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CHAPTER 1 

INTRODUCTION 

In the recent years, nuclear safety has gained considerable importance. This is due to 

two facts, the first is the major accidents at some reactor sites
(1,2)

. The second fact is that 

the transition from conventional fossil fuel to the nuclear fuel resource is underway. As 

a consequence, the requirements of the detailed safety analysis are required to ensure the 

safe design and operation of nuclear facilities. 

Research reactors are safely designed so that they can continue their operation under 

various operating and test conditions. The evaluation of the safety of the research 

reactors includes analysis of the response of the facility to postulated disturbances in 

process variables and to postulated malfunctions, failure of equipments, or operator 

errors. Such safety analysis provides a significant contribution to the selection of 

limiting safety system settings, and design specifications for components and systems 

from the stand point of public health and safety. Storage of spent fuel after discharging 

from the reactor (reactor shutdown) is considered one of the major safety criteria in 

research reactor. In this chapter the various safety aspects of the spent fuel storage pool 

rack will be discussed. The present safety analyses include neutronic safety, radiological 

safety, and thermal hydraulic safety.   

1.1 Neutronic Safety Analysis 

The neutronic analysis is very important phase of the storage pool rack design process. 

Most of the rack parameters such as rack neutron flux and power distributions, fuel burn 

up are optimized at this stage and necessary changes in system components are 

proposed. These parameters are then used to study the steady state thermal hydraulic 

behavior of the rack and its response to the accident conditions. In general, complete 
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picture of the rack performance under normal and abnormal conditions is viewed 

through these calculations at a stage before the existence of the rack. 

The analytical predictions of different neutronic parameters also form the basis of the 

underconstruction stage of the rack. Due to the lack of experimental data one has to 

relay upon theoretical predictions of various rack parameters like the subcritical mass, 

neutron flux and power distributions in the rack. These calculations, therefore, play an 

important role in the safe constructing stage of the rack and the subsequent stages. Initial 

approach of subcriticality is achieved keeping in view theoretical prediction of reactor 

critical mass. The calculated neutron flux is used for calibration of rack channels, 

assessment of absolute power and its distribution in the rack.  

The most serious hazard associated with a nuclear reaction is the large amount of 

radioactivity which they contain. A nuclear accident may release some of this activity to 

the atmosphere posing potential hazards to the installation workers and the surrounding 

population in addition to the economic investment in the facility. Since the absolute 

safety of a rack is not possible so the hazard risk is minimized as acceptable calculated 

risk is obtained. 

In this work detailed neutronic analyses of Egyptian second research reactor (ETRR2) 

spent fuel storage rack have been performed using standard computer codes WIMS-

D/4
(3,4)

 and CITVAP
(5)

 which is an improved version of CITATION II
(6)

. The 

neutronic parameters studied include: (i) multigroup neutron energies, (ii) multiregions 

cross section libraries, (iii) multigroup neutron fluxes, and (iv) the rack subcriticality 

control multiplication factor. Where possible the theoretical predictions of different 

neutronic parameters for the rack are compared with other codes results.  

1.2 Radiological Safety Analysis 

The nuclear fuel is consumed as a result of the fission, decay and radiative capture 

processes. All of these processes result in the production of new isotopes. Fission 
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products of intermediate mass numbers are formed by the fission reactions or/and 

radioisotope decay while the transuranium nuclides (actinides) are produced through 

radiative capture in uranium. These fission products and radioactive actinides are highly 

radioactive. Some of these nuclides have substantial absorption cross sections and their 

presence in the reactor core tends to reduce the multiplication factor. 

In thermal research reactors a significant quantity of fertile material, U
238

 are present. 

U
238 

undergoes fission with fast neutrons only and therefore, has a little significance as a 

reactor fuel in thermal reactors. Nevertheless, it is converted to important fissile 

materials, Pu
239

, through the neutron capture reaction followed by beta decays. Because 

it has significantly higher thermal fission cross sections than U
235

, Pu
239

 contributes to 

the fission process and therefore affects the radioactivity and control of the system. 

Furthermore, plutonium isotopes are major contributors to both doses at higher 

burnup
(7)

. 

The decay of fission products and actinides after reactor shutdown or discharge of the 

fuel elements from the reactor core is important because (a) the radiation associated with 

fission products and actinides presents an important radiation hazard and (b) the energy 

generated in the form of alpha, beta, and gamma radiations is a continuous source of 

heat after the shutdown of the reactor. 

A detailed knowledge of the nuclide inventory, radioactivity, and decay heat power is 

necessary for storage of spent fuel and waste management. Information about the 

inventory of the radionuclide and decay characteristics is also essential to assess the 

cooling and shielding requirements during handling, storage, transportation, and 

reprocessing of the spent fuel and waste management. Furthermore, this inventory 

decides the radiological source term that is used to assess the safety of radiation workers 

and surround population in the case of nuclear accident. The inventory of actinides, 
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fission products, and other radionuclides depends on factors such as the rack design, 

materials used in the rack, decay heat power level, fuel history and burnup.  

This work deals with studies concerning the effect of the operating history and fuel 

burnup on the isotopic composition and decay characteristics of spent nuclear fuel. The 

Egyptian second research reactor
(8)

 (ETRR2) was selected for this study. The depleted 

computer code ORIGEN2.1
(9,10,11)

 was used to compute the isotopic compositions, 

activity level, decay heat power and neutron emission rates due to the spontaneous 

fission in single fuel element as a function of decay time. 

1.3 Thermal Heat Power Safety Analysis  

Fission in the nuclear fuel results in the production of more than 1078 unstable and ~149 

stable fission products
(12)

. The decay of these unstable fission products is the main 

contributor to the residual heat generated by the fuel. Relatively small fraction of the 

total heat is also produced by fission due to delayed neutrons, spontaneous fission and 

due to fission caused by the photo-neutrons. The residual heat production is a complex 

function of the fuel type, reactor operation history, power level and the neutron spectra 

involved.  

One of the main safety requirements in nuclear studies is the provision of a reliable and 

safe system for the Residual Heat Removal (RHR) after the reactor is shutdown. Rack 

meltdown and release of fission products may occur in case the RHR system fails. The 

residual heat is typically about 7% of the steady power before shutdown
(13)

. Its realistic 

estimates with time are needed for back-end activities of the fuel cycle. Some of these 

activities are as follows: 

1.3.1 Planned outages 

The RHR capability is needed in different planned outages such as refueling or 

maintenance. In these cases, the coolant system may be in a drained state with unsecured 
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system closures. Absence or failure of the RHR capability with no alternative backup 

system may lead to coolant boil-off, fuel heat-up and eventually to core damage
(14)

. The 

estimates of decay heat generation alongwith various thermalhydraulic processes are 

needed to devise possible heat removal methods in such a situation.  

1.3.2 Spent fuel transportation and short-term storage 

Due to very high radioactivity at discharge from the reactor core, the spent fuel is 

normally stored in an on-site pool for about some years before sending it to the 

reprocessing plant or for long-term storage. The RHR requirements must be known to 

preclude fuel overheating during this short-term storage and transportation phases
(15)

.  

1.3.3 Fuel reprocessing 

 The evaluation of radioactivity and decay heat of spent fuel are necessary for the 

separation of transuranium isotopes by various reprocessing techniques
(16)

. This 

information about the decay heat generation is needed to estimate the cooling 

requirements. 

1.3.4 Long-term management of spent fuel  

In the absence of any reprocessing facility, spent fuel has to be stored away for an 

extended period of time
(17)

. In order to ensure safe storage of spent fuel, cooling 

requirements must be known. 

1.3.5 Final disposal   

The residual heat generation rates are also needed for the final disposal of the nuclear 

waste in a safe manner. The residual heat generation rate calculations are carried out 

using various computer programs, which perform detailed point depletion coupled with 

decay calculations. A variety of semi-empirical fitting functions are also used for the 

routine estimation of the residual heat generation rates. Such functions are also used in 
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various computer programs for the transient analysis of nuclear reactor since they give 

estimates of residual heat generation rates with least computational effort. 

The residual heat generation was estimated using semi-empirical fitting functions and 

standard isotopes generation and depletion code, to see how the predictions of different 

correlations and computer codes can vary from each other. The main correlations used in 

the residual heat generation estimation include Borst-Wheeler formula or Way-Wigner 

type function
(18,19,20)

,  Casta-Nedelik formula
(21)

, SOTRAN code formula
(22)

, Patterson-

Schlitz formula
(23)

 and El-Wkil's formula
(24)

. The prediction of these correlations are 

compared with this obtained from standard computer code ORIGEN and ANS 5.1
(25)

 

standard. 

In this study the residual heat generation was estimated for the Egyptian second research 

reactor ETRR2 storage rack using RELAP5
(26)

 code.  

1.4 Thermal Hydraulic Safety Analysis 

The research reactors are designed to produce the maximum neutron flux for isotope 

production, basic and applied research. However, the decay heat produced during the 

fission process puts an upper limit on maximum decay thermal power level and hence 

the neutron flux. The thermalhydraulic analysis of the rack therefore plays an important 

role in the rack design. Indeed the design of the rack depends as much on thermal as on 

nuclear considerations. Therefore one must design the rack in such a way that it can 

produce the desired decay heat without exceeding temperature limits on rack 

components that might lead to fuel failure and hence the release of radioactive materials. 

Such thermal limits constitute the primary factor in determining the maximum safe 

thermal power level of the rack. 

The neutronic of a rack is related to its thermal analysis. The nuclear cross sections that 

determine core multiplication factor have temperature dependence. Since the heat 

energy is generated by the fission reactions induced by the neutrons in the reactor core, 
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the temperature distribution in the rack core has strong dependence on its neutron flux 

distribution. It is, therefore, important to perform thermal hydraulic analysis of the 

storage rack. 

The steady state thermalhydraulic analysis of ETRR2 spent fuel storage rack was carried 

out to assess its performance under different storage conditions. The decay heat 

generated in the rack is removed by natural convection cooling because this power is in 

the low power ranges (< 100 KW). The storage facility is cooled by natural convection 

only. The analysis was thus carried out under relevant cooling modes. The thermal 

hydraulic parameters studied include: residual heat generation estimation, coolant 

temperature, clad surface temperature and fuel centerline temperature distribution.  

The topic of this thesis was selected keeping in view the above facts. Detailed reactor 

design calculations were performed for Egyptian Second Research Reactor (ETRR2) 

storage rack using standard computer codes WIMS-D/4, CITVAP, CONVEC
(27)

, 

RELAP5 and ORIGEN. The calculations were aimed at: 

 Studying the practical feasibility of ETRR2 spent fuel storage rack. 

 Analysis of ETRR2 storage rack in order to validate supplier theoretical data on 

rack physics, development of mathematical models for the thermal hydraulic, 

radiological and neutronic analyses and their validation, and demonstrating safety 

of the storage rack. 

 Applying of a computer code CONVEC for the analysis of natural convection 

cooling and its validation, the computer code ORIGEN2.1 for the analysis of 

spent fuel composition and characteristics and the computer codes WIMS D/4 and 

CITVAP3.1 for the analysis of criticality control multiplication factor. 

 Validating methodology and computer codes by comparing analytical predictions 

with other international codes results. 
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 Studying effect of cooling time on concentrations of uranium and plutonium 

isotopes, radioactivity, decay heat and spontaneous fission neutron source.  

 Investigating the reliability of different methods used for the assessment of decay 

heat generation rates. 

The work presented in this thesis is very important and interest to the storage rack 

designers and operators. The work includes nine Chapters and two appendices.   

The survey of the previous efforts is discussed in Chapter 2. Chapter 3 discusses the 

philosophy of storage process, criticality control, and source of decay heat power after 

shutdown. 

The neutronic analysis of the rack is presented in chapter 4. Standard computer codes 

WIMS-D/4 and CITVAP were employed to calculate few group cross section libraries 

and subcriticality control multiplication factor.  

Chapter 5 deals with the studies pertinent to isotopic composition and decay 

characteristics of the spent fuel. A standard fuel element of ETRR2 was selected for this 

study. Computer code ORIGEN2.1 was used to calculate the concentrations, 

radioactivity, decay heat and spontaneous fission neutron source as a function of cooling 

time for main radioactive isotopes and also for spent fuel element as a whole. 

Chapter 6 deals with the steady state thermalhydraulic aspects of the rack. The decay 

heat generated in ETRR2 spent fuel after reactor shutdown is removed by natural 

convection cooling. The different heat sources encountered and temperature distribution 

through the whole rack is determined. 

Chapter 7 discusses the different codes used in the study, their characteristics, physical 

phenomena included in the analysis, input data, and codes overall organizations. 

The codes testing and implementation on a typical case study is performed in Chapter 8, 

to assess the validity of the codes in dealing with the thermonuclear behavior of a spent 

fuel storage rack. The selected case study was the ETRR2 reactor spent fuel elements of 
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material testing reactor fuel (MTR) type.  The conclusions of the study and the future 

work plan where further work is needed are given in chapter 9.     


