pin, B.A. Worley, E.M. Oblow, R.Q. Wright, and W.V. Harper, " An 

automated sensitivity analysis procedure for the performance assessment of 

nuclear waste isolation systems". Nuclear and Chemical Waste Management, 6(3-

4): p. 255-263, (1986). 

142 
 



[65]. J.A. Keith Reid and B.J. Corbett, " Stochastic sensitivity analysis of the biosphere 

model for Canadian nuclear fuel waste management". Waste Management, 13(2): 

p. 181-194, (1993). 

[66]. F.R.A. Lima, C.A.B. de Oliveira Lira, and A. Gandini, " Sensitivity analysis of 

thermohydraulic systems via heuristic generalized perturbation theory (HGPT) 

methods". Annals of Nuclear Energy, 20(10): p. 679-690, (1993). 

[67]. A. Ounsy, B. Brun, and F. de Crécy, " The adjoint sensitivity method, a 

contribution to the code uncertainty evaluation". Nuclear Engineering and Design, 

149(1-3): p. 357-364, (1994). 

[68]. A. Fessler and D.L. Smith, " Parameter sensitivities in nuclear reaction cross-

section calculations". Annals of Nuclear Energy, 29(4): p. 363-384, (2002). 

[69]. A.B. Salah, S. Kliem, U. Rohde, F. D’Auria, and A. Petruzzi, " Uncertainty and 

sensitivity analyses of the Kozloduy pump trip test using coupled thermal–

hydraulic 3D kinetics code". Nuclear Engineering and Design, 236(12): p. 1240-

1255, (2006). 

[70]. M.P. Pavlova, P.P. Groudev, A.E. Stefanova, and R.V. Gencheva, " 

RELAP5/MOD3.2 sensitivity calculations of loss-of-feed water (LOFW) transient 

at Unit 6 of Kozloduy NPP". Nuclear Engineering and Design, 236(3): p. 322-

331, (2006). 

[71]. H.Kazeminejad, " Uncertainty and sensitivity analyses for steady-state thermal–

hydraulics of research reactors". Progress in Nuclear Energy, 49(4): p. 313-322, 

(2007). 

[72]. A. de Crécy, P. Bazin, H. Glaeser, T. Skorek, J. Joucla, P. Probst, K. Fujioka, 

B.D. Chung, D.Y. Oh, M. Kyncl, R. Pernica, J. Macek, R. Meca, R. Macian, F. 

D’Auria, A. Petruzzi, L. Batet, M. Perez, and F. Reventos, " Uncertainty and 

sensitivity analysis of the LOFT L2-5 test: Results of the BEMUSE programme". 

Nuclear Engineering and Design, 238(12): p. 3561-3578, (2008). 

[73]. N. García-Herranz, O. Cabellos, J. Sanz, J. Juan, and J.C. Kuijper, " Propagation 

of statistical and nuclear data uncertainties in Monte Carlo burn-up calculations". 

Annals of Nuclear Energy, 35(4): p. 714-730, (2008). 

143 
 



[74]. H. Abdel-Khalik, P. Turinsky, M. Jessee, J. Elkins, T. Stover, and M. Iqbal, " 

Uncertainty Quantification, Sensitivity Analysis, and Data Assimilation for 

Nuclear Systems Simulation". Nucl. Data Sheets Nuclear Data Sheets, 109(12): p. 

2785-2790, (2008). 

[75]. G. Palmiotti, M. Salvatores, G. Aliberti, H. Hiruta, R. McKnight, P. Oblozinsky, 

and W.S. Yang, " A global approach to the physics validation of simulation codes 

for future nuclear systems". Annals of Nuclear Energy, 36(3): p. 355-361, (2009). 

[76]. C. Housiadas, " Lumped parameters analysis of coupled kinetics and thermal-

hydraulics for small reactors". Annals of Nuclear Energy, 29(11): p. 1315-1325, 

(2002). 

[77]. W.F.G. van Rooijen and D. Lathouwers, " Sensitivity analysis for delayed neutron 

data". Annals of Nuclear Energy, 35(12): p. 2186-2194, (2008). 

[78]. M. Marseguerra, E. Zio, and L. Podofillini, " First-order differential sensitivity 

analysis of a nuclear safety system by Monte Carlo simulation". Reliability 

engineering & system safety., 90(2-3): p. 162-168, (2005). 

[79]. G. Aliberti, G. Palmiotti, M. Salvatores, T.K. Kim, T.A. Taiwo, M. Anitescu, I. 

Kodeli, E. Sartori, J.C. Bosq, and J. Tommasi, " Nuclear data sensitivity, 

uncertainty and target accuracy assessment for future nuclear systems". Annals of 

Nuclear Energy, 33(8): p. 700-733, (2006). 

[80]. C.M. Allison and J.K. Hohorst, " An assessment of effectiveness of core exit 

temperatures with respect to PWR core damage state using 

RELAP/SCDAPSIM/MOD3.4". Nuclear Engineering and Design, 238(7): p. 

1547-1560, (2008). 

[81]. H. Mazrou, " Performance improvement of artificial neural networks designed for 

safety key parameters prediction in nuclear research reactors". Nuclear 

Engineering and Design, 239(10): p. 1901-1910, (2009). 

[82]. K.T.Kim, " The study on a statistical methodology for PWR fuel rod internal 

pressure evaluation". Nuclear Engineering and Design, 240(6): p. 1397-1402, 

(2010). 

[83]. S.M. Mirza, M. Rafique, F. Ahmad, and N.M. Mirza, " Static and dynamic 

sensitivity analysis of corrosion product activity in primary coolant circuits of 

144 
 



pressurized water reactors". Progress in Nuclear Energy, 52(7): p. 648-654, 

(2010). 

[84]. S. Ullah, S.E. Awan, N.M. Mirza, and a.S.M. Mirza. "Modeling and simulation of 

release of radioactivity from a typical MTR type research reactor under accidental 

conditions". IEEE 13th International Multitopic Conference, INMIC (2009). 

[85]. B. Dodd, T.J. Dolan, M. Laraia, and I. Ritchie, " Perspectives on research reactor 

utilization". Physica B: Condensed Matter, 311(1–2): p. 50-55, (2002). 

[86]. M.Adorni, A.Bousbia-salah , and a.F. D’Auria. "Accident Analysis in Research 

Reactors". Proceedings of the International Conference Nuclear Energy for New 

Europe, Portorož,. Slovenia: Sept. 10-13,( 2007). 

[87]. S. Waqar, N.M. Mirza, and S.M. Mirza, " Comparative study of actinide and 

fission product inventory of HEU and potential LEU fuels for MNSRs". Progress 

in Nuclear Energy, 51(1): p. 129-134, (2009). 

[88]. IAEA, "Derivation of source term and analysis of the radiological consequences 

of research reactor accidents", International Atomic Energy Commission. IAEA 

Safety Report Series No. 53, IAEA. Vienna, (2008). 

[89]. M.J. Khan, Aslam, and N. Ahmad, " Core performance and proliferation 

resistance prospective of a novel natural uranium fueled, heavy water moderated 

nuclear research reactor". Progress in Nuclear Energy, 48(3): p. 189-214, (2006). 

[90]. S. Waqar, S.M. Mirza, and N.M. Mirza, " Two-group, three-dimensional model 

based study of reactivity induced transients in upgraded LEU material test 

reactors". Annals of Nuclear Energy, 35(4): p. 647-655, (2008). 

[91]. S. Ullah, S.E. Awan, N.M. Mirza, and S.M. Mirza, " Source term evaluation for 

the upgraded LEU Pakistan Research Reactor-1 under severe accidents". Nuclear 

Engineering and Design, 240(11): p. 3740-3750, (2010). 

[92]. S.S. Raza and M. Iqbal, " Atmospheric dispersion modeling for an accidental 

release from the Pakistan Research Reactor-1 (PARR-1)". Annals of Nuclear 

Energy, 32(11): p. 1157-1166, (2005). 

[93]. T. Hamidouche, A. Bousbia-Salah, E.K. Si-Ahmed, M.Y. Mokeddem, and F. 

D’Auria, " Application of coupled code technique to a safety analysis of a 

145 
 



standard MTR research reactor". Nuclear Engineering and Design, 239(10): p. 

2104-2118, (2009). 

[94]. H. Jeong and S.H. Chang, " Development of a method of evaluating an inventory 

of fission products for a pebble bed reactor". Annals of Nuclear Energy, 35(12): 

p. 2161-2171, (2008). 

[95]. A. Hainoun, E. Hicken, and J. Wolters, " Modelling of void formation in the 

subcooled boiling regime in the athlet code to simulate flow instability for 

research reactors". Nuclear Engineering and Design, 167(2): p. 175-191, (1996). 

[96]. M. Iqbal, N.M. Mirza, S.M. Mirza, and S.K. Ayazuddin, " Study of the void 

coefficients of reactivity in a typical pool type research reactor". Annals of 

Nuclear Energy, 24(3): p. 177-186, (1997). 

[97]. M. Varvayanni, E. Stakakis, N. Catsaros, and M. Antonopoulos-Domis, " Void 

induced reactivity in a mixed MTR core". Nuclear Engineering and Design, 

235(8): p. 855-865, (2005). 

[98]. A.M. El-Messiry, " Reactivity accidents analysis during natural core cooling 

operation of ETRR-2". Annals of Nuclear Energy, 27(15): p. 1427-1439, (2000). 

[99]. I.H. Bokhari, " Steady-state thermal hydraulic and safety analyses of a proposed 

mixed fuel (HEU&amp;LEU) core for Pakistan research reactor-1". Annals of 

Nuclear Energy, 31(11): p. 1265-1273, (2004). 

[100]. A. Bousbia-salah, B. Meftah, T. Hamidouche, and E.K. Si-Ahmed, " A model for 

the analysis of loss of decay heat removal during loss of coolant accident in MTR 

pool type research reactors". Annals of Nuclear Energy, 33(5): p. 405-414, 

(2006). 

[101]. S.K. Marik, D.V.H. Rao, A. Bhatnagar, R.C. Pant, A.C. Tikku, and S. Sankar, " 

Refurbishment and safety upgradation of research reactor Cirus". Nuclear 

Engineering and Design, 236(7–8): p. 730-746, (2006). 

[102]. A. Hainoun, N. Ghazi, and F. Alhabit, " Simulation of LOFA and RIA for the 

IEA-R1 research reactor using the code MERSAT". Annals of Nuclear Energy, 

35(11): p. 2093-2104, (2008). 

[103]. K. Jeong, D. Lee, K. Lee, and H. Lim, " A qualitative identification and analysis 

of hazards, risks and operating procedures for a decommissioning safety 

146 
 



assessment of a nuclear research reactor". Annals of Nuclear Energy, 35(10): p. 

1954-1962, (2008). 

[104]. S.S. Raza, M. Iqbal, A. Salahuddin, R. Avila, and S. Pervez, " Time-integrated 

thyroid dose for accidental releases from Pakistan Research Reactor-1". Journal of 

Radiological Protection, 24(3): p. 307, (2004). 

[105]. R.G. Jaeger, "Engineering Compendium on Radiation Shielding.",.Vol.III, 

Springer-Verlag. New York, (1970). 

[106]. T. Rockwell, "Reactor Shielding Design Manual", (First edition),. National 

Technical Information Service, Springfield, VA, 22151, TID-7004. , (1956). 

[107]. T. Chandrasekaran, J.Y. Lee, and C.A. Willis, "Calculation of releases of 

radioactive materials in gaseous and liquid effluents from pressurized water 

reactors (PWR-GALE Code).". Nuclear Regulatory Commission NUREG-0017-

Rev.1, (1985). 

[108]. A.G.Groff, "A Users Manual for the ORIGEN2 Computer Code", Oak Ridge 

National Laboratory,Oak Ridge, Tennessee ORNL/TM-7175,.July 1980 

[109]. C. C.Lin, "Radiochemistry in Nuclear Power Reactors". National Academy Press. 

Washington, D.C. , (1996). 

[110]. F.C. Rahim, M. Rahgoshay, and S.K. Mousavian, " A study of large break LOCA 

in the AP1000 reactor containment". Progress in Nuclear Energy, 54(1): p. 132-

137, (2012). 

[111]. S. Glasstone and A. Sesonske, "Nuclear Reactor Engineering", (fourth ed.). 

Chapman and Hall. New York, (1994). 

[112]. "JEFF 3.1: Joint Evaluated Nuclear Data Library for Fission and Fusion 

Applications", NEA Data Bank, AEN, NEA, (2005). 

[113]. C. Lin and J. Skarpelos, " Monitoring of fission product release in a boiling water 

reactor". Journal of Radioanalytical and Nuclear Chemistry, 220(2): p. 173-181, 

(1997). 

[114]. W.H. Press, S.A. Teukolsky, W.T. Vetterling, and B.P. Flannery, "Numerical 

Recipes in Fortran: The Art of Scientific Computing". second ed: Cambridge 

University Press, (2001). 

147 
 



[115]. S.M. Mirza, A. Khan, and N.M. Mirza, " Post-shutdown decay power and 

radionuclide inventories in the discharged fuels of HEU and potential LEU 

miniature neutron source reactors". Annals of Nuclear Energy, 37(5): p. 701-706, 

(2010). 

[116]. R.F. Mull, "Exclusion area radiation release during the MIT reactor design basis 

accident". Thesis (M.S.). Massachusetts Institute of Technology, Dept. of Nuclear 

Engineering, (1983). 

[117]. J. Dodillon, " An Experimental Study of the Behavior of Fission Products 

Following an Accident in a Swimming Pool Reactor, ". Bulletin d’informations 

Scientifiques et Techniques, 112, (1967). 

[118]. D. Montaignac, On Site release of Noble Gases and Iodine in the Event of Core 

Meltdown in a Swimming Pool Reactor, Rep. CEA-SESR-No-07, EEA, Paris. 

(1973). 

[119]. R.R. Smith, " Radiological consequences of BORAX/SPERT/SNAPTRAN 

experiments, ". Nucl. Technol, 53, (1981). 

[120]. IAEA, "Scientific activities in 1994, IAEA-TECDOC-833". International Centre 

for Theoretical Physics, Trieste Vienna, (1995). 

[121]. A.G. Croft, "A user's manual for the ORIGEN2 computer code". ORNL/TM-

7175. Oak Ridge National Laboratory, Oak Ridge,TN, (1980). 

[122]. I.H. Bokhari, M. Israr, and S. Pervez, " Analysis of reactivity induced accidents at 

Pakistan Research Reactor-1". Annals of Nuclear Energy, 29(18): p. 2225-2234, 

(2002). 

[123]. A. Quddus, "Probability safety analysis (Level-I) of Pakistan Research Reactor-

1". MS Thesis, Department of Nuclear Engineering, PIEAS, Pakistan., (2008). 

[124]. C. J. Barton, G. W. Parker, G. E. Creek, and W. J. Martin, "Nuclear Safety 

Program Semi-annual Progress Report". Rep. ORNL-3483, Oak Ridge National 

Laboratory, Oak Ridge, TN (1963). 

[125]. T. Shibata, " " Release of Fission Products from Irradiated Aluminide Fuel at 

High Temperature"". Nuclear Science and Engineering, 87: p. 405-417, (1984). 

[126]. J.G. Bartzis, Whole Core Analysis of an Open Pool Research Reactor under the 

Most Severe Loss of Coolant Accident Conditions, DEMO84/3. (1984). 

148 
 



[127]. D.M. Hamby, " A Comparison of Sensitivity Analysis Techniques". Health 

Physics, 68(2): p. 195-204, (1995). 

[128]. D.M. Hamby, " A review of techniques for parameter sensitivity analysis of 

environmental models". Environmental Monitoring and Assessment, 32(2): p. 

135-154, (1994). 

[129]. R.L. Iman and J.C. Helton, " An Investigation of Uncertainty and Sensitivity 

Analysis Techniques for Computer Models". Risk Analysis, 8(1): p. 71-90, 

(1988). 

[130]. M.P.R. Haaker and P.J.T. Verheijen, " Local and Global Sensitivity Analysis for a 

Reactor Design with Parameter Uncertainty". Chemical Engineering Research and 

Design, 82(5): p. 591-598, (2004). 

[131]. A. Saltelli, S. Tarantola, and F. Campolongo, " Sensitivity Analysis as an 

Ingredient of Modeling". Statistical Science, 15(4): p. 377-395, (2000). 

[132]. M.I.Bujor and D. G.Cacuci, " A comparative review of sensitivity and uncertainty 

analysis of large-scale systems - I: Deterministic methods". Nuclear Science 

andEngineering, 147  (3): p. 189-203, (2004). 

[133]. D.G.Cacuci and M.I.Bujor, " A comparative review of sensitivity and uncertainty 

analysis of large-scale systems - II: Statistical methods". Nuclear Science and 

Engineering, 147(3): p. 204-217, (2004). 

[134]. L.M. Liebrock, Empirical sensitivity analysis for computational procedures, in 

Proceedings of the 2005 conference on Diversity in computing, p.32-35, ACM: 

Albuquerque, New Mexico, USA (2005). 

[135]. T. Turányi, " Sensitivity analysis of complex kinetic systems. Tools and 

applications". Journal of Mathematical Chemistry, 5(3): p. 203-248, (1990). 

[136]. S.S. Isukapalli and P.G. Georgopoulos, "Computational  Methods  for Sensitivity 

and Uncertainty  Analysis for Environmental  and Biological Models" 

EPA/600/R-01-068, (2001). 

[137]. A. Saltelli, M. Ratto, T. Andres, F. Campolongo, J. Cariboni, D. Gatelli, M. 

Saisana, and S. Tarantola, "Global Sensitivity Analysis:The Primer". John Wiley 

& Sons. New Jersey, (2008). 

149 
 



[138]. Z. Guo and R.E. Uhrig. "Sensitivity analysis and applications to nuclear power 

plant". International Joint Conference on Neural Networks,  IJCNN. Vol 2, p. 

453-458,(1992). 

[139]. H.C. Frey, A. Mokhtari, and T. Danish, "Evaluation of Selected Sensitivity 

Analysis Methods Based Upon Applications to Two Food Safety Process Risk 

Models ". Office of Risk Assessment and Cost-Benefit Analysis, U.S. Department 

of Agriculture. Washington, DC (2003). 

[140]. IAEA, "Probabilistic Safety Assessment for Research Reactors". International 

Atomic Energy Commission, IAEA-TECDOC-400. Vienna, (1986). 

[141]. U. Fischer, S. Herring, A. Hogenbirk, D. Leichtle, Y. Nagao, B.J. Pijlgroms, and 

A. Ying, " Comparison of nuclear irradiation parameters of fusion breeder 

materials in high flux fission test reactors and a fusion power demonstration 

reactor". Journal of Nuclear Materials, 280(2): p. 151-161, (2000). 

[142]. K. Mück and A. Nedelik, "Probability Safety Assessment for ASTRA Research 

Reactor in IAEA". IAEA-TECDOC-517, IAEA, Vienna (1989). 

 

 

  

150 
 



 
 
 
 
 
 
 
 
 
 
 

Appendix-A 
Reprints of Published Paper 

 
 
 
 
 
 
 
 
 
 
 
  

151 
 



Author's personal copy

Sensitivity analysis of fission product activity in primary coolant of typical PWRs

Saeed Ehsan Awan, Sikander M. Mirza, Nasir M. Mirza*

Department of Physics & Applied Mathematics, Pakistan Institute of Engineering & Applied Sciences (PIEAS), P.O. Nilore, Islamabad 45650, Pakistan

a r t i c l e i n f o

Article history:
Received 28 May 2010
Received in revised form
23 November 2010
Accepted 24 November 2010

Keywords:
Fission products
Pressurized water reactors
Sensitivity analysis

a b s t r a c t

A model has been developed for static and dynamic activity analysis of the fission product activity (FPA)
in primary coolant of typical pressurized water reactors (PWRs). It has been implemented in the FPCART
based computer program FPCART-SA. For long steady power operation of reactor, the computed values of
normalized static sensitivity have been compared with the corresponding values obtained by using the
dynamic sensitivity analysis. The normalized sensitivity values for the reactor power (P), failed fuel
fraction (D), coolant leakage rate (L), total mass of coolant (m) and the let-down flow rate (Q) have been
calculated and the values: 1.0, 0.857, �2.0177 � 10�6, 2.349 � 10�4 , �2.329 � 10�4 have been found
correspondingly for Kr-88 with the dominant value of FPA as 0.273 mCi/g.

� 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The fission product activity (FPA) is the second dominant
contributor towards prevalent radiation levels in typical pressur-
ized water reactors (PWRs). The elevated radiation levels result in
delays and prolongation of routine repair/maintenance task
entailing revenue loss of the order of several million dollars per
power plant annually (Kerider and Schneider, 1990). The projected
growth trend of nuclear power production in the global energy
market (US DOE, 2009) clearly requires reduction of FPA levels in
order for PWRs to remain economically competitive.

Reliable estimates of FPA are needed for the evaluation of fuel
performance, for assessment of radiological consequences in case
of radioactivity release accident and for scheduling routine repair/
maintenance tasks. In past, efforts have been made for the esti-
mation of failed fuel rods by using theoretical as well as experi-
mental means. For experimental measurements, non-destructive
leakage detection has been used (Kerider and Schneider, 1990). The
on-line FPA monitoring using g-ray scanning of primary coolant
133Xe activity by anti-coincidence counting is commonly used. The
failed fuel fraction estimation is also carried out by using on-line
chemical analysis system.

For conducting theoretical estimation of failed fuel fraction and
corresponding FPA, various models have been developed. Ivanov
(1998) has proposed a fission gas release model for fuel region.
Andrews et al. (1999) have proposed an artificial neural network

based model for FPA evaluation during severe accident conditions
for CANDU and PWR systems. Koo et al. (1994) have developed
a model for release of fission products from fuel pins into the
primary coolant. This model is restrictive and does not take into
account the reactor purification system. Recently, Iqbal et al. (2007)
have developed a detailed model for FPA in primary circuits of
PWRs and it has been used for FPA analysis under flow rate tran-
sients in PWRs (Mirza et al., 2007, 2010).

The predicted values of FPA are clearly dependent on values of
various parameters used in themodel.While values of some of these
parameters are known with reasonable accuracy for a typical PWR,
the other parameters can have considerable uncertainties. It is
possible for values of CPA to have large uncertainties due to overlap
of uncertainties of various parameters. The uncertainties in FPA
values, in turn, lead to uncertainties in corresponding values of dose
received by maintenance personnel. The Monte Carlo sampling, the
response surface technique and the differential analysis techniques
(Saltelli et al., 2000) are among various techniques used for con-
ducting sensitivity analysis for kinetic simulations.

Various researchers have used different techniques for con-
ducting sensitivity analysis for nuclear systems. Nasir et al. (1999)
performed sensitivity analysis of reactivity insertion limits in
material test reactor. The sensitivity of peak power values on various
parameters was investigated and key parameters, having large
values of sensitivities, were identified. This work was later con-
tinued by Housiadas (2002) using the Lumped Parameter (LP)
approach in place of detailed simulations. It was concluded that LP-
technique gives reasonably accurate results over large operational
regime except in extreme conditions. Sensitivity analysis for delayed
neutron datawas carried out by van Rooijen and Lathouwers (2008)
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a b s t r a c t

Evaluation of source term has been carried out for the upgraded LEU PARR-I system taken as a typical
material test reactor (MTR). The modeling and simulation of release of radioactivity has been carried
out by developing a Matlab based computer program which uses the ORIGEN2 code for core inventory
calculations. For post 180 full-power days continuous operation, various accident scenarios, with instan-

taneous release of radioactivity to containment, have been considered including the startup, fuel loading,
and loss-of-coolant accidents. For noble gases, iodine and for aerosols, the release rate studies have been
carried out for the normal, emergency and for the isolation states of containment. The values of source
term as well as that of containment retention factor show rapid increase followed by an approach towards
saturation values as the exhaust rate values are increased. The isotope-dependency of the containment
retention factor has been studied and the results indicate strong sensitivity for 85Kr, 137Xe, 138Xe and
138 te val
Cs towards exhaust ra

. Introduction

In comparison with power reactors, research reactors have
igher number of reported accidents due to a variety of possible
auses including extensive startups and shutdowns, more frequent
uel shuffling and re-loadings along with potential for large reac-
ivity insertions. Recent trend towards fuel cycle length extension
nd high burnup cores, coupled with the shift of research reactor
ge-profile towards 30–40 years, has raised worldwide interest in
he safety evaluation for these systems.

The source terms evaluation is essential for safety assessment of
esearch as well as power reactors. Efforts have been made in past
or the determination of source term for research reactors (Raza and
qbal, 2005; Waqar et al., 2009). Generally, these studies were based
n radioisotope production, decay and depletion analysis. Some
esearchers have employed a coupled code technique for source
erm evaluation (Hamidouche et al., 2009). Jeong and Chang (2008)
ave used Monte Carlo based codes as well point depletion, decay
nd production of radioisotopes for the source term estimation of

ebble bed research/prototype reactors.

Void formation in research reactor has been of concern since it
auses feedback effects as well as degrades efficient heat removal.
ainoun et al. (1996) have studied the flow instability caused by

∗ Corresponding author. Tel.: +92 51 2207380–5; fax: +92 51 2208070.
E-mail address: nasirmm@yahoo.com (N.M. Mirza).
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the void formation in the sub-cooled boiling regime. Iqbal et al.
(1997) have carried out detailed analysis of reactivity feedback
and transient behavior of pool type research reactors in the pres-
ence of voids. The void induced reactivity has been studied for
mixed material test reactor (MTR) systems (Varvayanni et al., 2005).
Determination of reactivity insertion limits for MTR type systems
has been carried out by Nasir et al. (1999) while El-Messiry (2000)
has studied reactivity accident analysis of the ETRR-2 reactor for
natural core cooling operation. Hainoun and Alissa (2005) have car-
ried out full-scale modeling of MNSR system for reactivity induced
accidents. Flow blockage in a MTR system has been studied by
Adorni et al. (2005). Recently, Hamidouche et al. (2009) have uti-
lized coupled code technique for the safety analysis of standard
MTR systems.

Bokhari (2004) has carried out detailed safety analysis of pro-
posed mixed core (HEU & LEU) for the Pakistan Research Reactor-1
(PARR-1) which is a MTR type reactor. Bousbia-Salah et al. (2006)
have developed a model for the analysis of loss-of-decay heat
removal during a postulated loss-of-coolant accident in MTR type
reactors. Marik et al. (2006) have reported work on refurbishment
and safety up-gradation of a research reactor. Hainoun et al. (2008)
have carried out simulations of the loss-of-flow accident (LOFA) and

reactivity insertion accident (RIA) for the IEA-R1 system. Jeong et
al. (2008) have carried out decommissioning related safety assess-
ment of nuclear research reactors. Recently, Waqar et al. (2009)
have performed a comparative study of actinide and fission product
inventory for HEU and various potential LEU fuels for MNSRs.
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Kinetic Study of Fission Product Activity Released 
Inside Containment under Loss of Coolant Transients 

in a Typical MTR System 
Saeed E. Awan,  Nasir M. Mirza*  and  Sikander M. Mirza   

Department of Physics & Applied Mathematics, Pakistan Institute of Engineering & 

Applied Sciences (PIEAS) Post Office Nilore, Islamabad 45650, Pakista 

Abstract 

Using an improved model for source after an accident, a computer program has been 

developed to estimate time dependent release for fission product activity to the 

containment under loss of coolant accident for a typical MTR type system.  The time 

dependent source, re-suspension rate, decay of fission fragments, leakage from 

containment, and deposition on surfaces & re-circulation of air through filters were 

employed in the model. The program used ORIGEN2 computer code as a subroutine for 

core inventory calculations and is capable of calculating source term for a typical reactor 

accident inside the containment. As opposed to 100% core activity released to coolant, 

this model assumes a combination of an instantaneous source at the time of accident plus 

a time varying source that keeps on adding to the coolant. This improved methodology 

has been implemented in the computer code.  Releases of fission product activity have 

been evaluated for noble gases, iodine cesium and other isotopes for different release 

rates from fuel to coolant and from coolant to the containment.  Effects of fraction of 

source in the coolant, that is directly available after the accident on volumetric fission 

product activity, were studied.  When 80% or less core inventory is allowed to become 

available as a direct source then first an increase in the activity within the containment 

occurs. It reaches a peak value and then starts decreasing exponentially due to loss 

mechanisms. The peak becomes more pronounced when the fraction is reduced from 

80% to 40% in steps.  Results show that volumetric activity in the containment air for 

different fission products remains strong function of decay constants, leakage rates, 

retention factors, deposition rates and fractional release rates.   

Keywords: Fission Product Activity: Modeling and Simulation; Nuclear Reactor Safety; 

Containment Inventory 
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