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Abstract 
 

Here, safer nuclear fuels which can sustain in the high temperature and neutron fluence environment of the reactor core are investigated 

to utilize nuclear energy peacefully. At Nuclear Fuel Complex in Hyderabad, nuclear fuels are being manufactured which are best suited 

for the high temperature and fluence environment of the reactor core even in accidental scenarios. In this paper, nuclear fuels manufac-

tured at NFC, Hyderabad are presented. The developed nuclear fuels have higher equivalent hydraulic diameter and breeding capability 

to produce Ὗ233 . Nuclear fuels having higher equivalent hydraulic diameter reduce the reactor core temperature substantially. These 

fuels have negative temperature coefficient of reactivity. Thus, in case of an accident, the fuel temperature never exceeds the safety limit. 

Therefore, the thermal heat available across the secondary of a heat exchanger can be utilized for different industrial processes. This 

allows the development of key technologies, such as safer co-generation of electricity and Hydrogen. The Three-Stage Indian Nuclear 

Power Program developed at BARC has been explained that eliminates loopholes from NPT and avoids buildup of stockpiles of Uranium, 

Plutonium. The safely produced Hydrogen gas has been utilized in many ways for different environmentally benign applications. Moreo-

ver, the processing of iron ore with the energy obtained from the IHX secondary side, eliminates the burning of coals and CO2 emissions 

into the environment. Several radioisotopes have been developed and used for medical applications from spent fuel. 

 
Keywords: Annular Fuels; Nuclear Fuels; Automated Systems; Crystallography 

1. Introduction  

One of the important safety requirements for a nuclear reactor is lowering the operating temperature of the reactor core. The higher oper-

ating temperatures of nuclear fuels can lead to melting of the reactor core in case of an accident. The conventional nuclear fuel pins 

which were used at Fukushima Daiichi nuclear power plant make use of cylindrical fuel pellets that could not satisfy safety criteria set by 

Atomic Energy Regulatory Board (AERB).Here, nuclear fuel designs have been put forward, which are useful for cogeneration of elec-

tricity and process heat. In this paper, the necessity to use safe nuclear fuels for advanced nuclear power plants has been explained in 

section 2 with the help of major accidents that occurred in history. Section 3 describes the necessity of nuclear energy with safer fuels. 

Section 4 provides the nuclear fuel manufacturing process. Section 5 & 6 describe nuclear materials used in the reactor and design for 

nuclear fuels with their advantages. Section 7 provides choices of coolant used for power plants. Section 8 delineates some safety and 

stability issues envisaged for the nuclear power plant. Section 9 explains the peaceful usage of nuclear energy with the three-stage recy-

cling method. Section 10 and 11 describes the recycling method and peaceful applications developed from nuclear energy, respectively. 

Section 12 signifies nuclear security issues and Global Centre for Nuclear Energy Partnership. Finally, section 13 draws the conclusions. 

2. Highlights of major accidents 

In the past, several reactor accidents were observed. These nuclear accidents have devastated many innocent lives and destroyed the envi-

ronment. Out of the number of nuclear accidents, three major nuclear accidents which occurred in history are analyzed and briefly ex-

plained in the following subsections. 

http://www.sciencepubco.com/index.php/IJET
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2.1. RBMK at Chernobyl 

The Chernobyl nuclear disaster that occurred in the midnight of April  26, 1986 is illustrated below in Fig.1. 

 

 
Fig. 1: Chernobyl Reactor Core [1]. 

 
Fig. 2: Chronology. 

 

The reactor core built at Chernobyl was a graphite-moderated pressure tube or channel type BWR core. The chronological sequence of 

events for the accident at Chernobyl has been explained (Fig. 2) in details by Kushal [2]. Some of the peculiar facts that lead to Cher-

nobyl accident are mentioned below: 

(1)The Chernobyl reactor core was operated in an over-moderated region with positive coefficient of reactivity. Thus, overheating of the 

reactor coolant caused an increase in the fraction of steam void that further led to a large amplitude step increase in reactivity. 

(2) The introduction of a sufficient number of neutron absorbers control rods inside the core would have made the positive void coeffi-

cient of reactivity less positive or even taken the reactor in the un-moderated region. 

(3) The Chernobyl RBMK core was a large diameter core with different parts of the core decoupled from one another. This caused con-

trolling reactor power distribution difficult  at low power when a small fraction of the control rod is inserted into the core (Fig.1). 

The ensuing positive void coefficient of reactivity triggered two neurotics pulses (of length 4s) which eventually raised normalized reac-

tor power by 2000 times. The prompt fission energy liberated after the accident can be calculated with following equation 

 
dn (t )

dt
= n 0

K0 ɼ

ɤ
.                                                                                                                                                                                         (1) 

 

Here, ɤ is called neutron regeneration time =0.064ms and is known as effective delayed neutron fraction [3].The simulation studies by 

Fletcher et al. revealed that reactivity jumped rapidly to ~1.5$ at the highest power level during the transient [4]. This is due to the rise in 

positive void coefficient reactivity value by 20-30 pcm after insertion of control rods which introduced the negative temperature coeffi-

cient of reactivity. The solution of equation (1) with an initial value of n 0 = 200MWt is 

 

n t = n 0 exp
K0 ɼ

ɤ
t .                                                                                                                                                                              (2) 

 

When peak power n T  is 384 GW at T= 4s, the step change in reactivity from Eq. (2) would be K0 = $1.2 which is close to the estimate 

of K0 = $1.5by H. Mochizukiô [5] analysis. By integrating equation (2) over the period of reactivity excursion, the total energy released 

after the power excursion can be estimated as, 

 

Q T = q 0
ɤ

K0 ɼ
exp

K0 ɼ

ɤ
T = 203GJ.                                                                                                                                                   (3) 

This is slightly smaller than the Soviet estimate of 239GJ [6]. The RELAP-5 simulations by Fletcher reveals the estimate of energy Q (T) 

as 169GJ, and power n (T) =391GWt. But UO2 melts at an average energy density 1 MJ/Kg. Thus, the Chernobyl reactor core crossed 

the limit for melting the reactor core. Approximately, 95% of the molten reactor fell down to the bottom of the reactor core, and5% of the 

fuel was shot upward from the fuel pins of the reactor core. With thermal to the mechanical conversion efficiency of 5%, a calculation 

shows that mechanical energy >0.5 GJ would have lifted the 1000MG reactor shield blocks by 50m high up in the sky! This massive 

thermal explosion blew-up reactor cover assembly and relinquished the following large inventory of radioactive fission products into the 

open atmosphere as enlisted in Table 1 [7]. 

 
Table 1:Radioactivity Released Into the Environment 

Nuclide/Fuel Release Fraction in % Radioactivity (MCi) 

Nobel Gases 100 190±20 

I131  55±5 45±5 

Cs137 33±10 2.3±0.7 

Sr 90,Y90 4.0 2.8±0.8 

Fuel 3.5±0.5  

 

The radioactive lighter material was carried by wind in the parts of Ukraine, Belarus, Russia, Scandinavia and Europe. The consequences 

of this accident after the massive fire and a large amount of radioactivity release in the atmosphere are listed below: 

1) Victims- 31died, 500 hospitalized (out of which 203 people received >100 rem. dose) 

2) 24,000 people, those who received radiation doses 35 to 50 rem each, were evacuated from the exclusive zone within the radius of 

15 km from the plant. 

3) 1,35,000 people were evacuated from an exclusive zone with a radius of 30 km. 
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2.2. PWR at TMI-2 

In this accident which occurred in PWR at Three Mile Island (TMI) , the peak fuel temperature in the second unit increased above 1273K, 

which initiated cladding oxidation exothermic reaction. This exothermic reaction released 6.5MJ/Kg of cladding material. With the fol-

lowing correlation, the mass of cladding oxidized per unit area exposed to steam at temperature T in time interval t can be determined as, 

 

W2 = Ae
B

RT t ,                                                                                                                                                                                               (4) 

 

where constant R is universal gas constant (8.314), A=294kg2/ m4s,B=167MJ.kg.mol .Consider the Zion PWR plant parameters. The 

total surface area of fuel cladding is 5400m2. Assuming that the total surface area is exposed to steam for 5 minutes, will  yield W=0.322 

kg/m2, i.e. 1738.8 Kg of cladding material will  be oxidized. Because two moles of Hydrogen are liberated per mole of cladding material, 

the mass of Hydrogen (H2) produced is(Mh) is 76.9 kg. A significant concern and fear developed among the public domain was that the 

Hydrogen bubble might ignite but this did not happen (Fig.3). 

 

 
Fig. 3: TMI-2 Molten Core Configuration [8], [9]. 

 

The TMI-2 accident scenario has been simulated with Melcor code [10].The reactor coolant system pressure build-up for the first 6 pe-

riods is delineated in Fig.4. A detailed analysis has been also performed by the Electric Power Research Institute [11]. 
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Fig. 4: Reactor Coolant Pressure Buildup History. 

 

The TMI-2 accident occurred due to ignorance whereas the Chernobyl accident occurred due to an intentional violation of the operating 

procedure. A similar incident took place in Davis-Besse plant also. Similarly, the Westinghouse built similar plants at Kori, a suburban 

village in Busan in South Korea has suffered station blackout (SBO) event on February 9, 2012. 

2.3. BWRs at Fukushima Daiichi 

At Fukushima Daiichi, a giant earthquake of Richter scale 9.0 followed within an hour by tsunami waves of 10 to 14 m struck the nuclear 

plant controlled by TEPCO on 11th March, 2011.At that time, the power plant site had unit 1, 2, 3 in operation and unit 4,5,6 in a      

refueling outage stage. These units were (Boiling Water Reactor) BWRs constructed by General Electric etc, which started operation 

between 1971 to 1979 with a power rating of 439 to 1067 MWe (Fig. 5). After the earthquake within a few seconds, all the three reactors 

were shut down by using control blades. The earthquake also disrupted the electrical power supply from the external grid. Moreover, the 

diesel generators stopped functioning after the tsunami waves hit the Fukushima Daiichi power plant, which eventually led to SBO event. 

After the failure of the reactor core isolation cooling system, TEPCO plant workers decided to inject seawater into the reactor core. Be-

cause of the delay in the injection of seawater into the reactor core of unit 1, unit 2, unit 3, some segments of the fuel rod were exposed 

without the presence of coolant which caused overheating of the fuel rods. 

 

https://en.wikipedia.org/wiki/Busan
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Fig. 5: BWRs Supplied by GE, Toshiba & Hitachi at Fukushima. 

Source: Nuclear Energy Institute 

 

It has been postulated that the  reaction in reactors Unit 1,2 and 3 produced 800 to 1000 kilograms of Hydrogen gas per unit. The pressu-

rized Hydrogen gas was vented out of the reactor pressure vessel. Thus, the Hydrogen gas got mixed with the ambient air and subse-

quently reached explosive concentration limits in Units 1 and 3. Moreover, piping connections between Units 3 and 4 caused passage of 

generated Hydrogen from Unit 3 to Unit 4. Additionally, the same dissociation reaction was occurring in the spent fuel pool (SFP) in 

Unit 4. Thus, Unit 4 was also filled with Hydrogen, resulting in an explosion. In comparison with TMI-2 accident, in Fukushima acci-

dent, the amount of radioactivity released was higher due to Hydrogen explosion at secondary containment and suppression pool. 

As a consequence of the accident, total 4,00,000 people were evacuated; 1,60,000 people were from within 20 km exclusive zone. The 

number of deaths (around 1,700) those occurred are  

attributed to stress, fatigue and hardship of living as evacuees. Since the accident, the radioactive water has been flowing into the ocean. 

The Unit 1 at Fukushima has been discharging radioactive water at a rate of around 2 billion becquerels per day endangering aquatic life 

surrounding Japan and other parts. 

3. Necessity of nuclear energy and safer nuclear fuels 

According to international energy outlook, world energy consumption will grow from 524 quadrillion British unit (Btu) to 820 Btu be-

tween the years 2010 and 2040, i.e. rise of around 56%. The top three courtiers in the coal productions are China, America and Australia. 

Moreover, the top three countries in the crude oil productions are Saudi Arabia, America and Russia. In 2017, the top three natural gas 

producers are America, Russia, Iran [12]. Envisage the combustion of natural gas; pollutants, such as Carbon dioxide (CO2), Carbon 

monoxide (CO), nitrogen oxides (NOx), Nitrous oxide (N2O), volatile organic compounds (VOCs), particulate matter (PM), and trace 

amounts of Sulfur dioxide (SO2) are released into the environment. Eventually, this will lead to total estimated increase in CO2 emission 

by 40%, thereby causing global warming. It is true that Industrialization processes are polluting the atmosphere of the earth. Gases such 

as Carbon dioxide, Nitrogen dioxide etc. are causing a greenhouse effect. As a result, global warming is taking place. Gases like Sulphur 

dioxide are giving rise to acid rains. Metropolitan cities are becoming a jungle of concrete; therefore there is the necessity of small mod-

ular reactors for the development of isolated villages. The process of industrialization canôt be stopped because it is necessary for the 

development of mankind. It is creating job opportunities for people. These jobs are necessary for their survival. If this industrialization is 

creating problems, remedies to these problems are necessary. 

                  The solar and wind are unsteady and unreliable, very low energy density sources of energy, therefore they have very poor 

availability factor with significantly lower plant efficiencies. Also, during the rainy season, the power conversion systems have substan-

tially reduced output with very lower efficiency. It has been investigated that the performance of vertical axis wind turbines (VAWT) is 

deteriorated seriously in different rain conditions [13]. According to the principle of conservation of energy, these sources of energy are 

incompatible for industrial load demand where 24 hours of operation is required. In many engineering applications, the amount of energy 

converted per unit time in Watts is significantly important. 

                  Few light elements such as Deuterium, Tritium, as well as Helium-3 are used as fusion fuel but there is no sustainable fusion 

reaction for more than few minutes yet. Therefore nuclear fission becomes an inevitable source of clean energy. 

                  Also, several peaceful scientific activities are going on in Antarctica. These places experience six months of daylight and six 

months of darkness. The lowest temperatures measured lies from-92oC to -98oC. In order to continue scientific experiments at these dif-

ficult places, electricity is required which is expected to be generated from a very small capacity modular nuclear reactor.  

Nuclear energy is the most suitable and clean source of energy. It plays a vital complementary role to other low energy density sources of 

energy. Nuclear fuels have a high calorific value. One ton of natural uranium can produce more than 40 million kilowatt-hours of elec-

tricity. This energy is equivalent to about 80,000 barrels of oil or 16,000 tons of coal. Without production of carbon dioxide, advanced 

nuclear power plants have (20-25%) higher efficiency than conventional plants which make use of fossil fuel. Nuclear energy is used as 

process heat source for industrial processes such as continuous mass production of hydrogen or extraction of bitumen from the shell. 

The Nuclear Power Plants (NPPs) can supply large scale electrical power at a reasonable price as a full-time available base-load to elec-

trical grids without polluting the environment. Nevertheless, safety has been a primary concern because of the potential release of ra-

dioactive materials from an accident site. Although safety precautions were implemented, there have been major accidents, such as Three 

Mile accident, Chernobyl accident and recent Fukushima accident. Therefore, both industry and regulators from India are re-analyzing 

safety aspects for NPPs and have taken a number of measures to address challenges raised from these accidents. 

                  Compare to Uranium reactors, far less radioactive waste quantities are produced by Thorium reactors and these wastes are less 

shorter-lived and radioactive. Therefore, nuclear fuels developed from Thorium are environmentally benign. India has one of the largest 

reserves for Thorium. The three stage recycling method enables development of several applications from Thorium fuels. 

https://en.wikipedia.org/wiki/Zirconium_alloy#Oxidation_of_zirconium_by_steam
https://en.wikipedia.org/wiki/Reactor_pressure_vessel
https://en.wikipedia.org/wiki/Flammability_limit
https://en.wikipedia.org/wiki/Spent_fuel_pool
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AERB has set new requirements to be satisfied by nuclear fuels to overcome the accident scenarios. These requirements have been satis-

fied by designed nuclear fuels. The design flow from mining to the testing of these safe nuclear grade fuel elements has been explained in 

the following sections. 

4. Uranium mining and fuel manufacturing 

In India, the mining and processing operations for Uranium ores are performed by the Uranium Corporation of India Ltd. (UCIL). Some 

of minor Uranium resources within India are illustrated below in Fig. 6. 

 
Fig. 6: Minor Uranium Resources as Pointed within India. 

Source: www.forbes.com 

4.1. Uranium investigations with ground survey 

Recently, reconnaissance (5,432sq km) and detailed surveys (282.75sq km) helped in finding the following promising Uranium anoma-

lies of known occurrences in various geological environs: 

 

a) Siwalik Group, Una district, Himachal Pradesh: Sandstoneat at Gwalsar-Parah. 

b) Mahadek basin, East Khasi Hills district, Meghalaya:Sandstone at Laitduh. 

c) Motur Formation, SatpuraGondwana basin, Betul district,Madhya Pradesh: Sandstone at Dharangmau. 

d) Betul Crystalllne complex, chhidwara district, MadhyaPradesh: Brecciated quartz reef / vein ingranite near Bijori,Bhuli, Khudha-

radhana, Setparas and Sajba. 

e) Rohil and its extensions, Sikar district, Rajasthan: Albititezones in Rohil Central western extension, Gumansinghki Dha-

ni,Narsinghpuri andJahaz areas (Fig.7). 

f) Bortalao Formation, Rajnandgaon district, Chhattisgarh:Gritty sandstone and conglomerate of Bortalao Formation along Kolarg-

hat-Kauhapani- Gandhinagar, Bortalao-Khampura-Burhanchhapar and Nawatola-Ramatola-Kolarbhatti tracts. 

 

 
Fig. 7: Exploratory Mining Site at RohilUranium Deposit, SikarDistrict, Rajasthan [14]. 

The processing of geophysical data of Dungarpur Block in Aravalli Fold Belt, Rajasthan has resulted in the identification of eleven po-

tential target zones around Undwala, East of Tartai & ChhotiMandli, Lasara, Bachi-fala & Sarangi, Parsola, North of Parsola, East of 

Manpur, North of Bhabrana, South of Jambura, Pavati-Burel and Salumber and some other sites in Madhya Pradesh (Fig.8). 
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Fig. 8: Photograph Showing Discrete Uraninitein Aernite, Dharanmau Area, Betul District, Madhya Pradesh [14]. 

 

However, these Uranium resources are very insufficient for growing energy demand. 

4.2. Processing of uranium ore 

The Fig. 9 shows nuclear grade yellow cake and impure CSDU. During the processing of secondary source of U, the Crude Sodium  

Diuranate obtained, contains impurities such as iron (10%) and rare earths (5%). An extraction process selectively extracted impurities 

including rare earths remained in the aqueous phase while U into the organic phase.  

 

 
Fig. 9: The Nuclear Grade Yellow Cake and Impure CSDU [14]. 

4.3. Manufacturing of Nuclear fuels  

The Nuclear Fuel Complex (NFC), at Hyderabad, a constituent unit of Department of Atomic Energy (DAE) is engaged in the production 

of natural Uranium oxide fuel bundles for PHWRs, and fuels for other types of reactors, Reactor Core Structurals, Reactivity Control 

Mechanisms and special materials like Tantalum, Niobium etc. In addition, NFC produces fuel cladding tubes and other critical compo-

nents like all the core sub-assemblies, Hexagonal wrapper tubes etc., made out of special materials e.g. stainless steels for Fast Breeder 

Reactors. Also, NFC has been manufacturing Stainless Steel Tubes/ Pipes, MDN-250, MDN- 350, MDN-59, SuperNi-42 tubes, Nimon-

ic-75 tubes, and Titanium alloy products for critical application in Reprocessing Plants, Nuclear Power Plants, and Space establishments. 

A rapid scanning machine for scanning the fracture or manufacturing fault in fuel elements used at NFC is shown in the Fig. 10.This will 

ensure that UO2 pellets stack and fit well in fuel pins without any cracks. The machine also acts as a tube feeding and butting system. 

 

 
Fig. 10: Scanning of Fuel Elements [14]. 

 



International Journal of Engineering & Technology 7 

 
NFC has successfully logged record numbers for each fuel pellet, fuel bundles which have met the safety requirement. All the indigenous 

raw material in the form of DU/HTUP/SU received from M/s UCIL and spent fuel from IGCAR are converted into fuel rods in order to 

fulfill the requirement of nuclear fuel cycles. 

5. Nuclear materials 

Nuclear Fuel Complex has come up with safe fuel designs which are best suited for operation during any accident scenarios. The Table 2 

enlists some of the materials used in PWR cores and their corresponding cross-section in thermal energy range. 

 
Table 2:List of Some of Materials Used in PWR Cores and Their Macroscopic Cross-Sections in Thermal Energy 

Material äὸὶ(ὧά
1) ‎äὪ(ὧά

1) Relative Absorption 

H 1.8 × 10 2 0 0.053 

O 7.15 × 10 3 0 0.0 

Fe 9.44 × 10 4 0 0.026 

U235  3.05 × 10 4 0.146 0.602 

U238  6.98 × 10 3 1.19× 10 2 0.091 

Core total 3.62 × 10 2 0.1569 1.000 

6. Illustration of some safer fuels and reactor core building blocks from NFC, Hyderabad  

The combination of nuclear fuels with different moderator materials has several advantages over conventional fuel. If ◊ is lethargy gain, 

then the probability for collision of a neutron for different materials is given as, 

 

ὖόᴂᴼό =  
Ὡό
ᴂό

1 ‌
Ὢέὶ ό ὰὲ

1

‌
< όᴂ< ό,

0 έὸὬὩὶύὭίὩ,
                                                                                                                                           (5) 

 

where ‌is defined as  
ὃ 1 2

ὃ+ 1 2. Therefore average gain in the lethargy ( Ўό ) is given as, 

 

Ўό= ᷿ ЎόὖόᴂO όὨόᴂ.
ὉὭ
‌ὉὭ

                                                                                                                                                                        (6) 

 

The effect of different moderators such asὄὩ9, ὅ12,ὔὥ23,ὖὦ207 ,ὝὬ232 , Ὗ238  with nuclear fuels have been studied while making  the 

reactor core critical. The number of collisions required to thermalise a neutron from 2 MeV to 1 keV in these moderator materials have 

been plotted in the Fig. 11.Thus, the number of collisions required to reduce the neutron energy from 2 MeV to 1 keV increases linearly 

with atomic massὃ.  

 

 
Fig. 11: Number of Collisions Necessary to Slow Down Neutron from 2 Mev to 1 Kev Energy. 

 

The interaction rate of neutrons with atoms of material having mass number A is denoted with Ὂ. The first order collision density (Ὂ1)  

denotes the collision density that all the source neutrons need one collision to reach dE;Ὂ2 indicates collision density that all the neutrons 

need two collisions to reach dE and so on (Fig.12). If neutron source of strength Ὓ0 emits neutrons of energy Ὁ0, the expressions for Ὂ1 

and Ὂ2 are given below: 

 

Ὂ1 =
Ὓ0

Ὁ0(1 ‌)
for‌Ὁ0 < Ὁ< Ὁ0 ,                                                                                                                                                                     (7) 

 

 =  0 for Ὁ< ‌Ὁ0.                                                                                                                                                                                           (8) 

 

Ὂ2 =
Ὓ0

Ὁ0 1 ‌2ὰὲ
Ὁ0

Ὁ
 for ‌Ὁ0 < Ὁ< Ὁ0 ,                                                                                                                                                    (9) 

 

 =
Ὓ0

Ὁ0 1 ‌2ὰὲ
Ὁ

‌2Ὁ0
 for ‌2Ὁ0 < Ὁ< ‌Ὁ0,                                                                                                                                                (10) 

 

where as Ὂ3 is obtained from Ὂ2 and the expressions for third order collision density (Ὂ3) is given below: 
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Ὂ3 =
Ὓ0

2Ὁ0 1 ‌3
ὰὲ2 Ὁ

Ὁ0
For‌Ὁ0 < Ὁ< Ὁ0 ,                                                                                                                                                 (11) 

 

=
Ὓ0

Ὁ0 1 ‌2
ὰὲ

Ὁ0

Ὁ
ὰὲ

Ὁ

‌2Ὁ0
+ ὰὲ

‌Ὁ0

Ὁ
ὰὲ

Ὁ

‌3Ὁ0
 For ‌2Ὁ0 < Ὁ< ‌Ὁ0,                                                                                               (12) 

 

 

Also, 

Ὂ3 =
Ὓ0

2Ὁ0 1 ‌3 ὰὲ
2 Ὁ

‌3Ὁ0
Ὢέὶ‌3Ὁ0 < Ὁ< ‌2Ὁ0.                                                                                                                                 (13) 

 

when Ὁ> ‌3Ὁ0, in asymptotic energy region, the collision density function Ὂ becomes smoother and attains the value
Ὓ

ЎόὉ
. The Fig.12 

shows the first, second and third order neutron collision densities for unit source of 2 MeV neutrons in ὝὬ232 . 

 

 
Fig. 12: Collision Densities for One Unit Source of 2 Mev Neutrons in ὝὬ232 . 

 

Several eutectics which are a mixture of different moderator materials have been developed at BARC. 

The cross-section library database from Nuclear Data Physics Centre of India (NDPCI) at Bhabha Atomic Research Centre (BARC) has 

been used to find out criticality parameters for the reactors. The study has revealed that the compound nucleus formation and neutron 

production time is approximately 10 22seconds for different nuclear reactions. The neutron clock has been used to determine pre-fission 

time from measured pre-fission neutron multiplicity values. The compound nuclear formation time is determined by measurements of 

pre-fission multiplicity for two different entrance channels forming the same compound nucleus ὅὪ
248  having different entrance channel 

dynamics [15]. 

 

6.1. Nuclear materials and fuel shapes manufactured by Nuclear Fuel Complex 

 
As the capture cross-section is high in resonance energy range, moderators such as Ὗ238 ,ὝὬ232 upon capture of neutrons are converted 

into fissile material, thus breeding of new fuel takes place. The NFC has been manufacturing different types of fuels with different shapes 

for the safer operation of fuel even during the accident scenarios. The stress tests performed on nuclear fuel elements and blocks (Fig. 13 

- Fig.19) guarantees that there will not be any mechanical failures during severe accidents. 

For high temperature reactor operation (╣╬~1000o C), the BISO (Bi-structural isotropic) or TRISO (Tri-structural isotropic) fuel elements 

are embedded inside either the fuel compacts or pebbles (Fig. 13, Fig.14). In TRISO particles, the fuel kernel (Ὗὅ2+ὝὬὅ2) is surrounded 

by three high density carbon layers following low density pyrolytic carbon (Fig. 13 and Fig.14). Although, TRISO coated particle fuel 

can withstand in the very high temperature environment of 1600°C without failure, a high-temperature gas-cooled reactor (HTGR) at 

Fort St. Vrain in United States is permanently shut down due to electrical, corrosion, and many other issues within few years. The Inno-

vative High Temperature Reactor (IHTR), overcomes water infiltration as well corrosion issues at high temperature conditions. The 

IHTR-A makes use of fuel in the form of pebbles in which TRISO particles are embedded inside Pebbles. According to crystallographic 

analysis, the average void fraction among the pebbles to attain the criticality is about 0.4. For High Temperature Reactor operation, the 

TRISO particles can be also embedded inside the fuels illustrated in the Fig. 14 to Fig. 18. Ceramic material has been selected for the 

construction of Indian reactor cores. 

 

 
Fig. 13: Tristructural-Isotropic (TRISO) Particle Element. 
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Fig. 14: Spherical TRISO Particles inside Fuel Compact or Pebbles. 

 

The functions of  TiC interlayer in spherical TRISO is described below: 

The TiC interlayer is used to retain all the gaseous fission products released from the kernel hence, it functions as a pressure vessel. 

Moreover, TiC also functions as a diffusion barrier for metallic fission products.  

For low temperature reactor operation fuel elements are used (Fig.15-Fig.19) without TRISO particles. For low temperature reactor fuel, 

the UO2 powdered fuels are sintered and stacked inside the fuel package. The fuel elements (Fig.15-Fig.19) inserted into the fuel blocks 

(e.g. Fig. 20), are cooled directly or indirectly through a moderator. 

The American reactor CP (Chicago Pile) makes use of nuclear fuel somewhat similar to fuel shown in the Fig.17, however, could not be 

run successfully for prolonged operation. The fuel in Fig. 17 has unique construction. The first research reactor in Asia (Apsara) became 

operational in Bhabha Atomic Research Centre in August 1956. The reactor was decommissioned in 2009, after providing more than five 

decades of dedicated service to the researchers. A swimming pool type research reactor ñApsara-upgradedò, of higher capacity was born 

on 10th September 2018 at 18:41 hrs, sixty-two years after Apsara came into existence. The indigenously developed reactor uses plate 

type dispersion fuel elements made up of Low Enriched Uranium (LEU). 

The annular fuels shown in Fig. 18.a and Fig. 18.b can be directly or indirectly cooled through moderators available. The Annular Fuels 

(Type 1) have multiple moderator rings around the central region like spherical TRISO particles for safety purpose (Fig.19).Like TRISO 

fuel described earlier, the multilayered annular fuels have superior proliferation resistance attributes. The high temperature and neutron 

fluence grade cladding material acts as a fission barrier. All these nuclear fuels are manufactured at Nuclear Fuel Complex, Hyderabad 

considering all the other safety perspectives. Due to large heat transfer surface area, the fuel temperatures are dropped substantially. This 

reduces Hydrogen generation and reactor core melt risks in case of accidental scenarios. 

 

 
Fig. 15: Fuel Pins. 

 

 

 
Fig. 16: A) Hexagonal Fuel cluster. 

 

 

 

 
Fig. 16: B) Hexagonal Moderator Cluster. 
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Fig. 17:Fuel Stick Used in the Plate Type Fuel. 

 

 
Fig. 18: A) Annular Fuel Type 1. 

 

 
Fig.18: B) Annular Fuel Type 2. 

 

 
Fig.19: Annular Fuel Subtype 1. 

 

 
                                           Fig. 20: Lattice for Reactor Core. 

 

Some of the functional requirements that have been established by these reactor fuels are described below: 

1) At BARC nuclear fuels have been developed with various interlayers e.g. TiN, TiC, ZrC, etc. to prevent potential release of ra-

dioactive materials. These safe fuels are capable of generating the required power with negative fuel temperature coefficient for the 

required exit burn-up. 

2) The developed fuel retains all types of fission products; therefore there is no leakage or release of radioactive materials into the 

primary coolant. 

3) The developed fuels help in minimizing parasitic neutron capture. 
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4) The fuel tube and fuel compact locations are maintained in the core, thus basic nuclear and thermal-hydraulic requirements are sa-

tisfied (Fig.21).  

5) The fuel tube directs reactor coolant through the core to the outlet with required flow distribution so that the heat transfer perfor-

mance requirements are met during all modes of reactor operation or transient. 

6) The core structural oppose material damage caused by irradiation-induced effects. 

7) During the anticipated operational occurrences or normal operation, the mechanical design of fuel assures that fuel damage is im-

probable. 

8) Safe handling, shipping, as well as core loading of the fuel is possible. 

 

 
Fig. 21: Composite Material Tubes. 

 

6.2. Properties and experience with Nitride fuels 

 
It has been experimentally found that reactor fuels in the form of U3Si2 and UN-U3Si2 have higher thermal conductivity than that of fuels 

in the form of UO2 and UO2-BeO. Fuels in the form of UN have higher thermal conductivity and uranium density thus promising candi-

dates for chain reaction, nonetheless they are susceptible corrosion and oxidation. The Table 3 enlists some of the properties for these 

fuels. 

 
Table 3: Parameters of Some of Fuel Compositions 

Parameter U02 U02-BeO 

(10%Vol BeO) 

U3Si2 UN-U3Si2 

(30% Vol U3Si2) 

Fracture Stress [MPa] ~105 ~105 ~250 ~250 
Linear Thermal Expansion [K-1] 1.05 × 10 5 1.05 × 10 5 9.38× 10 6 1.53× 10 5 

Thermal Conductivity [Wm-1K-1] 3.55 ~5.58 14.98 ~19.18 
Metal Density 9.66 8.74 11.30 12.92 

Theoretical Density 10.95 10.08 12.25 13.66 

Elastic Modulus[GPa] ~204 ~205 ~118 ~262 
Specific Heat[JKg-1K-1] 245 245 208 206 

Melting Temperatures[oC] ~2800 ~2800 ~1665 ~2800 

 

Therefore, fuels in the form of UN-U3Si2 were developed to overcome the issue of corrosion and oxidation. By comparing various para-

meters in Table 3 for various types of fuels it can be deduced that UN-U3Si2 fuels have the most desired thermo-physical properties 

among four fuel compositions. 

In order to reduce fission gas release, fuel temperature & SiC cladding failure risk, UN-U3Si2 fuel was found to be the best choice.  

An effective approach to reduce stress-induced failure risk, the fuel temperature, pellet-clad mechanical interaction and fission gas re-

lease is to increase the fuel thermal conductivity.  

UN fuels have a lower creep rate, higher fracture stress & higher modulus, as a consequence nitride fuel is vulnerable to Pellet-Clad Me-

chanical Interaction (PCMI) induced failure and cracking which can lead to severe issues as depicted in the Fig. 22. 

 

 
Fig. 22: Zoomed View of Horizontal Cross Section of (Pu, UN) Fuel Pellet Having Axial Temperature of 1090oc. 
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This type of problem is handled by the reduction in UN fuel density to 80-85% of the theoretical density. Similarly, the density reduction 

was considered for UN-U3Si2 fuel to avoid PCMI-induced failure and cracking.  

Reducing the fuel temperature and fission gas release by using annular fuels (Fig. 18) is an interesting solution which has been investi-

gated by K.Umasankari, P. Vijayanet. al [16].  

The silicon carbide (SiC) has good performance with regard to oxidation resistance, neutron economics and irradiation stability for acci-

dent tolerant fuel cladding. The loss of the tubing hermeticity and cracking of the SiC matrix caused by the brittle nature of the SiC puts a 

limitation on engineering application of SiC cladding.  

Therefore, additionally, TiC and TiN are invented and selected as alternative cladding material at BARC. 

In order to prevent the worst case partial core melt scenario (e.g. that of for PWR in TMI-2) with Hydrogen generation reaction, annular 

fuel with multi-layered coating has been used (Fig.19).  

Pump failure scenario has been observed in Canadian reactor too. Therefore, innovative GEN IV reactors are being developed in India, 

which make use of the fuel elements shown earlier (Fig. 13-Fig.19) for different reactors for a range of reactor power levels. These reac-

tors have several unique features e.g. advance recirculation buoyancy pump systems [17, 18]. Thus, core melt risks are eliminated due to 

pump failure.  

The low temperature reactor core compatible nuclear fuels without TRISO particles (described earlier in Fig.15 to Fig.19) have larger 

heat transfer areas. These fuels have higher values of equivalent hydraulic diameters which enables better heat transfer with the coolant. 

Thereby these fuels have substantially lower temperatures in the reactor core even during accident scenarios such as loss of coolant acci-

dent (LOCA). This eliminates Hydrogen production and core melt possibilities in the reactor core in case of accidental scenarios. 

7. Coolant choice 

The coolants that can be used to remove the heat from inside the reactor core must have the following good characteristics:  

1) It should perform cooling operations in the operating temperature range. 

2) It should have radiolytic stability in a high radiation environment (for primary coolant only). The coolant should have a low freez-

ing temperature, preferably lower than 525°C for metal coolant.  

3) The coolant should have large sufficient thermal inertia and thermal conductivity.  

4) It should have low vapor pressures (substantially less than one atmosphere) at operating temperatures, thus not volatile.  

The molten salts seem to be excellent candidates which satisfy most of these requirements. There is no single molten salt which satisfies 

the requirement of low melting temperature; therefore multi-component eutectic mixtures are needed. There are some multi-component 

eutectic salt mixtures that satisfy the criteria of melting temperatures less than 500°C. The multi-component mixtures usage ensures 

compositional and phase stability. 

Some of the coolants that have been used earlier are enlisted here e.g. Helium, Nitrogen, CO2, Air, Light water, Heavy water, ZrH, So-

dium, Lead Eutectics, LiFïNaFïRbF, LiFïNaFïBeF2, NaFïBeF2, LiFïRbF, 2LiFïBeF2, LiF-NaFïZrF4, LiFïBeF2ïZrF4, LiFïNaFïKF, 

NaFïZrF4 , LiFïZrF4, KFïZrF4, RbFïZrF4. 

8. Application of safer fuels for innovative reactors 

GEN IV reactors are being developed with inherent safety features at BARC. This section briefly outlines the innovative Indian innova-

tive GEN IV reactors which make use of invented safer nuclear fuels (described in the Section 6).  

8.1. High temperature gas cooled reactors 

The Very High Temperature Reactors (VHTRs), are being developed as a part of Gen-IV reactors (3rd stage of Indian Nuclear Pro-

gram).This VHTR is also called high temperature gas cooled reactor (HTGR), which is cooled with Helium gas. This graphite moderated  

reactor has been designed with the goal of higher coolant outlet temperature so as to support high temperature chemical processes such as 

the production of Hydrogen with thermo-chemical processes. The VHTR enables the cogeneration of electricity and process heat. Using 

the process heat from the reactor, the Hydrogen production plant, as well as other industrial process heat applications can be built up. The 

VHTR produces Hydrogen from water by using electro-chemical, thermo-chemical or hybrid processes. 

The Innovative High Temperature Reactors (IHTR A, B & C) are thermal power reactors developed initially with power level (about 600 

MWt) having feature that allows removal of decay heat by no external means. Generally, high temperature reactors make use inert He-

lium as coolant and graphite as moderator. However, Indian designs differ especially with regard to coolant, fuel as well as moderator. In 

IHTR, the emphasis has been given to advance recirculation buoyancy pumping system leading to use of lead eutectic alloy and molten 

salt based coolants. 

Several Hydrogen production cycles are envisaged for sustainable Hydrogen production. The different Hydrogen production processes 

require heat at different temperatures 823 K (for Copper-Chlorine process) and greater than 1123 K (for Sulfur-Iodine process). A deci-

sion has been taken to accomplish Hydrogen production at higher temperature with reactors operating at 1273 K. The efficacy of IHTR 

to operate at a higher temperature facilitates Hydrogen production with higher efficiencies. The higher operating temperature of the 

IHTR is also well suited for electricity generation with high efficiency. For the electricity generation with high efficiency, the develop-

ment of the Brayton cycle with CO2 has been in progress.  

A modified pebble bed advanced high temperature reactor modeled at Ohio State University by Thomas has coolant flow upward and 

pebble flow in opposite (downward) direction from top to bottom [19]. 

The combinations of TRISO fuel elements with fuels from Fig. 15 to Fig. 18 are suitable in very high temperature reactor cores. The 

Innovative High Temperature Reactor (IHTR-A) makes use of fuel in the form of pebbles with TRISO particles embedded inside. The 

continuous refueling is one of the advantages for IHTR-A (Fig.23).  

 

https://en.wikipedia.org/wiki/Zirconium_hydride


International Journal of Engineering & Technology 13 

 

 
Fig. 23: Innovative High Temperature Reactor (IHTR-A) [20]. 

 

An accident scenario that models intentional withdrawal of the control rods, thereby increasing the reactor power, fuel and coolant tem-

perature have been shown in Fig.24 and Fig. 25.Due to negative Temperature Coefficient of Reactivity, the reactor power settles down 

(Fig.24) after 300 seconds. The worst case fuel temperature for TRISO particle fuel in a high temperature environment for this accident 

scenario is less than 1300oC (Fig.24, Fig. 25). 
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Fig. 24: Normalized Reactor Power [21] 
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Fig. 25: TRISO Fuel Temperature in Accident Scenario [21]. 

 

IHTR-B & IHTR-C are types of High Temperature Reactors with stationary fuel (Fig.26 and Fig. 27). 

 

The IHTR-B makes use of stationary fuel in the form of hexagonal blocks (Fig. 26).The higher reactor operating temperature of the In-

novative High Temperature Reactor (IHTR) is useful in industrial applications such as Iron processing, Hydrogen productions, etc. [22].  
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Fig.26: Innovative High Temperature Reactor (IHTR-B). 

 

Fig. 27 shows Geometry and tracking (GEANT) model for IHTR-C with stationary fuel blocks. 

 

 
Fig. 27: Innovative High Temperature Reactor (IHTR-C) with Multilayered Annular Fuels. 

8.2. Molten salt breeder reactors 

There has been great interest in the development of fuels in liquid form for Innovative Molten Salt Breeder Reactor (IMSBR). An  

experimental facility (Fig. 28) for molten salt reactors is developed at BARC. 

The Innovative Molten Salt Reactor (IMSBR) developed at BARC makes use of proliferation resistant ╣▐  fuel. Earlier investigation 

on the coolant for IMSBR accomplished during the 1970s included preparation of pure LiF4 and ThF4 including the development of 

equipment, solubility of PuF3 in LiFïBeF2ïThF4 mixtures, vapour pressure determination of materials of interest as well as thermody-

namics of UïBi alloys for IMSBR [23]. 

 

 
Fig. 28: An Apparatus for Testing Molten Salts (Mini Reactor) at BARC. 
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8.3. Sodium cooled fast reactors 

These reactors are very complex and several accidents are observed all over the world with leakage of fuel radioactivity except India. 

Breeder reactors EBR-1 & Fermi operated by the United States were shut down due to partial meltdown in 1955 & 1966 respectively 

[24]. At Monju power plant in Japan, on December 8, 1995, several hundred kilograms of  Na was leaked out and converted into fumes. 

The reactor is currently in decommissioning phase. Also, an accident with the experimental Sodium loop was observed with a burst at the 

research lab in South Korea, recently.   

     India has been operating Sodium cooled fast reactor since past several decades without any serious incidence. These reactors make 

use of a fast neutron energy spectrum to cause the fission. They are used to breed U233 from Th232 reducing Pu239 build-up. In these reac-

tors, inflammable Sodium is used as coolant thus utmost importance is given to safety to operate such reactors. The development of In-

novative Sodium Fast Reactors has been explained in more detail in the Section 10. 

8.4. Lead cooled fast reactors 

Sodium being extremely violent, the Lead has been used as a substitute coolant for fast reactor. The coolant Lead has a very high melting 

point (601K) which lead to solidification problems when the reactor is operated at low temperatures. Compared to Sodium, Lead is more 

corrosive to steel, hence Gas Cooled Fast Reactors have been devised.  

8.5. Gas cooled high temperature fast reactor 

Fig. 29 shows the cross section for Indian version of Innovative High Temperature Gas Cooled Fast Reactor core. Coolants such as  su-

percritical CO2, Helium are selected for power conversion. In these reactors, the fertile Th232 has been used as blanket material. The high-

er coolant temperature (1000oC) along with Braytons cycle provides 55% efficiency. 

 

 

 
 
Overview of CO2 cooled high temperature fast core. 

 
 

3D model for fuel block 
Fig. 29: Gas Cooled High Temperature Fast Reactor. 

 

 

8.6. Supercritical-water reactor (SCWR) 

 
The critical temperature and pressure for the steam and water mixture are 647.14 K and 22.12 MPa, thus boilers that operate above the 

critical point generate supercritical fluid which is what used in the Supercritical-water-cooled reactor. The SCWRs are combinations of 

following two well established technologies, 

i) Superheated fossil fuel operated boilers. 

ii) Boiling water reactors (BWRs). 

A version of AHWR developed by BARC is based on the SCWR concept. 

8.7. Accelerator driven system 

Parallel to sodium cooled reactors, in the second stage, accelerator-driven systems (ADS) have been developed with Plutonium and mi-

nor actinides. The accelerator driven system developed by BARC makes use of Thorium fuel inside the subcritical core of ADS which is 

bombarded by neutrons from a spallation source. Thus, ADS help in establishing and expediting equilibrium fuel cycles for third stage 

nuclear power plants. It also helps in burning the nuclear waste from 3rdstage of nuclear power plants. 

8.8. Candle type reactor 

In this reactor design, from one end of the reactor, the fission reaction zone moves to the other end with a constant velocity. The movable 

beam moves the neuron source axially.  

Fig. 30 shows a fissile reaction zone that passes through the remaining part of the reactor core axially. Once the fuel is loaded, the burn-

up wave travels from one end to another end with the time span of 40-50 years. This reactor is also known as a travelling wave reactor.  

Candle type reactor makes use of U233 and Pu239fuels. Additionally, efforts have been pursued to integrate good properties of multi-

layered annular fuel with candle light reactor. Long-life CANDLE reactors with thorium fuel have been investigated for the burn-up 

performances and the following observations are noted. 
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Fig. 30: Candle Type Reactor. 

 

These types of reactors with Thorium fuel have a higher burn-up levels about 100 GWD/ton-HM.CANDLE reactors with thorium require 

about 15% enrichment.  

Thus, thorium fueled CANDLE reactors are promising candidates for longer reactor operations with higher burn up performance. They 

are also employable for generation of electricity on the external planet. 

9. Stable nuclear plant operation 
                    At the THORP nuclear fuel processing plant, 160 kg plutonium and 20 tonnes uranium was leaked from a broken pipe in  

Sellafield, England. Several such reactor accidents have taken place in foreign countries including France where 20 reactors were found 

for example with seismic weaknesses. To overcome these accidents and for the stable, smoother and safer operation of the overall plant,  

some systems are used, some of which are enlisted here. These systems include (i) API controller (ii) THTDs (iii ) Detectors (iv) Automa-

tion software. As it is not possible to explain each and every system, for brevity, here some of systems are described. 

9.1. Axial profile index controller  

           During the reactor operation, several types of fission products are generated inside the reactor fuels which act as poison for the 

neutrons. These fission products imbalances the neutrons flux spatially. Subsequently, the disturbed neutron flux can create a hot spot at 

a particular position in the reactor core. This can raise the fuel temperature beyond the safety limit and cause partial core melt. Fig. 31 

shows the build-up of normalized Xenon and Iodine concentration in the upper half of the reactor core on the X and Y-axis respectively 

whereas Z-axis indicates time in hours. 

 

 
Fig. 31: Growing Oscillations of Xenon and Iodine in the Upper Half of the Reactor Core. 

 

Therefore, for sustained and stable operation of the reactor core, an Intelligent Constrained Receding-Horizon Predictive Control has 

been developed that balances the neutron flux spatially eliminating flux oscillations. 

The growing neutron oscillations are intentionally generated at 30 Hours and killed at 60 Hours (Fig.32) by using Intelligent Constrained 

Receding-Horizon Predictive Controller. 

https://en.wikipedia.org/wiki/THORP
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Fig. 32: Phase Diagram for Externally Perturbed Oscillations in the Upper Half of the Reactor Core. 

 

The axial offset in the reactor power distributions should be maintained near to zero for the stable reactor operation. The value of axial 

profile index (API) in free running oscillations keeps on changing but when the controller is employed, the flux and power level in top 

and bottom zone are forced to be the same thus API goes to zero. Thus oscillations due to neutron poisons are completely eliminated 

(Fig.32). 

The displacement of the axial offset control rods to eliminate the neutron flux oscillations in the lower half of the reactor core is shown in 

the Fig. 33. At the 30 hrs, the AO rods are intentionally disturbed in order to generate the neuron flux oscillations. This will lead to 

asymmetric buildup of Xenon and Iodine in the upper half and lower half of the reactor core. These flux oscillations are allowed to grow 

until 60 hrs. By using an Intelligent Constrained Receding-Horizon Predictive Controller, the oscillations are killed at 60 hrs without 

operatorôs intervention. 

 

 
Fig.33: Displacement of AO Rods to Control Flux Oscillations at Equilibrium Power in the Lower Half of the Reactor Core. 

 

9.2. Thermosyphon heat transfer devices with  their application strategies 

Thermosyphon Heat Transfer Devices (THTD) are deployable anywhere in the heater section or reactor core to remove the heat         

passively. These devices have been used in experimental reactors at BARC. Being passively operated, they have been used as decay heat 

removal systems. THTDs are incorporated within the annular fuel rods to remove the decay heat more effectively. In order to extract the 

decay heat by using THTDs, different strategies have been developed as shown in the Fig.34, Fig. 35 and Fig. 36. To remove large decay 

heat, a number of THTDs (array of THTDs) are inserted in the various types of reactor cores as shown in the Fig.34, Fig. 35 and Fig. 36. 
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Fig. 34: Application Strategy for THTDs, in Horizontal PHWR Reactor Core. 

 

The THTDs are mounted and inserted vertically. In case of loss of coolant accident in primary loop, the reactor core is cooled with 

THTDs passively. PHWRs are developed in the first stage of a three stage Indian power program (Fig.34). The AHWRs from the third 

stage of the three stage nuclear power program, fuelled with Thorium fuels, make use of fuels in the annular form [16]. The THTDs are 

fitted within the annular fuels in the reactor core (Fig.35). 

 
Fig. 35: Layout for Locations for THTDs with Arrangement in the Form of Rows and Column in Reactor Core (Modified Candu Configuration). 

 

Innovative Thermal Reactors (ITR) developed at BARC belonging to Generation IV reactors make use of THTDs in radial arrangement 

(Fig. 36). Instead of arranging the fuel bundles, it is also possible to arrange each fuel elments on the circumference of the circles with 

increasing radii. 

 

 
Fig. 36: Layout for Locations for THTDs with Radial Arrangement in Reactor Core. 

 

 


