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Abstract

Here, safer nuclear fuels which can sustain in the high temperatureeamdnfluence environment of theeactor core are investigated

to utilize nuclear energy peacefulkt 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 accidamabscén this paper, nuclear fuels mamfa
tured at NFC, Hyderabad are presented. The developed nuclear fuels have higher equivalent hydraulic diameter and bhégling cap
to produc€ 33, Nuclear fuels having higher equivalent hydraulic diametenagedhe reactor core temperature substantially. These
fuels have negative temperature coefficient of reactivity. Thus, in case of an accident, the fuel temperature nevédreesatsgdimit.
Therefore, the thermal heat available across the seconflarj@at exchanger can be utilized for different industrial processes. This
allows the development of key technologies, such as safgemeration of electricity and Hydrogefihe ThreeStage Indian Nuclear
Power Progranmdeveloped at BAR®as beerxplairedthateliminates loopholes from NPT&nd avoid$uildup ofstockpilesof Uranium
Plutonium The safelyprodu@dHydrogen gas has been utilized in many ways for diffezamironmendally benignapplications Moreo-

ver, the processing of iron ore with trergy obtained from the IHX secondary side, eliminates the burning of coals amdn@Sions

into the environment. Several radioisotopes have been developagsedor 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 reactohigbrer. gjpe

ating temperatures of nuclear faelan 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 fuelthallesuldnot satisfy safety criteria set by
Atomic Energy Rgulatory Board (AERB).Here, nuclear fuel designs have been put forward, which are useful for cogeneration of ele
tricity and process heat. In this paper, the necessity to use safe nuclear fuels for advanced nuclear power plantggiamddén e
sectin 2 with the help of major accidents that occurred in histeegtion 3 describes the necessity of nuclear energy with safer fuels.
Section 4 providethe nuclear fuel manufacturing process. Section 5 & 6 describe nuclear materials used in the realsigarfdr
nuclear fuels with their advantages. Section 7 provides choices of coolant used for poweSpktitn 8 delineates some safety and
stability issues envisaged for the nuclear power plant. Section 9 explains the peaceful usage of nupfeaittetiee threestage reg-

cling method. Section 10 and 11 describesréogcling method angdeaceful applications developed from nucleaergy, respectively
Section P signifiesnuclear security issues and Global Centre for Nuclear Energy Partn&ishify, section B draws the conclusian

2. Highlights of major accidents

In the past,severakeactoraccidentavereobservedThesenuclear accidents hagevastatednany innocent lives andestroyed thenw-
ronment.Out of the number of nuclear accidents, three major nuclear accidents which occurred in histoalyaesl andbriefly ex-
plained inthefollowing subsections.

Copyright © Kushal D. Badgujar, Bhabha Atomic Research CentreThis isan open access article distributed under th€reative Commons Attri-
= bution License which permits unrestricted use, distribution, and repraluction in any medium, provided this work is properly cited.
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2.1. RBMK at Chernobyl

The Chernobyl nucleatisaster that occurred in the midnightAgfril 26, 1986is illustrated below in Fig.1.
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Fig. 1: Chernobyl Reactor Core [1]. Fig. 2: Chronology

Thereactorcore built at Chernobylwas a graphitemoderatedpressuregube or channeltype BWR core. The chronologicalsequencef
eventsfor the accidentat Chernobylhasbeenexplained(Fig. 2) in detailsby Kushal[2]. Someof the peculiarfactsthatleadto Che-
nobyl accidentarementionedbelow:

(1)TheChernobylreactorcorewasoperatedn anovermoderatedegionwith positive coefficientof reactivity. Thus,overheatingf the
reactorcoolantcausedanincreasen thefraction of steamvoid thatfurtherled to alargeamplitudestepincreasen reactivity.

(2) Theintroductionof a sufficientnumberof neutronabsorbersontrol rodsinside the corewould have madethe positive void coefi-
cientof reactivitylesspositiveor eventakenthereactorin theun-moderatedegion.

(3) The ChernobylRBMK corewasa large diametercorewith different partsof the coredecoupledrom oneanother.This causedon-
trolling reactompowerdistributiondifficult atlow powerwhenasmallfractionof thecontrolrodis insertedinto the core(Fig.1).

The ensuingpositivevoid coefficientof reactivity triggeredtwo neuroticspulses(of length4s) which eventuallyraisednormalizedreac-
tor powerby 2000times. The promptfissionenergyliberatedafterthe accidenttanbe calculatedwith following equation

dn(t) _ Ko 1
e no _ Q)

Here,¥ is called neutronregeneratiortime =0.064msandis known as effective delayedneutronfraction[3]. The simulationstudiesby
Fletcheret al. revealedhatreactivityjumpedrapidly to ~1.5%at the highestpowerlevel duringthe transienf4]. Thisis dueto therisein
positivevoid coefficientreactivity value by 20-30 pcm after insertionof control rodswhich introducedthe negativetemperatureoefi-
cientof reactivity. The solution of equation (1) with an initial valueroD = 200MWt is

nt:nOepr"T't. )

When peak powen T is 384 GW at T= 4s, the step change in reactivity fEm(2) would beKy = $1.2 which isclose to the estimate

of K= $15by H. Mochi zuki &6 [ 5] anal ysis. By integrating equation
after the power excursion can be estimated as,

QT =q0 ——exp 2T =203GJ ©)
Ko T '

This is slightly smaller than the Soviet estimate of 239GJ [6]. The RELAIRulations byFletcher reveals the estimate of energy Q (T)
as 169GJ, and power n (T) =391GWt. But Jiaelts at an average energy dengitilJ/Kg. Thus, the Chernobyl reactor core crossed
the limit for melting the reactor core. Approximately, 95% of the molten reagitatdwn 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 mecleanicaision efficiency of 5%, a calculation
shows that mechanical energy >0.5 GJ would have lifted the 160@ector shield blocks by 50m high up in the sky! This massive
thermal explosion blewp reactor cover assembly and relinquistiezfollowing large inventory of radioactive fission products into the
open atmosphere as enlisted in Table 1 [7].

Table 1:RadioactivityReleased Into the Environment

Nuclide/Fuel Release Fraction in % Radioactivity (MCi)
Nobel Gases 100 190+20

|18t 5545 45+5

(ol 33£10 2.3+0.7

9,y 4.0 2.8+0.8

Fuel 3.5+£0.5

The radioactive lighter material was carried by winthie parts ofJkraine, Belarus, Russia, Scandinavia and Europec®hsequences
of this accidentafterthe massivefire andalargeamountof radioactivityreleasaen theatmospherarelisted below:
1) Victims- 31died,500hospitalizedout of which 203 peoplereceived>100rem.dose)
2) 24,000people thosewho receivedradiationdoses 35 to 50 rem each,wereevacuatedrom the exclusivezonewithin the radiusof
15 km from the plant.
3) 1,35,000peoplewereevacuatedrom anexclusivezonewith aradiusof 30 km.
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2.2. PWR at TMI-2

In this accidentwhich occurredn PWRat ThreeMile Island(TMI), the peakfuel temperaturén the secondunit increasedbovel273K,
which initiated claddingoxidation exothermicreaction.This exothermicreactionreleased.5MJ/Kg of claddingmaterial.With the fol-
lowing correlation the massof claddingoxidizedperunit areaexposedo steamattemperaturd in time intervalt canbedeterminedas,

B
W2 = Ae w7t (4)

whereconstantR is universalgasconstant(8.314), A=294kg?/ m*s,B=167MJkg.mol .Considerthe Zion PWR plant parametersThe
total surfaceareaof fuel claddingis 5400nf. Assumingthatthetotal surfaceareais exposedo steamfor 5 minuteswill yield W=0.322
kg/n?, i.e. 1738.8Kg of claddingmaterialwill be oxidized.Becauseawo molesof Hydrogenareliberatedper mole of claddingmaterial,
the massof Hydrogen(H,) produceds(M;,) is 76.9 kg. A significantconcernandfear developedamongthe public domainwasthat the
Hydrogenbubblemightignite but this did nothappen(Fig.3).
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Fig. 3: TMI-2 Molten Core Configuration [8], [9].

The TMI-2 accidentscenarichasbeensimulatedwith Melcor code[10].The reactorcoolantsystempressurebuild-up for the first 6 pe-
riodsis delineatedn Fig.4. A detailedanalysishasbeenalsoperformedby the ElectricPowerResearchnstitute[11].
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Fig. 4: ReactorCoolant Pressure Buildup History.

The TMI-2 accident occurred due to ignorance whetba€hernobyl accident occurred due to an intentional violation of the operating
procedure. A similar incident took place in Daffissse plant als&imilarly, the Westinghouse built similar plants at Kori, a suburban
village in Busanin South Koredassuffered station blacko&BO) 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 hyniswaves 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 imit4,5,6
refueling outage stage. These units were (Boiling Water Reactor) BWRs attestioy General Electric etc, which started operation
between 1971 to 1979 with a power rating of 439 to 1067 MWe BFid\fter the earthquake within a few seconds, all the three reactors
were shut down by using control blad&ébe earthquake also distep the electrical power supply from the external grid. Moreover, the
diesel generators stopped functioning after the tsunami waves hit the Fukushima Raiehplant, which eventuallydeto SBOevent.

After the failure of the reactor core isolationoling system, TEPCO plant workers decided to inject seawater into the reactorezore. B
cause othedelay in the injection of seawater into the reactor core of unit 1, unit 2, unit 3, some segments of the fuel rod were expose
without the presence of caoit which caused overheating of the fuel rods.
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Fig. 5: BWRs Suppliedby GE, Toshiba& Hitachiat Fukushima
Source: Nuclear Energy Institute

It has been postulated that theactionin reactors Unit 1,2 and 3 produced 800 to 1000 kilograms of Hydrogen gas per unit. The press
rized Hydrogen gas was vented outtloéreactor pressure vessg€hus, the Hydrogen gas got mixed with the ambient air andesubs
quently reacheéxplosive concentration limiia 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 octuthiagpent fuel poo(SFP) in

Unit 4. Thus, Unit 4wvasalso filled with Hydrogen, resulting in an explosidn.comparison with TMi2 accident, ifFukushima ade

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

As a consequenaaf the accident, total 4,00,000 people were evacuated; 1,60,000 people were from within 20 km exclusive zone. The
number ofdeaths (around 1,700) those occurred are

attributed to stress, fatigue and hardship of living as evacuees. Since the accident, the radioactive water has béeen flosvopan.

The Unit 1 at Fukushima has been discharging radioactive water atcd aateind 2 billion becquerels per day endangering aquatic life
surrounding Japan and other parts.

3. Necessity of nuclear energy and safewclear fuels

According to international energy outlook, world energy consumption will grow from 524 quadrilliorhBritis (Btu) to 820 Btu &
tween the years 2010 and 2040, i.e. rise of around 56%. The top three courtiers in the coal productions are China,dAnesticdian
Moreover, the top three countries in the crudepoiductions are Saudi Arabia, America dassia. In 2017, the top three natural gas
producers are America, Russia, Iran [1Rfvisage the combustion of natural gpsllutants such as Carbon dioxide (G)Q Carbon
monoxide (CO), nitrogen oxides (NOXx), Nitrous oxide@) volatile organiccompounds (VOCSs), particulate matter (PM), and trace
amounts of Sulfur dioxide (S{pare released into the environment. Eventyalis will leadto total estimated increase in G@&mission
by 40%, thereby causing global warmirigis true that Industriization 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 plake . Sbis@sr
dioxide are giving rise to acid rains. Metadigan cities are becoming a jungle of concrete; therefore théine mecessity of small nab
ular reactos for the development abolated villagesThe process of industrialization cand
developmenof 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 teewgg density sources of energy, therefore they have very poor
availability factor with significantly lower plant efficiencies. Also, during the rainy season, the power conversion bgstesisbsia
tially reduced output with very lower efficiency. It hasen 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, theseoteunrrgy are
incompatible for industrial load deand 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, Tritj@®s well adHelium-3 are useas fusion fuel but there is no sustainable fusion
reaction for more than few minutes yet. Therefore nuclear fission beeoriresvitable source of clean energy.

Also, severapeacefulscientific activities are going an Antarctica. Thee places experience six months of daylight and six
months of darkness. The lowest temperatures measured lie®#amo -98°C. In order to continue scientific experiments at thefe di
ficult places, electricity is required which is expected to be generatedafveny small capacitymodular nuclear reactor.
Nuclear energy ithemost suitable and clean source of energy. It pdayital complementary role to other low energy densityrees of
energy. Nuclear fuslhave a high calorific value. One ton of natural uranium can produce more than 40 million kilowast of ele-
tricity. This energy is equivalent to about 80,000 barrelsiladr 16,000 tons of coal. Without production offean dioxide, advanced
nuclear power plants have (26%) 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 hydrageticr ekbitumen from the shell.
The Nuclear Power Plants (NPPs) can supply large scale electrical power at a reasonable pricéras avallable baskad to ele-
trical grids without polluting the environment. Nevertheless, safety has been aypciomaern because of the potential releaseaof r
dioactive materials from an accident site. Although safety precautions were implemented, there have been major adeidsTitsesuc
Mile accident, Chernobyl accident and recent Fukushima accident. Therefore, both industry and regulators from |ratialgzéne
safety aspects for NPPs and have takeamber 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 le
shorterlived and radioactive. Therefore, nuclear fuels developed from Thorium are environmentally benign. Ind&adfabe largest
reservedor Thorium. The three stage recycling method enables developmesnerblapplications from Thorium fuels
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AERB hasset new requirements to be satisfied by nuclear fuels to overcome the accident scenarios. These reqawerheats d&t
fied by designed nuclear fuelBhe design flow from mining to the testing of these safe nuclear grade fuel elements has lageederpl
the following sections.

4. Uranium mining and fuel manufacturing

In India, the mining and processing operatif@rsUranium ores are performed by the Uranium Corporation of India Ltd. (USkme
of minor Uranium resourcesithin Indiaareillustratedbelowin Fig. 6.

Mines in India

Domiasiat
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Fig. 6: Minor Uranium ResourcesisPointed withinindia.
Source www.forbes.com

4.1 Uranium investigations with ground survey

Recently, reconnaissance (5,432sq km) and detailed surveys (282.75sg km) helped in finding the following promising Wraaium an
lies of known occurrences in variogsological environs:

a) Siwalik Group, Una district, Himachal PradeSt&ndstoneait GwalsarParah.

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

¢) Motur Formation, SatpuraGondwana basin, Betul district, Madhya Pradesh: Sand&baesagmau.

d) Betul Crystalllne complex, chhidwara district, MadhyaPradesh: Brecciated quartz reef / vein ingranBgangBhuli, Khudha-
radhana, Setparas and Sajba.

e) Rohil and its extensions, Sikar district, Rajasthan: Albititezones in Rohil Centstbrweextension, Gumansinghkiha-
ni,Narsinghpuri andJahaz areas (Fjg.

f) Bortalao Formation, Rajnandgaon district, Chhattisgarh:Gritty sandstone and conglomerate of Bortalao FormatiGoiaatpng
hatKauhapani Gandhinagar, BortalakhampuraBurhanchhapaandNawatolaRamatolaKolarbhatti tracts.

Fig. 7: ExploratoryMining Site atRohilUranium DepositSikamDistrict, Rajééthari14].
The processing of geophysical data of Dungarpur Block in Aravalli Fold Belt, Rajasthan has resulted in the idertffiei@n p-
tential target zones around Undwala, East of T&t&hhotiMandli, Lasara, BacHiala & Sarangi, Parsola, North of Parsola, East of
Manpur, North of Bhabrana, South of Jambura, P&atel and Salumber and some other sites in Madhya Praéligsd).(
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Fig. 8: PhotograptShowing Discreté&Jraninitan Aernite,DharanmatArea, Betul District, Madhya Pradesfi4].
However, these Uranium resources &gy insufficient for growing energy demand.
4.2. Processing ofiranium ore
The Fig. 9 showsnucleargradeyellow cake and impure CSDU. During the processingof secondarysourceof U, the Crude Sodium

Diuranateobtainedcontainsimpurities suchasiron (10%) andrare earths(5%). An extractionprocessselectivelyextractedmpurities
includingrareearthsemainedn theaqueouphasewhile U into theorganicphase.

|

Fig. 9: TheNuclear Grade Yelldw Cake and Imp@&DU[14].

4.3.Manufacturing of Nuclear fuels

The Nuclear Fuel Complex (NFC), at Hyderabad, a constituent unit of Departnfgnho€ 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, Reattolity
Mechanisms and special materials like Tantalum, Niobium etc. In addife@,produces fuel cladding tubes and other critical @@mp

nents like all the core stdissemblies, Hexagonal wrapper tubes etc., made out of special materials e.g. stainless steels for Fast Breed:
Reactors. Also, NFC has been manufacturing Stainless Stbek/TPipes, MDK50, MDN- 350, MDN-59, SuperN#42 tubes, Nimo-

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

A rapid scanning machine for scanning the fracture amufacturing fault in fuel elements used at NFC is shown in thel Gighis will

ensure that Ugpellets stack and fit well in fuel pins without any cracks. The machine also adistesfeeding and butting system.

Fig. 10: Scanning of Fuel Elemen($4].




International Journal of Engineering & Technology 7

NFC has successfully logged record numbers for each fuel pellet, fuel bundles which have met the safety requiremerdiggihthes
raw material in the form of DU/HTUP/SU received from M/s UCIL and spent fuel from IGCAR are converted into fuel oodky ito
fulfill the requirement ofwuclear fuel cycles

5. Nuclear materials

Nuclear Fuel Complex has come up with safe fuel designs which are best suited for operation during any accident sechalies2 Th
enlists some of the materials used in PWR sared their corresponding cressction in thermal energy range.

Table 2:List of Some of Materials Usdd PWR Coresand Their Macroscopic CrosSectiondn Thermal Energy

Material ay(cl 1) radam b Relative Absorption
H 18x 10 2 0 0.053

0 715x 10 3 0 0.0

Fe 944x 10 4 0 0.026

uzs 3.05x 10 4 0.146 0.602

uxse 6.98x 10 1.19% 10 2 0.091

Core total 3.62x 10 ? 0.1569 1.000

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

The combination of nuclear fueldith different moderator materials has several advantages over conventiontilusllethargy gain,
then the probability for collision of a neutron for different materials is given as,

@& o
sy

p , L1 , ,
v, , = — < 0%
UO%O:llQIO cz‘ 0%< 0, 5)

0&£6CM LN
.\ 42 .
wherg is defined asg+—12. Therefore average gain in the letha(g¥o ) is given as,
Ge — Oayar o 2 e
o= ,OQYOU 00 § = (6)

The effect of different moderatossich aé'(®?, 612,06 ¢#3,067%7,"Y332, "\238 \yith nuclear fuels have been studied while makitig

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

been plotted in # Fig.11.Thus, the number of collisions required to reduce the neutron energy from 2 MeV to 1 keV increases linearly
with atomic mass.
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Fig. 11: Numberof Collisions Necessary Slow Down Neutrofirom 2Mevto 1 Kev Energy.

The interaction rate of neutrons with atoms of material having mass number A is denot& Withfirst order collision densiy®@)
denotes the collision density that all the source neutrons need one collision to régrimdiEates collision density that all the neutrons
need two collisioato reach dE and so on (Fig)1 If neutron source of strengtlf emits neutrons of enerdy, the expressions f6®
and"@ are given below:

—~_ % . . .

Q= g—forn <0< Q, 7)
= 0forO<| Q. (8)
Q=5 ;‘5‘ S& 2 for| Q< 0<Q, 9)
= g8 % for 2 <0< Q, (10)

whereas™@ is obtained fromi@ and the expressions for third order collision densi®) is given below:
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— "% ., © . . .
Q— WGZ a For Q< O< Q, (11)
A [ (e} N . (e} . : .
SgiT @ g & o v 9@ 5o Forl g <0<|Q, 42
Also,
Q= s &% =g @i *Q <0< %0, (13)

whenO> | 3Q,, in asymptotic energy region, the collision density funct@recomes smoother and attains ‘a‘tladueyo—yo The Fig.2
showsthe first, second and third order neutron collision densities for unit source of 2 MeV neutrdB¥in

20

Fn{E) [cm™3 sec™!]

10

0o 05 10 15 20 25 3.0
Normalised Lethargy

Fig. 12: Collision Densities 6r One Unit Sourcef 2 Mev Neutronsn "Y3%2,

Several eutectics which aaemixture ofdifferent moderator materials have been developed at BARC.

The crosssection 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 reactdrs.sudy has revealed that the compound nucleus formation and neutron
production time is approximatel0 22seconds for different nuclear reactions. The neutron clock has been used to deterfiss@pre

time from measured pifession neutron multiplicity vimes. The compound nuclear formation time is determined by measurements of
prefission multiplicity for two different entrance chanaérming the same compound nucle’i;f:;48 having different entrance channel
dynamics [15].

6.1 Nuclear materials andfuel shapesmanufactured by Nuclear Fuel Complex

As the capture crossection is high in resonance energy range, moderators sié@i%as¥332 uponcapture of neutrons are converted
into fissile material, thus breeding of new fuel takes place. The NFC has been manufacturing different types of fuliésevitiskdapes

for the safe operation of fuel even during the accident scenarios. The stetspéformed on nuclear fuel elemesutsl blockgFig. 13

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

For high temperature reactor operatléjnv(lood’ C), the BISO (Bistructural isotropic) or TRIS@Tri-structural isotropic) fuel elements
are embedded inside either the fuel compacts or pebbles 8igigl14). In TRISO particles, the fuel kernéMj,+ Y@,) is surrounded

by three high density carbon layers following low density pyrolgéicoon(Fig. 13 and Fig.%4). Although, TRISO coated particle fuel
can withstand in the very high temperature environment of 1600°C without failure, -tehiighrature gasooled reactor (HTGR) at
Fort St. Vrain in United States is permanently shut down due dtrield, corrosion, and many other issues within few years. The Inn
vative High Temperature Reactor (IHTR), overcomes water infiltration as well corrosion issues at high temperature cdhditions.
IHTR-A makes use of fuel in the form of pebbles in whi¢gkiSO particles are embedded inside Pebbles. According to crystallographic
analysis, the average void fraction among the pebbles to attain the criticalityut0.4. For High Temperature Reactor operation, the
TRISO particles can be also embedded inglidefuels illustrated in the Fig4Xo Fig. 18. Ceramic material has been selected for the
construction of Indian reactor cores.

(UC,+ThC,) Kernel

Low Density Pyrolytic Carbon

Inner High Density Pyrolytic Carbon
Carbide

Outer High Density Pyrolytic Carbon

Fig. 13: Tristructuratlsotropic TRISO) Particle Element.
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Fuel kernel
PyC buffer layer
Inner PyC layer

Fuel compact
Fig. 14: Spherical TRISCParticles inside Fuel Compact®ebbles.

Thefunctions of TiC interlayer in spherical TRISO is describaelow:

The TiC interlayer is used to retain all the gaseous fission products released from the kernel hence, it functionsues eepsets
Moreover, TiC also functions as a diffusion barrier for metallic fission products.

For low temperature reactor opeaatifuelelementsare used (Fig3:-Fig.19) without TRISO particles. For low temperature reactor fuel,

the UQ, powdered fuels are sintered and stacketbithe fuel package. The fuel elemerffsg.15-Fig.19) inserted into the fuel blosk

(e.g. Fig.20), are cooledlirectly or indirectlythrough a moderator.

The American reactor CP (Chicago Pile) makes use of nuclear fuel somewhat similar to fuel sti@Figrl7, however, could not be

run successfully for prolonged operation. The fuel in Fighdsunique construction. The first research reastoksia (Apsara) became
operational in Bhabha Atomic Research Centre in August 1956. The reactor was decommissioned in 2009, after providindimere tha
decades of dedicated service to the researchess.i mmi ng pool type ruepsge ardeehd or, e adt dhri gfhlep s
on 10th September 2018 at 18:41 hrs, siwty years after Apsara came into existence. The indigenously developed reactor uses plate
type dispersion fuel elements made upafv Enriched Uranium (LEU).

The annular fuels shown in Fig8.4 and Fig. &b can be directly or indirectly cooled through moderators availableAmhelar Fuels

(Type I have multiple moderator rings around the central region like spherical Tpd8i0les for safety purpose (Fig9).Like TRISO

fuel described earlier, thaultilayeredannular fuels have superior proliferation resistance attributes. The high temperature and neutron
fluence grade cladding material actsadgssion barrier All thesenuclear fuels are manufactured at Nuclear Fuel Complex, Hyderabad
considering all the other safety perspectives. Due to large heat transfer surface area, the fuel temperatures aresiaopipéy. Sthis
reduces Hydrogen generation and reactor coterisks in case of accidesdtscenarios.

Fuel Bundle (3D View)

Fig. 15: FuelPins.

Fig. 16: A) Hexagonal Fuel cluster.

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

Fuel

Moderator

Fig. 18: A) Annular Fuel Type 1.

Fig.18: B) Annular Fuel Type 2

Moderators
Fuel _|
Pellet

Fig.19: Annular Fuel Subtype.1

Reactor core
block
Beam

Fig. 20: Lattice for Reactor Core.

Fuel
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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 redease of
dioactive materials. These safe fuels are capaftdeneratingherequired power with negative fuel temperature coefficienttfer

required exit burrup.
2) The developed fuel retains all types of fission products; therefore there is no leakage or release of radioactiventategals i

primary coolant.
3) The developed fuels help in minimizing parasitic neutron capture.
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4) The fuel tube ath fuel compact locations are maintained in the core, thus basic nuclear and-thatraalic requirements aras
tisfied (Fig21).

5) The fuel tube directs reactor coolant through the core to the outlet with required flow distribution so thattiaasfeaperfo
mance requirements are met during all modes of reactor operation or transient.

6) The core structural oppose material damage caused by irradiadiored effects.

7) During the anticipated operational occurrences or normal operation, the matklasign of fuel assures that fuel damagenis
probable.

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

"

Fig. 21: CompositeMaterial Tubes.

6.2 Properties andexperience withNitride fuels

It has been experimentally foutithat reactor fuels in the form of;8i, and UNU,Si, have higher thermal conductivity than that of fuels
in the form of UQ and UQ-BeO. Fuels in the form of UN have higher thermal conductivity and uranium density thus promising cand

dates for chain reactin, nonethelesthey aresusceptible corrosion and oxidation. The Table 3 enlists some pfdpertiesfor these
fuels.

Table 3: Parameters of Some of Fuel Compositions

Parameter U0, U0,-BeO UsSk, UN-UsSi;
(10%Vol BeO) (30% Vol UsSiy)

Fracture StresgvPa] ~105 ~105 ~250 ~250
Linear Thermal Expansion [K 105x 10 ° 1.05x 10 ° 9.38« 10 © 153 10
Thermal Conductivity [WitK™] 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
ElasticModulus[GPa] ~204 ~205 ~118 ~262
Specific Heat[Bg'K™] 245 245 208 206
Melting TemperatureSC] ~2800 ~2800 ~1665 ~2800

Therefore, fuels in the form of UN;Si, were developed to overcome the issue of corrosion and oxidation. By comparing var&us par
meters in Table 3 for various types of fuels it can be deduced that{SM fuels have the most desired therpioysical properties
among four fuel compositions.

In order to reduce fission gas release, fuel temperat8&&ladding failure risk, UNJ;Si, fuel was found to be the best choice.

An effective approach to reduce strsduced failure risk, the fuel temperature, petlietd mechanical interaction affidsion gase-

lease igo increase the fuel thermabnductivity.

UN fuels have a lower crpaate, higher fracture stresshfgher modulus, as a consequence nitride fuel is vulnerable to-Cklt:iVie-
chanical Interaction (PCMI) induced failure and cracking which can lead to severe issues as depicted in2zhe Fig. 2

Fig. 22: Zoomed View ofHorizontalCross Sectionf (Pu, UN) Fuel Pellet Having Axial Temperatuoé 109C°c.
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This type of problem is handled by the reduction in UN fuel density #8580 of the theoretical density. Similarly, the density reduction
was considered for WHW;Si, fuel to avoid PCMiinduced failure and cracking.

Reducing the fuel temperature and fission gas release by using annular fuel8)(Rigninteresting solution which has been invest
gated by K.Umasankari, P. Vijayanet. al [16].

The silicon carbide (€) has good performance with regard to oxidation resistance, neutron economics and irradiation stability for acc
dent tolerant fuel cladding. The loss of the tubing hermeticitycameking of the SiC matrix caused by the brittle nature of the SiCaputs
limitationon engineering application of SiC cladding.

Therefore, additionally, TiC and TiN are invented and selected as alternative cladding raaBARIC.

In order to preventhe worst case partial core melt scenario (e.g. that of for PWR in2)Miith Hydrogen generation reaction, annular
fuel with multi-layered oating has beeansed(Fig.19).

Pump failure scenario has been observed in Canadian réactdherefore,innovative GEN |V reactorare beingdeveloped in India,
which make use of th&uel elements shown earlier (Fig3-Fig.19) for different reactors for a range of reactor power levels. These rea
tors have several unique features e.g. advance recirculation buoyancy pump systems [17,,X8reTmadt risks areliminated due to
pumpfailure.

The low temperature reactor core compatible nuclear fuigfout TRISO particlegdescribed earlier in Figslto Fig.19) have larger
heat transfer areaThese fuels have higher values of equivalent hydraulic diameters which enables bettansfeatwith the coolant.
Thereby these fuels have substantially lower temperatures in the reactor core even during accident scenarios sucoasahscef
dent (LOCA). This eliminates Hydrogen production and core melt possibilities in the reaetdn 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 operatiein the operating temperature range.

2) It should have radiolytic stability in a high radiation environment (for primary coolant only). The coolant should haveeezlow fr

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

3) The coolant should have large sufficient thermal inertia amadrthl 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 ndiesinggdt mbich satisfies
the requirement of low melting temperature; therefore reolthponent eutectic mixtures are needed. There are somecomlftionent
eutectic salt mixtures that satisfy the criteria of melting temperatures less than 500°C. Theomquidthent mixtures usage ensures
conpositional and phase stability.

Some ofthe coolants that have been used earlier are enlisted here e.g. Helium, Nitrogefir A@ht water, Heavy wateZrH, So-
dium, Lead Eutectics, LilNaF RbF, LiF NaF BeF,, NaFR BeF,, LiFi RbF, 2LiF BeF, LiF-NaF ZrF,, LiFi BeFi ZrF,, LiFi NaF KF,
NaHF ZrF, , LiFi ZrF,, KFi ZrF,, RbR ZrF,.

8. Application of safer fuels for innovative reactors

GEN 1V reactors are being developed with inherent safety feaatif®ARC This section briefly outlines the innovative Indianova-
tive GEN IV reactors which make useiofrented safer nuclear fuels (described in the Section 6).

8.1. Hightemperature gas cooled reactors

The Very High Temperature Reactors (VHTRS), are being developed as a part-bf gactors (3rd stage of Indian NuclearoPr
gram).This VHTR is also caliehigh temperature gas cooled reactor (HTGR), which is cooled with Heliurfilgagyraphite moderated
reactorhas beendesigned with the goal of higher coolant outlet temperature so as to shighdegmperature chemical processes such as

the productiorof Hydrogen with thermahemical processes. The VHTR enables the cogeneration of electricity and process heat. Using
the process heat frothereactor, the Hydrogen production plant, as well as other industrial process heat applications can be lbeilt up. T
VHTR produces Hydrogen from water by using elecinemical, thermahemical or hybrid processes.

The Innovative High Temperature Reactors (IHTR A, B & C) are thermal power redet@ioped initially with powelevel (about 600

MWs1) having featurghat allows removal of decay heat by no external means. Generally, high temperature reactors make @ese inert H
lium as coolant and graphite as moderator. However, Indian designs differ especially with regard to coolant, fuel amueriats. In

IHTR, the emphasis has been given to advance recirculation buoyancy pumping system leading to use of lead eutectic alloy and molt:
salt based coolants.

Several Hydrogen production cycles are envisaged for sustainable Hydrogen produtiafifferent Hydrogen mpduction processes
require heat at different temperatures 823 K (for Cofiffdorine process) and greater than 1123 K (for Sutidine process). A déc

sion has been taken to accomplish Hydrogen production at higher temperature with reactors opé2itdhéathe efficacy of IHTR

to operateat ahigher temperature facilitates Hydrogen production with higher efficiencies. The higher operating temperature of the
IHTR is also well suited for electricity generation with high efficierfegr the electricitygeneration with high efficiency, the devpio

ment of the Brayton cycle with G®as been in progress.

A modified pebble bed advanced high temperature reactor modeled at Ohio State University by Thomas has coolant flondupward an
pebble flow in opposite @vnward) direction from top to bottom [19].

The combinations of TRISO fuel elements with fuels from Fi§.td Fig. 18 aresuitable in very high temperature reactor cofigee
Innovative High Temperature Reactor (IH-F} makes use of fuel in the form of pebblegh TRISO particles embedded inside. The
continuougefuelingis one of the advantages IbiTR-A (Fig.23).
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Fig. 23: Innovative High Temperature Reactor (IHPR [20].

An accident scenario that modéhsentional withdrawal of the control rods, thereby increasing the reactor power, fuel and caoniant te
perature have been shown in Fgahd Fig. 3.Due to negative Temperature Coefficient of Reactivity, the reactor power settles down
(Fig.24) after 300 seonds. The worst case fuel temperature for TRISO particle fueehigh temperature environment for this accident

scenario is less than 13W(Fig.24, Fig. 5).

Normalized Power
0
1

Coolant
Pebble

Retaining Mesh

Pebbles and

Coolant

Central

Core Barrel

\\\h_f—-Jﬁﬂﬁ_d_____n___

Reflector
Coolant

Inlet

Bottom
Reflector

o

T

Time [s]

T
100 200

T S
300 400

Fig. 24: Normalized Reactor Power [21]
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IHTR-B & IHTR-C are types of High Temperature Reasteith stationary fuel (Fig.2and Fig. Z).
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Fig. 25: TRISO Fuel Temperature in Accident Scenario [21]
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The IHTR-B makes usef stationary fuel in the form of hexagonal blocks (Fi).Zhe higher reactor operating temperature of the |
novative High Temperature Reactor (IHTR) is useful in industrial applications such as Iron processing, Hydrogen preda¢fahs,
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Fig.26: Innovative Hgh Temperature Reactor (IHTB).

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

Core barrel

Outer reflector

Inner reflector blocks

Fuel blocks with
multi-layered annular

fuel

Fig. 27: Innovative High Temperature Reac{tii TR-C) with Multilayered Annular Fuels.

8.2. Moltensalt breeder reactors

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

experimental facility (Fig. ) for molten salt reactors is developed at BARC.
The Innovative Molten Salt Reactor (IMSBR) deydd at BARC makes use of proliferation resis;ﬂalt fuel. Earlier investigation

on the coolant for IMSBR accomplished during the 1970s included preparation of py@ndiFhk including the development of
equipment, solubility of PuF3 in LiBeF,i ThF, mixtures, vapour pressure determination of materials of interest as we#razod-

namics of U Bi alloys for IMSBR [23].

Fig. 28: An Apparatus for Testing Molten Salfiglini Reactor)at BARC
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8.3. Sodiumcooled fast reactors

These reactors are very complex and several accidents are otaleneet the worldwith leakage ofuel radioactivity except India.
Breeder reactors EBR & Fermioperated bythe United Statesvere shutdown due to partial meltdown in 1955 & 196&spectively
[24]. At Monju power plant inJapan, on December 8, 1988yeral hundred kilograms dawasleaked outand convertedhto fumes
The reactor iscurrentlyin decommissioimg phaseAlso, an accidentwith the experimental Sodium loop was observed wibhirst at the
research lab in South Kore=cently

India has been operating Sodium cooled fast reactor pastseveral decades without asgriousincidence. Thesereactorsmake
use ofafast neutron energy spectrum to cause the fis3ibay are used to breed3from TH*2 reducing P& build-up. In these ree:
tors, inflammableSodium is used as coolant thus utmost importance is given to safety to operate such Téaalerelopmendf In-
novative Sodium Fast Reactors has been explaineia detail in the Section 10

8.4. Lead cooled fast reactors

Sodium being extremely vieht, the Lead has been usedhasbstitute coolant for fast reactor. The coolant Leadahasy high melting
point 601K) which lead to solidification problems whémereactor is operated at low temperatu@smpare 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 showsthe cross section foindian version of Innovativeligh Temperature Gas Cooled Fast Reactor core. Ceaaah assu-

percritical CO,, Helium areselected for power conversidn these reactors, the fertile #fhasbeen used as blanket materigte high-
er coolant temperature (1000°C) along with Braytons cycle provide 55% efficiency.

Overview of CO, cooled high temperature fast core. 3D model for fuel block
Fig. 29: Gas Cooled High Temperature FRsactor.

8.6. Supercritical-water reactor (SCWR)

The critical temperature and pressure for the steam and water mixtéeEratd Kand 22.12VIPa, thus boilers that operate above the
critical point generate supercritical fluid which is what useth@Supercriticalwatercooled 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 basedtbaSCWR conept.

8.7. Accelerator driven system

Parallel to sodium cooled reactors, in the second stage, accebinasor systems (AD)ave been developedth Plutonium and fia

nor actinides. The accelerator driven system developed by BARC makes use of Thorium fuel inside the subcritical cordnmhADS w
bombarded by neutrons froaspallation source. Thus, ADS help in establishing and expediting equilibrium fuel cyclegdostage
nuclear power plantdt also helps in burning the nuclear waste frdfstage 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 constamheatoaitable
beam moves the neuron source axially.

Fig. 30 showsafissile reaction zone that passes through the remainingftine reactor core axially. Once the fuel is loaded, the-burn
up wavetravels from one end to another end with the time span-8D4@&ars. This reactor is also knowradsavelling wavereactor.
Candle typereactormakes use of 3% and Pi”*%uels. Adlitionally, efforts have been pursued to integrate good properties of multi
layered annular fuel with candle light reactor. Ldiig CANDLE reactors with thorium fuel va been investigated for the buup
performances and thelliowing observations aneoted.
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Fig. 30: CandleType Reactor.

These types of reactors with Thorium fuel havagigher burrup levels about 100 GWD/taiM.CANDLE reactors with thorium require

about 5% enrichment.
Thus, thorium fueled CANDLE reactors are promising candidates for longer reactor operations with higher burn up perfidimance.

are also employable for generationetéctricity onthe external planet

9. Stable nuclear plant operation

At theTHORPnuclear fuel processing plarit60kg plutonium and 20 tonnes uranium was leaked frdimoken pipein
Sellafield England.Severalsuchreactor accidentsave taken placi foreign countriesincluding France wher20 reactors were found
for examplewith seismic weaknesseEo overcome these accidents andthe stable, smoother and safer operation of the overall plant,
some systemareused, some of which aemlistedhere Thesesystems includé) API controller (i) THTDs (iii ) Detectorgiv) Automa-
tion software As it is not possible to explain each and every systeniyrevity, heresome of systemare described

9.1. Axial profile index controller

During thereactor operation, several types of fission products are generated inside the reactor fuels which act as poison for th
neutrons. These fission products imbalances the neutronspfatially. Subsequently, the disturbed neutron flux can create a hattspot
a particular position in the reactor core. This can raise the fuel temperature beyond the safety limit and cause paeitlFigrél
shows the buildip of normalized Xenon and lodine concentration in the upper half of the reactor core on th¥-%as respectively
whereas Zaxis indicates time in hours.
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Fig. 31: GrowingOscillations ofXenonandlodinein the Upper Half of the Reactor Core

Therefore, for sustained and stable operation of the reactor core, an Intelligent Constrained {RiecedingPredictiveControl has
been developed that balances the neutron flux spatially elimirfatingscillations.
The growing neutron oscillationseaintentionally generated 80 Hours and killed at 60 Hours (Fig)3y usingintelligent Constrained

RecedingHorizon Predictive Contrtgr.
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Fig. 32: PhaseDiagram for Externally Perturbed Oscillatiansthe Upper Half of the Reactor Core

The axial offset in the reactor power distributions should be maintained near to zero for the stable reactor operatioie. Ghaxial

profile index (API) in free running oscillations keeps drangingbut whenthe controller is employed, the flux argbwer level in top

and bottom zone arerced tobe the samethus API goes tozero. Thus oscillationdue to neutron poisorere completely eliminated
(Fig.32).

The displacement of the axial offset controlstal eliminate the neutron flux oscillationstime lower half of the reactor core is shown in

the Fig. 3. At the 30 hrs, the AO rods are intentionally disturbed in order to generate the neuron flux oscillations. This will lead to
asymmetridouildup of Xenon and lodine 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 Recedigrizon Predictive Controller, the oscillations are killed at 60witRout
operatordés intervention.
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Fig.33: Displacement of AO Rato Control Flux Oscillatiosat Equilibrium Powem thelLower Half of the Reactor Core

9.2. Thermosyphonheat transfer deviceswith their application strategies

Thermosyphon Heat Transfer Devices (THTD) are deployable anywhere in the heater section or reactor core to remove the he
passively. These devices have been used in experimental reactors at BARC. Being passively operated, they have beeaybedtas
removal systems. THTDs are incorporated within the annular fuel rods to remove the decay heat more effectively. Ixoadéthe e

decay heat by using THTDs, different strategies have been developed as shown in 4h&igigRand Fig.36. To remove large decay
heat,anumber ofTHTDs (array of THTDs) are inserted in the various typEseactorcores as shown in thég.34, Fig. 3 and Fig. 8.
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Fig. 34: Application Strategy for HTDs, in HorizontaPHWR Reactor Core.

The THTDs aremounted and inserted vertically. In case of loss of coolant accident in primary loop, the reactor core is cooled with
THTDs passivelyPHWRsaredevelopedn the first stage oé three stage Indian power program (F#).3The AHWRsfrom the third

stage ofthe three stage nuclear power program|led with Thorium fuelsmake use of fuels in the annular form [16]. The THTDs are
fitted within the annular fuels in the reactor core (F5.3

Fig. 35: Layoutfor Locations forTHTDs with Arrangement in the Form of Rows and Column in Reactor (toelified Candu Configuration
Innovative Thermal Reactors (ITR) developed at BARC belonging to Genef¥l reactors make use @HTDs inradial arrangement

(Fig. 36). Instead of arranging the fuel bundlessitlsopossible to arrange each fuel elments on the circumference of the circles with
increasing radii.

Fig. 36: Layoutfor Locations for HTDs with Radial Arrangement in Reactor Core.



