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INTRODUCTION

The training manual characterizes nuclear techiedogor, more
exactly, technologies for dealing with nuclear mate (NM). Nuclear
materials those substances without which it is issfile to actuate the
following two self-sustaining nuclear reactions @opanied by release
of huge energy amounts:

1. Chain fission reaction of heavy nuclei.

For example, neutron-induced fission of isotoff@J results in
production of two (in very rare cases, three) éissproducts (FP), in
emission of 2.5 fission neutrons (in average) whseln continue the
chain fission reaction, and in intense generatibrnthermal energy
(about 200 MeV per one fission).

U +n - FP +FR + (2-3)n + 200 MeV.

That is why nuclear materials include all uraniumd athorium
isotopes (natural NM) and isotopes of artificiansuranium isotopes
(mainly isotopes of plutonium, neptunium, americiand curium).
Also, nuclear materials include highly radioactiagificial uranium
isotope?®U (halflife Ty, = 1,610 years), which can be produced by
neutron irradiation of natural thorium.

2. Thermonuclear fusion reaction of light nuclei.

For example, fusion reaction of light hydrogen apas, namely
reaction of deuterium with tritium is able to pradustable helium,
high-energy neutrons and about 17,6 MeV of theemakgy:

D+T— “He+n+ 17,6 MeV.

That is why nuclear materials include two hydrogentopes:
deuterium and tritium. Abundance of stable deuteriin natural
hydrogen is about 0,015%. Natural hydrogen does awmoitain its
heavier isotope (tritium) because of its rapid oadtive decayT(y, =
12,3 years). Lithium is also regarded as a nuateatierial because its
light isotope®Li can be used for intense production of tritiunotigh
®Li(n,0)T reaction. Micro cross-section #fi(n,a)T reaction in thermal
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point (B, = 0,025 eV) is sufficiently large (about 940 barri¥atural
lithium contains 7,59%Li.

Thus, the following NM categories are under consitien now:

1. Initial NM — natural uranium and natural thoriumepdeted
uranium, i.e. uranium with reduced content’af).

2. Special NM — enriched uranium, i.e. uranium witlcregased
content of?%U, plutonium with any isotope composition and #oiifl
uranium isotopé>u.

3. Transuranium elements (Np, Am, Cm, Bk, Cf).

4. Deuterium, tritium, lithium and heavy water.

The first three NM categories are related with aeaclpower based
on fission reactions of heavy isotopes while thertto NM category is
related with fusion reactions of light isotopes. thermonuclear power
facilities are not built and put in operation yatain attention in the
manual is given to nuclear technologies dealindp whe first three NM
categories.

Nuclear technologies include the procedures intgnfter NM
production, storing, applications, Transportati@processing for repeat
usage of secondary NM or ultimate disposal of tetdgical wastes.

The manual gives the largest attention to the lindsveen nuclear
technologies and safety problems in NM managemé&he term
“safety” should be interpreted here in a wide sanskiding radiation
safety, nuclear safety and non-proliferation safetysecurity).

The term”radiation safety” means a sufficient protection against
the striking effects caused by direct exposureny fgpe of ionizing
radiations.

The term”nuclear safety” means an inadmissibility for the self-
sustaining uncontrolled chain fission reactionrtiate and propagate.
Serious violations of the nuclear safety requiretheran lead to a
nuclear explosion, thermal explosion or, at lesthe flash of ionizing
radiation and over-exposure of operation staff mensib

The term "non-proliferation safety (or security)” means a
sufficient NM protection against their thefts or iwhing over for
manufacturing of nuclear explosive devices or radjgcal weapons.
Presently, the IAEA experts propose to use the tewmlear security”
for designation of this nuclear non-proliferatiospact that differs in
principle from the aforementioned term “nuclearsgt
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Main part of the manual is occupied by charactépmaof basic
nuclear technologies and their evaluations from Nbh-proliferation
point of view, i.e. from the nuclear security pimsis. Real non-
proliferation of nuclear materials could be reliaBhfeguarded only if
such conditions for NM management are provided Mt theft and
usage in illegal aims became so complicated anectiility risk of
any unauthorized actions with NM was so high thatteptial
proliferators would be forced to refuse their iniens.

This means the nuclear technologies must be swggpdnry such a
system of NM physical protection, control and actability that:

1. It would be very difficult to reach NM stockpiéend steal them by
force.

2. Any covert theft of small NM quantity by intefnadversaries
(staff members) could be easily detected and fursimilar attempts
could be effectively suppressed.

3. Any sanctioned NM switching over could be easitected by
domestic or international inspection bodies.

Thus, main mission of the manual consists in chargation of
nuclear technologies from viewpoint of nuclear moakferation
ensuring. The next chapters of the manual are ddvot description of
the following aspects:

1. Nuclear fuel cycle (NFC). Overview of main NF@Gges, from
mining of natural NM to ultimate disposal of raditise wastes (RAW).

2. Technologies for natural NM mining and primarggessing.

3. Technologies of natural uranium enrichment forclear fuel
manufacturing. Evaluation of the enrichment tecbgigs from nuclear
non-proliferation point of view.

4. Methodology for evaluation of specific energynsomption by the
enrichment technologies. Separative work units.

5. Technologies for fabrication of nuclear fuelgffuods and fuel
assemblies).

6. Technologies for the use of nuclear fuel in eaclreactors.
Strategies of nuclear refueling.

7. Interim storing of spent nuclear fuel (SNF) iR water pools.
SNF transportation.

8. Technologies for radiochemical SNF reprocessiaAdvanced
reprocessing technologies with enhanced prolif@natésistance.
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9. Technologies for processing and ultimate dispoSaadioactive
wastes. Projects of RAW repositories in geolodiocahations.

Control questions

1. What are nuclear materials? Name main componentsuofear
materials.

2. Why lithium is regarded as a nuclear material?

3. What does the term “nuclear security” mean?



CHAPTER 1. CONCEPT OF NUCLEAR FUEL

Nuclear fuel is a nuclear material containing rades$i which can be
split (fissioned) by neutrons. The following NM cée regarded as
fissionable nuclides:
1.Natural uranium and thorium isotopes/
2.Artificial plutonium isotopes (products of consdgat neutron
captures beginning frofitU).
3.Isotopes of artificial transuranium elements (Nm,ACm and so on).
4 Avrtificial uranium isotop€®U (product of neutron capture BTh).

As a rule, uranium, thorium and plutonium isotopath even mass
numbers (“even” nuclideS®U, 2**Th, >*%Pu,?**Pu) can be fissioned only
by high-energy neutrons (energy thresholds formoetinduced fission
reactions of these nuclides cover the range frokteY to 1.5 MeV).
On the contrary, uranium and plutonium isotopeshwiidd mass
numbers ("odd” nuclide$®U, ?*U, ?*Pu, **'Pu) can be fissioned by
neutrons with any energy values including thernsltrons. Moreover,
the lower neutron energy, the more intense fiss@ition can occur.

Energy spectrum of fission neutrons is a fast meusipectrum with
mean energy about 2.1 MeV. Besides, these fastramsutundergo
intense slowing down, and their energies drop dbelow the threshold
levels for fission reactions of even nuclides. Timgans that it is very
difficult to maintain the chain fission reaction @ven nuclides only
because a small fraction of fission neutrons has dhergies high
enough to overcome the threshold levels. At the esame, it is
desirable and quite possible to slow down fissientrons to thermal
energies and, thus, provide the best conditions ifiiation and
propagation of the chain fission reaction on odzhium and plutonium
nuclides.

Nuclear fuel containing only natural fissionablecides ¢*°U, %%,
32Th) is named primary nuclear fuel. Nuclear fueltedming artificial
fissionable nuclidestU, *®Pu,*'Pu) is named secondary nuclear fuel.

Natural fissionable nuclide&®U and ***Th are of little use as a
nuclear fuel because they can be fissioned by tfasttrons only.
However, these nuclides can be used to producdiciaiti well-
fissionable (or fissile) nuclide§®Pu and?**U, respectively, i.e. for
reproduction (or breeding) of secondary nucleatl. flieat is why these
nuclides are often named fertile nuclides.
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The present nuclear power systems are based upars¢hof natural
uranium containing the following three isotopes:

1.%%U; natural abundance — 99,28%; half-life, = 4,510’ years;

2.%%; natural abundance — 0,71%; half-life, = 7,110° years;

3.2%4; natural abundance — 0,0054%: half-litg, = 2,510’ years.

By the way, age of the Earth (approximately 10idmllyears) is
comparable witf*U half-life.

It is interesting to note here th&fU is a member of*®U decay
family: 2%U is produced bya-decay of**®U and two consecutivg-
decays of intermediate nuclides:

28(a,T1=4,510° years$**Th(B,T,,=24 days)
%4pa,T1=6,7 hoursiU

All uranium isotopes are radioactive materials. yf'loan emita-
particles whose energies cover the range 4,5+4,§ ied undergo
spontaneous fission followed by neutron emissiam: dxample,?3U
emits ~13 n/(s-kg).

Uranium isotop€®U is the only natural nuclear material which can
be fissioned by neutrons of any energy includirgyrial neutrons (the
lower neutron energy, the better fissionability”5t)) with emission of
excessive fast neutrons. Just thanks to theseris&utrons it becomes
possible for the chain fission reaction to initidtnfortunately, natural
uranium contains a rather small fraction ©fU (~0,71%). The
overwhelming majority of nuclear power reactors dperation now
apply enriched uranium, i.e. uranium containing?2-5°U instead of
0,71%%**U in natural uranium. Some research reactorsustél uranium
enriched with?®U up to 90% and above. Currently, the IAEA
insistently recommends the states-participants t@ange gradual
transfer of their research reactors on the useafium fuel containing
below 20%2*3U. Critical mass of 20%-uranium is equal to ~830 kg
Successful theft of so large uranium mass and raatwing of a
primitive but transportable nuclear explosive devis quite unlikely
feasible.

Enriched uranium contains relatively largélU quantity thar®>U
abundance in natural uranium. There are the foligwgategories of
enriched uranium depending 6RU content (%):

9



1. Low-enriched uranium with xbelow 5%.

2. Middle-enriched uranium with from 5% to 20%.

3. Highly-enriched uranium with gfrom 20% to 90%.

4. Weapon-grade uranium withsXabove 90%.

Depleted uranium (X< 0,71%) is a by-product of the uranium
enriching process. Contemporary technologies otop uranium
enrichment can produce depleted uranium @b content at the level
of 0,2-0,3%.

23 content in natural uranium (0,71%) was not alwalythis level.
Half-life of ***U is about six times shorter than that?8U. So, very
many years agd-"U content in natural uranium could be substantially
larger than 0,71%. In 1973 it was found that naturanium mined
from “Oklo” (Gabon) ore deposit contains only 0,44%J. Numerical
analysis has demonstrated that, roughly 1,8 billjears ago, natural
uranium contained 3%U. The presence of neutron moderator (light
water, for instance) in the close vicinity to theanium ore could
establish necessary conditions for the chain fissaaction to initiate
and continue for about 0,6 million years. Only end operation of the
natural nuclear reactor “Oklo” could result in sueheduction of*U
content in natural uranium. According to some nuoca¢revaluations,
mean thermal power of the natural reactor was aB&ukW, mean
neutron flux - 4-10n/(cnt-s), integral production of thermal energy for
0,6 million years of the reactor operation — 15 @&¥4r (Leningrad NPP
is able to produce such energy yield for only Z2&rg).

When capturing neutron, main uranium isotép® transforms into
secondary nuclear fuel, namely fissile plutoniuotape®*Pu, after two
consecutivd-decays of intermediate nuclides:

2Ny U(PB,T1=23,5 F**Np(B,T1-=2,3 daysyPu.
Similarly, fissile uranium isotop&U can be produced by neutron
irradiation of natural thorium. When capturing meut the only long-
lived thorium isotope®*Th transforms into secondary nuclear fuel,

namely fissile uranium isotopg@U, after two consecutivB-decays of
intermediate nuclides:

Z2Th(ny) > Th(B,T1=23,3 ¥**PaB,T,,=27,4 daysyU.
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However, these conversions of natural fertile ipeto **U, **Th)
into secondary nuclear fuel isotopé&®u, 2*U) require that primary
nuclear fuel, i.e. fissile uranium isotop&U, must be placed into the
reactor core in such a quantity which makes it ipbesgo initiate the
self-sustaining chain fission reaction. The chassién reaction can
generate a large enough quantity of fission nestrém produce
secondary nuclear fuel through radiative neutroptwas by fertile
isotopes. Large fraction of fertile uranium isotdp&J in primary fuel
of nuclear power reactors (95-98%) can realizeragbaeproduction of
nuclear fuel.

The following types of nuclear fuel are being usednuclear
reactors:

1. Pure metals, metal alloys and inter-metallide camgis.

2. Ceramics (oxides, carbides, nitrides).

3. Metal-ceramic composites (micro particles of metakl are
uniformly distributed in a ceramic matrix).

4. Dispersion fuel (micro fuel particles in a strongltinlayer cladding
are uniformly dispersed in an inert (graphite) matr

Fuel element (or fuel rod) is a main constructieef of nuclear fuel
in the reactor core. Cylindrical fuel rod consiefsa central active part
(fuel meat) containing fissile and fertile isotopesd hermetical
cladding around. Usually, the claddings are madenefals (Zr-based
alloys and stainless steels). In spherical fuelmelgs of high-
temperature gas-cooled reactors (HTGR) micro faeigles are clad by
thin layers of silicon carbide and pyrolytic carpb@md then these fuel
particles are uniformly dispersed in graphite mxatri

Full fuel loading of a nuclear power reactor ispdised in many fuel
elements. Typical dimensions of cylindrical (the sthavidely used
geometrical form) fuel rods are as follows: diametkefuel rod - 5+10
mm; length — 2,5+6 m, i.e. length-to-diameter ratoa rather large
value (about 500). Typical numbers of fuel rodghe existing nuclear
power reactors: full fuel load of VVER-440 is diggad in 44 000 fuel
rods, VVER-1000 fuel load consists of 48 000 fumls, RBMK-1000
fuel load consists of 61 000 fuel rods.

Fuel rods are united into fuel assemblies (FA) aioihg from
several fuel rods up to several hundred fuel rbdsde FA fuel rods are
stiffly fastened by the spacing grids (spacersyoAlkertain conditions
must be guaranteed to provide a reliable heat rahmy coolant from
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fuel rods and compensate temperature-induced exyans$ structural
and fuel materials.

Complete set of all fuel assemblies disposed irudear reactor
constitutes the reactor core where the controlleincfission reaction
can be initiated to convert nuclear energy intartts energy and then
into electrical energy. It appears the reactor quays a similar role
with a traditional thermal pile, or boiler, wheressil organic fuel
(charcoal, oil or natural gas) is burnt to prodiuneat. This analogy
allows us to use such habitual terms as “fuel’cifieration” or “burn-
up” although no any burning or incinerating proesssin their
traditional sense, occur in the nuclear reactoe.cor

Indeed, there are many substantial distinctions/éen nuclear and
organic fuel. Main distinctions are briefly deseribbelow.

1. Significantly higher calorie content in nuclearfuel.
Incineration of one carbon atom in chemical reactidgth oxygen
can produce thermal energy at the level of 4 ey:onl

C+0 - CO+4eV.

Fission of oné*®U nucleus by neutrons can produce thermal energy
at the level of 200 MeV:

BYU+no FR+FR+(2-3)n+ ZA0° eV.

Taking into account different atomic weights of nitam and carbon
isotopes (235:12), calorie content &PU fission reaction exceeds
calorie content of“C oxidation reaction (per one atomic mass unithby
factor of 2,510F.

E(Lkg 2°U)= 10050x G x 2116 ev
E(lkg 2 C)= 1020x 61G3x 4ev
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235
E(lkg **V)_ 12 216 _ 5316:2,551(55
E(lkg!?C) 235 4 0

Such a large ratio reflects the fact that intraleaicenergy is much
higher than energy of chemical (inter-atomic oreifnolecular)
reactions. Large calorie content of nuclear fuel sabstantially reduce
mass and volume of fuel needed to produce the samagyy. Thus,
expenses for fuel transportation and storage cancdresiderably
decreased. Moreover, nuclear fuel creates a newvortang factor,
namely geographical independency of NPP site plaoéon placement
of uranium mines and nuclear fuel fabrication marithis property of
nuclear fuel allows the humankind to correct um@ss of the nature
consisting in extremely non-uniform geographicalktibution of
organic and nuclear energy resources.

2. Impossibility to reach complete incineration ofall fissile
nuclides for one irradiation cycle.

During time period of full-power reactor operatitve reactor core
must contain nuclear fuel in the quantity largearthits critical mass.
That is why for one irradiation cycle it is possilib incinerate only so
fraction of nuclear fuel quantity that exceeds ét#tical mass and
provides super-criticality, or reactivity margineted to make up the
negative effects caused by fuel burn-up and buplaufission products
(FP).

Usually, nuclear fuel burn-up is evaluated either® quantity per
total fuel mass (for example, 10% fuel burn-up nsednat 10% of fuel
mass was burnt-up and converted into FP) or by tquasf produced
thermal energy per total fuel mass, MWd/t. It mayshown that 1% of
fuel burn-up is approximately equal to specific rggeyield of 10
GWd/t.

Indeed, one ton of uranium contains about @A®&5 nuclei. If all
these nuclei were fissioned with release of 200 Mee\éach fission
reaction, then, firstly, one ton of uranium wasimecated and converted
into FP, and, secondly, the following amount ofrth& energy was
produced:

E = 2,5510" fissionsx 200 MeV = 5,110°° MeV.
13



As is known, 1 MeV = 140" MJ = 1,610"° MWIS. The released
gquantity of thermal energy may be re-written in fibléowing units:

E = 8,210"° MWIS = 0,9510° MWd = 10° GWd.

So, full (100%) incineration of one uranium ton ganduce specific
energy yield about £0 GWwd/t, and, respectively, 1%-uranium
incineration is followed by thermal energy yieldoab10 GWdl/t.

Typical, currently achievable values of fuel bumare as follows:

* Heavy-water CANDU-type reactors - 10+12 GWd/t, el 2% of
heavy metals (HM).

e Light-water reactors (LWR) of VVER, PW and BWR typd0+50
Gwd/t (or 4-5% HM).

* Fast LMFBR-type reactors — up to 100 GWd/t (or ~11a84).

Upon exhaustion of the reactivity margin, spent assemblies have
to be replaced by fresh ones completely or payti@pent nuclear fuel
(SNF) contains large amounts of fertile and fissilelides. One ton of
SNF discharged from VVER-440 contains, in additton30 kg FP,
about 950 kg®*U, 12,5 kg®*U and 6,5 kg of plutonium isotopes
(mainly, ?*Pu and*°Pu).

3. Possibility to organize repeat usage (recycle) dertile and
fissile nuclides.

The recycle can reduce significantly the demandsddural uranium
mining and for its isotope enrichment withu.

4. Possibility to organize reproduction of fissilenuclides.

Fissile nuclides can be reproduced in any nucleactor which, in
addition to fissile nuclides, contains fertile ides**U or #Th. When
capturing neutron, fertile nuclid€U converts into fissile nuclid&*Pu.
Similarly, ?*Th converts into fissile nuclidé®®U. The reproduction
process is conventionally characterized by thedingeratio (BR), i.e.
by ratio of secondary fuel generation rate to pryjrfael incineration
rate. Depending on the BR value, the following apsi of nuclear fuel
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reproduction are marked out: partial reproducti®@R (< 1); full
reproduction (BR = 1) and extended reproductioeddmg), if BR > 1.

The reproduced secondary fuel can slow down thetivitgt slump,
prolong the reactor lifetime and generate sometiaddl amount of
thermal energy. In stationary operation mode oicglpLWR, when the
reactor core contains both fresh and partially necited FA, total
generation rate of thermal energy includes a cenaiide contribution
(up to 40% and above) from fissions of secondassilé nuclidg**Pu.

Thanks to some neutron-physical peculiarities, lthst conditions
for extended reproduction (breeding) of nucleal fisn be formed in
fast breeder reactors loaded with mixed uranium g@haonium
dioxides, i.e. with mixed oxide (MOX) fuel. Fasteleder reactors are
able to produce such plutonium quantity that idicieht to meet fuel
demands of the reactor-producer and create aalifii¢l loading for a
new reactor-consumer. If large stockpiles of natweanium are
available or if there are no incentives for inteh8&P deployment, then
fast reactors can operate in fuel self-sustainghiégime with the BR
value about unity.

Similar situations can be formed for mixed thoriunanium fuel.
Good neutron-multiplying properties 6t and huge abundance of
natural thorium keep a customary interest to nucfgaver reactors
loaded with thorium-uranium fuel. However, nucletachnologies
related with fabrication of fresh and reprocessifiggpent (Th-U) fuel
assemblies encountered some specific difficultaag] till now these
technologies are not developed yet up to an indlistale.

5. “Incineration” of nuclear fuel does not require oxidizer.

Incineration of conventional organic fuel in tragiital thermal power
plants requires roughly three-fold mass of oxygekeh from the
Earth’s atmosphere. Moreover, the incineration @ssds followed by
release of toxic wastes (smoke, ashes, sulphunitnogen oxides).

“Incineration” of nuclear fuel does not require aridizer at all.
Radioactive fission products and spent nuclear, fudlich may be
regarded as nuclear wastes, are retained withinrfs for a rather
long time period and, then, after appropriate e, transported into
well-protected geological repositories.

The demands of coal-fired thermal power plants (TfIP fossil
organic fuel and the demands of NPP for nucledrdae be evaluated
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for the equal electrical power produced by TPP HR® (1000 MWe,
for instance).

The daily energy production of both power plants ba determined
by such a way:

1000 MWeday= 4000 MWfday= 2,210 eV.

The numbers of carbon atoms and oxygen moleculeishwnust be
incinerated to produce 210> eV of thermal energy, are equal to:

N(*2C) = N(Q) = 2,210 eV / 4 eV = 5,810*2
Mass of 5,810° carbon atoms:

5,5[10%
P*?C)=""—-x0,012kg= 10 1

“C) RE g
i.e. 2-3 railway trains (60 railroad carriages edming 60 t of coal each)
a day. Mass of 580> oxygen molecules:

5,5010%
P(O,)="""—_x0,032kg: 2,510
( 2) 6D_023 g:

Such oxygen mass can be released by a forest etéhérea about
2000 knf (the circular area with50 km in diameter).

The same energy yield (21#** eV) can be produced by the
following mass of*U:

3
=2,2DLO°’ eV, 0,235kg, 4kg

PCHU) 21 ev 616

Data on fuel consumption and waste production by electrical
power plants (TPP and NPP) of the same power (1AU0e) are
presented in Table 1.
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Table 1
Fuel consumption and waste production by electpoaler plants

TPP-1000 VVER-1000
Coal consumption — 2.B0° t/year 2% consumption — 1,0 t/year
Oxygen consumption — 612° tlyear
Wastes

CO, - 8,510° t/year Radioactive wastes — 1,0 t/year
Ashes — 2,30 t/year Spent nuclear fuel — 35+40 t/year
The wastes are released The wastes are retained

into the atmosphere in spent fuel rods for a long time

The well-known Kyoto protocol concerning global wang-up of
the Earth’s climate proposes to introduce someogmdl constraints on
release of C@into the atmosphere by coal-fired TPP and establis
certain economic sanctions for the exceeding dfatmnstraints at the
level of 60 US dollars (about 40 euros) per onedboarbon dioxide.
Following from the scale of global coal-fired povesistem, it is easy to
evaluate total scope of these economical sanctions.

6. Accumulation of radioactive FP. Residual heat gwration
after reactor shutdown. Induced radioactivity of stuctural
materials and coolant.

Fission reactions of heavy nuclides produce fisgiooducts, i.e.
relatively lighter nuclides whose mass numbers cakie range from
~70 a.m.u. up to ~160 a.m.u. As a rule, fissionctiea is an
asymmetrical act, i.e. instead of splitting a heaugleus into a couple
of fission products with approximately equal masdesion reaction
produces two nuclides with mass ratio about 2:3 498.u. and 140
a.m.u., for example). Common form of FP yields daelgmcy on their
mass is roughly the same for all fissile nuclides &or all neutron
energies. (a symmetrical two-peak curve, as iseptes in Fig. 1). FP
accumulation rate in nuclear power reactors is ah@00 kg per one
GWe-year.
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Fig. 1. Dependency of FP yields on their atomicsnas

Fission fragments consist of about 200 radioactigetopes
belonging to 36 chemical elements including daugpteducts of their
radioactive decays. Half-lives of these radionwediccover the very
broad time range: from several milliseconds upeteesal million years.
Depending on half-lives, the following FP categsran be marked out:
short-lived, middle-lived and long-lived nuclide®lain type of FP
radioactivity is a-decay. Each radioactive FP is a starting isotape f
decay chain consisting of 4-5 consecutive decagiseading by a stable
nuclide.

After withdrawal from the reactor core spent FAysfar a rather
long time (5-10 years) in the water cooling pooy e end of the
cooling period, isotopic and elemental compositiohfission products
change significantly. For example, after 150-dapliog period FP
include about 130 nuclides of 34 chemical elements.

After 150-day cooling period, isotopic FP compasitican be
characterized as follows below. Isotopes with lia#s longer than 18
years may be considered as stable FP; isotopeshaitiives shorter
than one year may be considered as short-livedgeRypes with half-
lives longer than one year but shorter than 87sy@aailf-life of *>’Sm)
may be considered as middle-lived FP, and isotapiéds half-lives
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longer than 65 000 years (half-life 66e) may be considered as long-
lived FP. Under these assumptions, weight percentdgvarious FP
categories can be presented in the following fostable FP — 85%,
short-lived FP — 1%, middle-lived FP — 6% and ldingel FP — 8%/

After 150-day cooling period, elemental FP compositcan be

obtained for the following four categories:

1. Chemical elements containing only stable FP.

2. Chemical elements containing only short-lived atable FP.
3. Chemical elements containing only middle-lived atable FP.
4. Chemical elements containing long-lived FP.

Weight percentage of these FP categories can lsemies in the

following form:

e Category 1 (stable FP) — 51%.

e Category 2 (stable and short-lived FP) — 17%.
e Category 1 (stable and middle-lived FP) — 7%.
e Category 1 (long-lived FP) — 25%.

Besides fission products, spent nuclear fuel costaialso
transuranium isotopes, intense emitters oof and p-radiation. A
particular attention should be given to minor adiés (MA) consisting
of ?Np (neptunium fraction)**Am and?**Am (americium fraction),
2%Cm and **Cm (curium fraction). Chemical properties of minor
actinides are very close to those of rare-eartlsidins products.
Therefore, at the stage of SNF reprocessing aneéxgfction, minor
actinides and rare-earth FP are removed togettea fonsequence, a
special RAW category is being formed, namely MAteamng RAW.

All minor actinides are fissile or fertile nuclideBhat is why minor
actinides must put under strict control in ordemptevent proliferation
of weapon-suitable nuclear materials.

Main channels for MA generation in nuclear reactyesas follows:

1) 20 (ny)**U(ny)*Np;

2) *Pu@’, 141er)* Am(n,y)**"Am(n,y)**Am(ny)**Cm(ny)***Cm;

3) #*2Pu(ny)**Am(n,y)**‘Tm(ny)***Cm.

MA generation rates are presented in Table 2 foRLMaded with
traditional uranium oxide (UOX) fuel and with adeaa mixed
uranium-plutonium (MOX) fuel.
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Table 2
Generation rate of minor actinides in LWR

Nuclide Ty years MA generation rate, kg/G\Wsear
Uox MOX
ZNp 2,100° 20,4 15,1
2Am 432 1,3 6,0
23Am 7380 2,5 21,8
244cm 18,1 0,9 15,6
#Cm 8500 0,1 1,7
Total - 25,2 60,2

Significant fraction of SNIB- andy-activity is caused by short-lived
FP. Therefore, SNF radioactivity rapidly decreaséh time after SNF
withdrawal from the reactor core, according to thkowing empiric
formula:

At) DA(to) [t/

where t — time after SNF withdrawal, hours. Tharfola is correct only
for t< 100 days.

Residual heat generated by spent FA in the coging is mainly
caused by FP and MA radioactive decays. Time depanydof residual
heat generation rate is quite similar to the afeneioned time
dependency of SNF radioactivity - rapid exponensiaimp just after
withdrawal followed by gradual approach to a platéavel constituting
several percents of nominal reactor power.

Induced radioactivity of steel in-vessel structusesiainly caused by
the following radionuclides®Ni (Ty, = 100 years)®Co Ty, = 5,3
years)u Fe (I'y, = 2,7 years). These radionuclides are produced by
neutron irradiation of stable chemical elementspgonents of stainless
steels. Total radioactivity of steel LWR structuresequal tot50 MCi
(BWR) and[b MCi (PWR) at the reactor shutdown. Afterwards th
total radioactivity rapidly decreases and gradu@itythe process of 20-
30-year staying in the cooling pool) approacheth¢oplateau (1 MCi
for BWR-type reactors and 0,1 MCi for PWR-type teas),
approximately 2% of initial radioactivity.
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The induced radioactivity of metal NPP structuresdmes more and
more urgent problem as NPP lifetime expires. Theetily adopted
term for reliable NPP operation is equal to 40-8@rg. So, mass NPP
decommissioning is expected in the nearest fuiceording to some
evaluations,[1160 nuclear power units all over the world shoud b
decommissioned by the end of 2010. Thorough postation
investigation of nuclear power reactors to be den@msioned allowed
that their lifetimes could be prolonged on 10-18itidnal years.

Control questions

1. What is a nuclear fuel? Call main components ofgarduel.
2. What is a primary nuclear fuel? What is a secondagfear fuel?
3. Call basic distinctions between nuclear and orgharet
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CHAPTER 2. CONCEPT OF NUCLEAR FUEL CYCLE

Nuclear fuel, being involved into the processest®ffabrication,
usage and reprocessing, passes a series of caneestage which can
be united into a general concept of nuclear fuelec{NFC).

Main NFC stages

1. Mining of uranium ores and uranium extraction.
2. Nuclear fuel fabrication:
2a. Production of uranium concentrate in the fofnuranium octa-
oxide UOs.
2b. Conversion of uranium concentrate into uraniuexafluoride
UFe.

2c. Uranium enrichment with*U.
2d. Manufacturing of fuel rods and fuel assemblies.
3. The use of nuclear fuel in nuclear reactors afious types
(plutonium-producing, power or research reactors).
4. Interim storage of spent fuel assemblies (SRAhé cooling pools at
NPP.
The following two options may be chosen for thetngkC stages,
namely once-through, or open NFC and closed NFC.
If the open NFC option was chosen, then:
5. Transportation and ultimate disposal of SFA mem geological
formations. This stage is a final step of the ONEIC.

If the closed NFC option was chosen, then:
6. Transportation of SFA to a spent fuel reprocespiant.
7. Extraction of radioactive wastes, their treattaerd ultimate disposal
in deep geological formations.
8. Extraction of primary and secondary nuclear fioel multiple uses
(recycles) in re-fabricated fresh fuel rods and assemblies. In reality,
this is a return to point 2.

Currently in the world there are the following tvepposite and
controversial viewpoints on reasonability of theQ\N&losure:

1. The NFC closure is an unreasonable action bec#usssumes
radiochemical SNF reprocessing, extraction, trartapon and
application of primary fuel (mainly, regeneratedanium) and
secondary fuel (mainly, plutonium) for re-fabricatiof fresh nuclear
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fuel. Thus, the NFC closure creates a series of ptoated
technological and political problems, including:

a. Possibility for terrorist groups to steal fiesimaterials for
manufacturing of nuclear explosive devices.

b. Complicacy and jeopardy of SNF reprocessingrtelduies.

c. Complicacy and jeopardy of RAW treatment anamalte disposal
in geological repositories.

This viewpoint is held by the US Government. The Ri@sidents
Ford and Carter, in the late 1970s, prohibited aedemical
reprocessing of SFA discharged from commercial earclpower
reactors. However, scientific investigations of geblems related with
SNF reprocessing and recycle were continued butinwia reduced
scope. Spent fuel assemblies are considered asdMa fBvin suitable for
ultimate disposal in deep geological repositoridsee RAW repositories
must be equipped with some technical tools capablestrieve SFA
containers for further reprocessing, if target ties in the US nuclear
policy would be changed.

2. The opposite viewpoint does not regard SNF astesasuitable
only for ultimate disposal. The viewpoint regarddFSas a valuable
nuclear material that contains both primary andsdary fuel which
can be extracted and multiply used for energy pcodn. The NFC
closure is considered as a main strategic pathwasartls national
energy independency.

Technological difficulties of SNF reprocessing, RAYgatment and
ultimate disposal are estimated as very complicated radiation-
dangerous but all the difficulties can be succdigsfovercome by
currently available methods and technical tools.

Potential jeopardy of NM thefts and unauthorized wusthe closed
NFC is recognized too but the NM non-proliferatipnoblems are
considered as completely resolvable by means afadyr available
domestic and international safeguard systems.

This viewpoint is supported by the Governments EnEe, Japan
and Russia. The brightest example is a positiodapian. Practically,
Japan has no available its own resources of fosgdnic and nuclear
fuel. So, Japan is not able to form a self-depenpewer system based
on coal, gas or oil incineration. Moreover, Japas la series of
substantial reasons to reject nuclear power otiall. Firstly, Japan is
the only country in the world that was subjecttte well-known nuclear
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bombardment in 1945. Secondly, Japan is a densgylated country
placed on relatively small territory with intenseissnic activity.

Chernobyl-like nuclear accident is able to enveldp the country.

Nevertheless, development of nuclear energy sydtased on fast
breeder reactors with extended reproduction of regemy fuel in the
closed NFC opens an opportunity for Japan to reackergy

independency with very limited import of naturahoium.

The USA never encountered a problem of nationalrggne
independency. There are large deposits of fosgdric fuel and natural
uranium in the USA. The US nuclear power systenues 104 units
with total electrical power about 100 GWe; NPP shiar total energy
production is equal to 20%). In 2011 global nuclgawer system
consisted of 450 units with total capacity of 375 GWe, i.e. ab@ne-
fourth fraction of global nuclear power is produdgdAmerican NPP.
No new NPP were built in the USA for the last 3Gange Besides,
typical American NPP is a privately owned commdr@aterprise.
Thus, from the USA standpoint, there are no anynecocal, political
and non-proliferation incentives to arrange thesetbNFC.

The following three NFC variants can be marked out:

A. The open NFC

Main stages of the open NFC:

. Mining of uranium ore.

. Production of uranium concentratgQy.

. Conversion of uranium concentratedg into uranium hexafluoride
UFs.

. Isotope uranium enrichment.

. Fabrication of nuclear fuel in form of fuel roaisd fuel assembilies.

. Use of nuclear fuel in nuclear reactors.

. Interim SNF storing in the cooling pools at NPP.

. Ultimate disposal of SNF in deep geological siaies.

WN -

0o~NO Olh

B. The closed NFC with uranium recycle

Main stages of the closed NFC:
. Mining of uranium ore.
. Production of uranium concentratgQy.
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Conversion of uranium concentrateQd into uranium hexafluoride
UFs.

. Isotope uranium enrichment.

. Fabrication of nuclear fuel in form of fuel roaisd fuel assemblies.

. Use of nuclear fuel in nuclear reactors.

. Interim SNF storing in the cooling pools at NPP.

. SNF reprocessing: separation of uranium, plutonand radioactive

wastes.
Recycle of extracted uranium to the stage 4, toethe isotope
uranium re-enrichment.

10. Plutonium storing in the dedicated warehouses.
11. Ultimate disposal of RAW in deep geologicalasifories.

WN -

co~NO O b~

9.

C. The closed NFC with uranium and plutonium recyoé

Main stages of the closed NFC:

. Mining of uranium ore.

. Production of uranium concentrateQyg.

. Conversion of uranium concentratedg into uranium hexafluoride
UFe.

. Isotope uranium enrichment.

. Fabrication of nuclear fuel in form of fuel roaisd fuel assemblies.

. Use of nuclear fuel in nuclear reactors.

. Interim SNF storing in the cooling pools at NPP.

. SNF reprocessing: separation of uranium, plutonand radioactive
wastes.
Recycle of extracted uranium and plutonium gtage 5, i.e. to the

fabrication of mixed oxide fuel.

10. Ultimate disposal of RAW in deep geologicalasifories.

These variants of NFC schemes are sown in Fig. 2.
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Presently, only seven states are able to reprepess nuclear fuel:
the USA, Great Britain, France, Russian, China lgarcpowers), India
and Japan. But the US administrations decideddp sgprocessing of
spent fuel assemblies discharged from commercid? NP effective
and proliferation-proof SNF reprocessing technolisggeveloped.

Nuclear technologies deal with fissile nuclear matg which could
be used as a charge of a nuclear explosive deMezefore, one of the
main tasks in development and routine application noiclear
technologies is a strict NM control at all NFC stagn order to prevent
NM usage in any illegal actions.

The following three ways towards NM switching oveBom a
peaceful civilian (mainly, energy) use to any ilégmainly, military of
terrorist) applications are estimated as possibésp

1. Forcible theft of nuclear materials resulted fran a terrorist
attack on a nuclear object or a transportation tool

Prevention of the forcible NM theft is a major nigs of NM
physical protection system (PPS).

Main PPS components:

a. System of physical barriers (fences) to prewamt intrusion of
potential proliferators (or terrorists) onto theritery of a nuclear object
or into the premises where NM can be placed.

b. Systems of exterior and interior sensors toaietry intrusion of
potential proliferators through the outer perimetéra nuclear object
and through the inner barriers towards NM storagd atilization
points.

c. System of TV-surveillance for the area adjacentthe outer
perimeter and for the inner premises where NM canstored or
utilized.

d. System of special means to delay movement otnpiat
proliferators through the territory of a nucleajeuib.

e. System of the armed guard forces for detectigarception and
capture of potential proliferators.

2. Covert theft of nuclear materials by staff membes (internal
adversaries) of a nuclear object (maybe, by graduaheft of very
small, undetectable NM quantities for a long time).
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Prevention of the covert NM theft is a major missa NM control
and accountability (MC&A) system.

Main components of MC&A system:

a. Video-surveillance of NM stored in a form of acotable items
(containers).

b. Administrative measures on access control to dibtage and
utilization points.

c. Division of a nuclear object into a series of Nddlance areas
(MBA) equipped with sensors capable to detect NMvemaents
between different MBA.

d. Computerized NM accounting system equipped wimote
terminals in key MBA points which can transmit Niglated
information to a central computer with applicatiohthe information
security software tools.

e. Periodical NM physical inventory taking for NM & form of
accountable items and for NM in a bulk-form withphgation of
temper-indicating devices (TID).

f. Selective examination of NM containers and NMairbulk-form
with application of destructive and non-destructiexperimental
methodologies.

3. Covert NM switching over to an illegal military purpose
sanctioned by national government.

Prevention of the covert NM switching over to anylitary aims
sanctioned by national government is a major missmf the
international treaties intended to control peace$d of nuclear energy.

The following main international treaties on peateise of nuclear
energy were concluded and signed:

a. The Non-Proliferation Treaty (NPT), or the Tyeanh the Non-
Proliferation of Nuclear Weapons, was signed ory Iyl 1968, and
entered into force on March 5, 1970. On May 11,5198e Treaty was
extended indefinitely.

b. The EURATOM Treaty, i.e. the Treaty establishihg European
Atomic Energy Community, was signed in Rome, ondW&z5, 1957.

c. Nuclear Suppliers Group (NSG) was founded in éMolber 1975
as a response to the Indian nuclear test. The NS& multi-national
body concerned with reducing nuclear proliferatiyn controlling the
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export and re-transfer of materials that may beliegige to nuclear
weapons development.

d. The Treaty of Tlatelolco, i.e. the Treaty foe throhibition of
nuclear weapons in Latin America and Caribbean, wigeied on
February 14, 1967, in Mexico City. Under the Tredhe states-parties
agreed to prohibit and prevent the “testing, usaufacture, production
or acquisition by any means whatsoever of any m@aucleeapons” and
the “receipt, storage, installation, deployment aady form of
possession of any nuclear weapons”.

e. The Treaty of Rarotonga, i.e. the South Pabificlear-Free Zone
Treaty, was signed on August 6, 1985, on the Ragatdsland (Cook
Islands). The Treaty bans the use, testing andeps®s of nuclear
weapons within the borders of the zone.

f. The Comprehensive Nuclear Test Ban Treaty (CTBT3 multi-
lateral treaty by which the states-parties agremdbdn all nuclear
explosions in all environments for military or digh purposes. The
Treaty was adopted by the UN General Assembly quieBeber 10,
1996.

The main State-level mechanism of nuclear non{ematiion control
is based on regular inspections performed by theAZexperts who
examine independently the really available NM qii@st at nuclear
objects under the IAEA jurisdiction.

Applicability of nuclear materials to their use iuclear explosive
devices can be characterized by the following fact@f NM
attractiveness:

1. Quantity and quality of nuclear materials neettegroduce a
nuclear explosive device.

Minimal mass of fissile NM in which the chain fiesi reaction can
take place is a critical mass. For example, cliticasses of*U, *%Pu
and U are equal approximately to 50 kg, 15 kg and 17 kg
respectively. These values were obtained for nietaffheres without
neutron reflector. Effective neutron reflector caduce the critical mass
nearly twice.

The IAEA introduced a special unit for measuring Miss, namely
“Significant Quantity” (SQ). Detection of NM dislaaice exceeding 1
SQ is a reason for the IAEA inspectors to initiatgpecial investigation
and, if necessary, appeal to the UN Security Cddaciapplication of
appropriate sanctions.
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The Significant Quantity is nearly half the crificaass of fissile
materials in form of non-reflected metallic sphere.

1 SQ %Pu,?*U) = 8 kg; 1 SQPU) = 25 kg.

The critical masses of uranium and plutonium diegicare larger
than those for metal uranium and plutonium by &ofagbout 1,5.

2. NM accessibility, simplicity of NM theft, detediility of NM
theft.

3. Simplicity of NM conversion into charge of a fesr explosive
device. Is it sufficient to use mechanical or cheahireatment only? Is
it necessary to apply some sophisticated techredogf isotope
separation?

These factors define the following values:

1. Duration of the time interval needed to manufexta nuclear
explosive device by the adversaries and to undertgkoper
countermeasures by the security forces.

2. Scale of material, industrial and financial @ses needed to
manufacture a nuclear explosive device.

All the factors should be taken into account toneste various NFC
stages from the standpoint of nuclear non-profifera i.e. NM
attractiveness for theft and further manufactumighuclear explosive
devices. It is a difficult task to give an exaciqgtitative estimation of
the NFC stages on their attractiveness for potemtielear proliferators
but some qualitative estimates were made by thexpsrts (Fig. 3).

The number of black points at each NFC stage cteraes its
attractiveness for nuclear proliferators. Reallje tNFC stages are
estimated in a four-point scale. As is seen, thetnadtractive NFC
stages are related with isotope uranium enrichnf@NE reprocessing,
plutonium extraction and fabrication of mixed uraniplutonium oxide
fuel.

The following features of all NFC stages must basodered from
nuclear non-proliferation point of view:

1. Mining and primary treatment of uranium ore.

NM vulnerability to theft (VT).

In order to produce 25 kg of weapon-grade uranisr@q%>*), it
IS necessary to use nearly 5000 kg of natural unanor about 5000 t,
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in average, of uranium ore. Imperceptible theftsoflarge amount of
uranium ore is a quite impossible event. ThusMhevalue is low.

NM vulnerability to diversion (VD)
Uranium mines and plants for primary treatment r@nium ore are

outside of the IAEA safeguards. Thus, the VD vaduigigh.

Risk of nuclear weapon proliferation (RP)
The RP value is low because natural uranium carbeaised as a

charge of a nuclear explosive device.

O o o [ J
L 4 [ ]
U ore mining P> Is.otope 1 Fuel fabrication
U.o enrichment UF6
3-8
y ©
SNE MOX-fuel
NPP -t
e ; o o
Storage pool L4 ¥ SNF ¢ 00
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.

SNF reprocessin

fabrication

o o
o o
Fig. 3. Attractiveness of the NFC stages on theaeability of NM theft

2. Production of uranium hexafluoride for isotope @richment

NM vulnerability to theft (VT)

The VT value is low like at the mining of uraniumeo

NM vulnerability to diversion (VD)

The VD value can cover the range from low to higipehding on
applications of the IAEA safeguards, i.e. L/H(IAEA)

Risk of nuclear weapon proliferation (RP)
The RP value is low because natural uranium carbeaised as a

charge of a nuclear explosive device.

3. Uranium enrichment with isotope**U
NM vulnerability to theft (VT)

31



The VT value is high. Relatively small amoufR$ kg) of weapon-
grade uranium is required to manufacture a nudealiosive device.
Even one man is able to handle with so small mass.

NM vulnerability to diversion (VD)

The VD value can cover the range from low to higipehding on
applications of the IAEA safeguards, i.e. L/H(IAEA)

Risk of nuclear weapon proliferation (RP)

The RP value is high. The Nuclear Suppliers Grouipam informal
embargo on export of the isotope separation tecignes.

4. Fabrication of nuclear fuel (fuel rods and fuehssemblies)

NM vulnerability to theft (VT)

The VT value is low. One fuel assembly weighs 300-%g
depending on the reactor type. So, a special toataton tool has to be
used for theft of even one fuel assembly.

NM vulnerability to diversion (VD)

The VD value can cover the range from low to higipehding on
applications of the IAEA safeguards, i.e. L/H(IAEA)

Risk of nuclear weapon proliferation (RP)

The RP value can cover the range from low to higlbethding on the
value of uranium enrichment, i.e. L/H(Enrichment).

5. Use of nuclear fuel at NPP

NM vulnerability to theft (VT)

The VT value is low because of large weight, radiogy and
disposition of fuel assemblies in a nuclear reactoe.

NM vulnerability to diversion (VD)

The VD value can cover the range from low to higipehding on
applications of the IAEA safeguards, i.e. L/H(IAEA)

Risk of nuclear weapon proliferation (RP)

The RP value can cover the range from low to higiethding on the
value of uranium enrichment, i.e. L/H(Enrichment).

6. Interim storage of SNF

NM vulnerability to theft (VT)

The VT value is low because of large weight, radiwéy and
residual heat generation of spent fuel assemblies.

NM vulnerability to diversion (VD)
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The VD value can cover the range from low to higipehding on
applications of the IAEA safeguards, i.e. L/H(IAEA)

Risk of nuclear weapon proliferation (RP)

The RP value can cover the range from low to higiethding on the
value of uranium enrichment, i.e. L/H(Enrichment).

7. SNF reprocessing

NM vulnerability to theft (VT)

The VT value is high. SNF reprocessing technologleal with
highly radioactive and heat-generating materialatTis why only
remote equipment is used to separate spatiallyf sta&imbers and
dangerous nuclear materials. However, at some stépthe SNF
reprocessing, plutonium-containing materials maynimre accessible
for theft.

NM vulnerability to diversion (VD)

The VD value can cover the range from low to higipehding on
applications of the IAEA safeguards, i.e. L/H(IAEA)

Risk of nuclear weapon proliferation (RP)

The RP value is high. SNF reprocessing plants caduge either
weapon-grade plutonium or, at least, reactor-grptlgonium with
relatively worse isotope composition but also sé@dor manufacturing
of a nuclear explosive device with significantlyvder energy yield. The
Nuclear Suppliers Group put an informal embargexmort of the SNF
reprocessing technologies.

8. Ultimate disposal of radioactive wastes

NM vulnerability to theft (VT)

The VT value is low because of intense radioagtiviesidual heat
generation and small content of fissionable nuslide

NM vulnerability to diversion (VD)

The VD value is low because of small content ofifisable
nuclides.

Risk of nuclear weapon proliferation (RP)

The RP value is low because of intense radioagtivésidual heat
generation and small content of fissionable nuslide

The factors defining threats from all the NFC sgaggenuclear non-
proliferation regime are gathered in Table 3.
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In addition to the NFC stages, different types wflear reactors can
be characterized by different values of NM attraatiess from non-
proliferation point of view. The following fuel pameters can be
helpful for estimating attractiveness of nucleaacters from this
viewpoint:

1. Quantity and quality of fresh fuel loaded irtte reactor cores.

2. Quantity and quality of spent fuel unloaded fritve reactor cores.

Table 3
Danger from the NFC stages

NFC stage Vulnerability to VuIn_erab_iIity to Proliferation risk
theft diversion
Mining of uranium ore Low High Low
UF production Low L/H(IAEA) Low
Isotope enrichment High L/H(IAEA) High
Fabrication of nuclear fue Low L/H(IAEA) L/H(Enficnent)
NPP Low L/H(IAEA) L/H(Enrichment)
Interim SNF storage Low L/H(IAEA) L/H(Enrichment|
SNF reprocessing High L/H(IAEA) High
Ultimate disposal of RAW Low Low Low

1. Research reactors

Some research reactors are still using highly Bedcweapon-grade
uranium fuel in a very attractive form of pure nmetar metal alloys.
However, thermal power of the research reactorgpi@ration now is
relatively low (at the level of several megawats), therefore, total
mass of*U in their cores is well below 10 kg.

According to the IAEA recommendations, the natigmagrams on
conversion of the research reactors from highlyicked to middle-
enriched (below 20%U) uranium fuel are currently underway in some
countries. By the way, critical mass of 20%-uraniigmevaluated as
large as 830 kg. The reduced uranium enrichmentlead to larger
sizes of the reactor core, larger amounts of lodidesth fuel, but to total
mass of*®U can remain at the same or even lower level thamkhe
better neutron economy in the larger reactor cdlfewer neutron
leakage).

Secondary nuclear fuel is not produced practichilythe research
reactors in operation how because of low neutnax dind small amount
of fertile nuclides.
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2. High-Temperature Gas-Cooled Reactors (HTGR)

These reactors are fueled with highly enriched iuran(93% 2%U)
as a fissile material and natural thorium as aléematerial. HTGR-type
reactors use the dispersed fuel in form of sphlenero-particles (500-
800 microns in diameter) inside of multi-layer adad made of
pyrolytic carbon and silicon carbide. The fuel roiqarticles are
uniformly distributed in a graphite matrix that issed further to
fabricate spherical (~6 cm in diameter) or prisméiel elements.

TRISO-type micro-particles consist of fuel kernel coated with
three-layer cladding (low-density pyrolytic carbailicon carbon and
high-density pyrolytic carbon).

BISO-type micro-particles consist of fuel kernel coated with two-
layer cladding (low-density pyrolytic carbon andjtinridensity pyrolytic
carbon).

The HTGR-770 project presumes that initial fueldiog consists of
8100 kg?**Th as thorium dioxide in BISO-type micro-partickasd 700
kg ***U as uranium carbide in TRISO-type micro-particlBg.the end
of irradiation cycle the reactor core contains at®a00 kg”*“Th, 40 kg
2% and 180 kg>*U (secondary fuel), di230 kg**U/GWeyear.

3. Light-water reactors (LWR)

3a. VVER-type reactors

Power VVER-type reactors are fueled with low-eneitt{4-5%>°U)
uranium dioxide. As a rule, initial fuel loading ¥ER-1000 is equal
to about 100 t U@ Secondary fuel is produced with a specific ré&280-
kg Pu/GWe-year.

However, isotope composition of the produced plwtonextracted
from spent fuel is far from optimal suitability fenanufacturing of a
nuclear explosive device. Typical weapon-grade goiutm contains
mainly ?*%u and below 7%*Pu. Typical plutonium extracted from
spent fuel of VVER-type reactors (reactor-gradetgslium) contains
about 2%°*Pu, 58%**°Pu, 25%**Pu, 11%**Pu and 4%“Pu, i.e.
~71% of fissile plutonium isotopes. Critical magsnetal reactor-grade
plutonium is larger on 50% than critical mass oftaheveapon-grade
plutonium (23 kg via 15 kg). But this is not the shanajor aspect.
Reactor-grade plutonium contains lar§&Pu quantity (by a factor of 4)
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than weapon-grade plutonium. The larger quantity*®fu can sharply
reduce (roughly by a factor of 30) energy yieldnofclear explosive
devices becausé”®Pu is an intense emitter of spontaneous fission
neutrons. These neutrons can cause untimely presniaitiation of the
chain fission reaction in a nuclear charge (thedat®nation effect) and,
thus, energy yield of nuclear explosion will notegd 3% of nominal
energy yield. According to some numerical evaluatjaf Hiroshima-
type atomic bomb (nominal energy yield - 20 kt TN¥Quld be made
of the reactor-grade plutonium, then the most potgbanergy yield
would be about 600 t TNT. Nevertheless, this vatua high enough
energy equivalent. As is known, masses of usudbsies exploded in
Moscow and caused many human victims were welvb&@0 kg TNT.

3b. RBMK-type reactors

In some publications the RBMK reactors are name€asrnobyl-
type reactors because the world-wide known Chetnatiident (1986)
occurred in the RBMK reactor. The RBMK reactors wsactor-grade
graphite as a neutron moderator, and boiling lighter as a coolant.
The light-water coolant circulates in vertical teological channels that
transpierce through the graphite stack of the oeamtre (diameter of
the graphite stack - ~12 m, height - ~8 m). Thd-geaerating cassettes
consisting of two consecutively coupled fuel asderl{length — 3,5 m
each) are inserted into the technological channels.

RBMK-type reactors are fueled with low-enriched8(2% %**U)
uranium dioxide. As a rule, initial fuel loading BBMK-1000 is equal
to about 150-180 t UD Secondary fuel is produced with a specific rate
~250 kg Pu/GWe-year.

Isotope composition of reactor-grade plutonium aoted from SNF
of the RBMK-type reactors is inferior to reactoade plutonium
extracted from SNF of the VVER-type reactors inpeesd of fissile
isotopes content and in respect %%Pu content. Typical plutonium
extracted from spent fuel of RBMK-type reactors teams about 45%
2%Pu, 36% *Pu, 11% *Pu and 8%*?Pu, i.e. ~56% of fissile
plutonium isotopes.

A particular threat of the RBMK-type reactors toclaar non-
proliferation is caused by their principal capdpilio work in the
continuous refueling operation mode without reactartages for
refueling. Under this operation mode, fuel expodime may be chosen

36




short enough to produce plutonium with isotope cositpn very
suitable for manufacturing of a nuclear explosiegide.

4. Heavy-water CANDU-type reactors

The CANDU-type reactors are able to use even natwanium
containing only 0,72%>U as fuel material. Initial fuel loading of
CANDU-600 is equal to about 100 t YCsecondary fuel is produced
with a specific rate ~350 kg Pu/GWe-year.

Isotope composition of reactor-grade plutonium aoted from SNF
of the CANDU-type reactors is very close to reacp@de plutonium
extracted from SNF of the VVER-type reactors inpeesd of fissile
isotopes content and in respect %%Pu content. Typical plutonium
extracted from spent fuel of CANDU-type reactorstains about 66%
2Pu, 27%*°Pu, 5%*'Pu and 296*?Pu, i.e. the same 71% of fissile
plutonium isotopes and almost the same contef{ff (25% in VVER
via 27% in CANDU).

The CANDU-type reactors, quite like the RBMK-typeactors, can
represent a potential threat to nuclear non-praiifen regime because
their operation modes with continuous refuelings ba easily re-tuned
(by proper selection of fuel irradiation time, fimstance) to form the
best conditions for wide-scale production of weapoade plutonium.
Besides, the operation mode with continuous rafgetian require a
permanent presence of the IAEA inspectors to cbpnaper utilization
of primary fuel and accumulation of secondary fupbtentially
dangerous material for non-proliferation of nucleaapons.

By the way, plutonium for the first atomic bombspkaded in July
1945 in the USA and in August 1945 over Japan waslyted by
heavy-water reactors for about half a year.

5. Liguid-metal fast breeder reactors (LMFBR)

Currently, the LMFBR-type reactors are still loadedh uranium
oxide (UOX) fuel, not mixed uranium-plutonium oxiOX) fuel as it
was anticipated earlier. The UOX fuel is based dddie-enriched
uranium (15-25%3). Initial fuel loading of LMFBR-1000 is equal to
about 10-15 t U@ Secondary fuel is produced with a specific rate
~1500 kg Pu/GWe-year in the once-through NFC optibthe NFC
becomes closed, then large fraction (up to 80%)thef produced
plutonium is recycled to provide fuel self-sustditity of the LMFBR-
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producer, and net rate of plutonium production dtiner purposes is
equal to ~250 kg Pu/GWe year.

There are no intense neutron absorbers among Higsioducts
within high-energy range of the LMFBR-type reactof$fiat is why
typical values of fuel burn-up in the LMFBR-typeaotors can reach
~100 GWd/t, or 10% HM, i.e. roughly twice higherathacceptable
values of fuel burn-up in LWR. Thanks to the higvatues of fuel
burn-up and, as a consequence, longer fuel lifatim@utonium
produced by the LMFBR-type reactors is charactdrlzg such isotopic
composition which is low suitable for manufacturirgf nuclear
explosive devices.

Some data on consumption of fresh primary fuel pratiuction of
secondary fuel are gathered in Table 4 for varieastor types.

Main Russian nuclear enterprises

A. Production Association “Mayak”
(the former Chelyabinsk-40, now - Ozersk)

The following nuclear plants are placed on theittayr of the
Production Association “Mayak”:
1. Nuclear reactors for production of weapon-grade enms
including four uranium-graphite and one heavy-wateactor for
production of weapon-grade plutonium, two uraniu@pdite reactor
for tritium production, two light-water researchactors. Presently, al
these reactors are shutdown.
RT-1 Plant for radiochemical processing of SNF.
Plant for production of weapon-grade nuclear makeri
Plant for production of granular MOX-fuel.
Plant for vitrification of radioactive wastes.
Plant for production of neutron- and gamma-sources.
Plant for production of controlling and measuringvides for
nuclear power industry.

Noohkwh
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Loaded and unloaded fuel of nuclear reactors

Table 4

. Secondary fuel,
Reactor type Primary fuel kg/GWe-year Comments
Research reactors  5-10 kg (96%W) — Small power
8,1t ThQ
HTGR-770 0.7 t UC(9396°V) 230 —
100t UG 200
VVER-1000 (3-5%23) (250%2“%Py) —
150-180t UQ 250 Continuous
RBMK-1000 (1,8-2%2U) (36%%“%Pu) refuelings
100t UG 350 Continuous
CANDU-600 (0,7%%%0) (27%%*%Pu) refuelings
) 10-15tUQ 1500-Open NFC -
LMFBR-1000 (15-25%%U) 250-Closed NFC

B. Siberian Group of Chemical Enterprises (SGCE)

(the former Tomsk-7, now - Seversk)

The following nuclear plants are placed on the S@&£Cgtory:
1. Five uranium-graphite reactors for production ofapen-grade
plutonium, for heat and power supply to the SGCEn{d and to
Seversk demands. Presently, three reactors areostiutwhile two
reactors are operating in power supply regime.
2. Plant for production of uranium concentratglJand its conversion
into uranium hexafluoride UF
3. Plant for uranium enrichment with isotofyaJ.
4. Plant for radiochemical SNF processing.
5. Plant for production of metal uranium and plutonium

C. Mining and Chemical Combine (MCC)
(the former Kransnoyarsk-26, now - Zheleznogorsk)
The following nuclear plants are placed on the M€&@tory:
1. Three underground uranium-graphite reactors gayduction of
weapon-grade plutonium. Presently, two reactorssargdown while
one reactor is operating in power supply regime.
2. Plant for radiochemical SNF reprocessing.

39



3. RT-2 plant for radiochemical SNF reprocessingnder construction
now. In 1985 the first RT-2 workshop — dry storagfespent fuel
assemblies — was put in operation.

Control questions
1. Call main stages of open nuclear fuel cycle.
2. Call main stages of closed nuclear fuel cycle.
3. What are main difficulties for closure of open reani fuel cycle?
4. What stages of nuclear fuel cycles are the mosgetans for non-
proliferation of nuclear weapons?
5. What types of nuclear reactors are the most dangefor non-
proliferation of nuclear weapons?
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CHAPTER 3. MINING AND PRIMARY PROCESSING OF
NATURAL NUCLEAR MATERIALS

For the beginning, the following information can firesented about
discoveries of natural nuclear materials — urargunah thorium.

German chemist M. Klaproth is considered as a Sstemvho
performed uranium discovery in 1789. Klaproth ppéated a yellow
compound by dissolving pitchblende extracted fralges mines in
Jachymov (Czech Republic now) in nitric acid. Kiapr erroneously
assumed the yellow substance was the oxide of ayeewndiscovered
chemical element. He named the newly discoverethezié after the
planet Uranus. In 1841 the French chemist E. Pelggated the first
sample of metal uranium.

Thorium was discovered in 1828 by the Norwegianardlogist M.
Esmark, identified by the Swedish chemist J. Bargednd named after
Thor, the Norse god of thunder. Despite such abtername, thorium
was never used in any military purposes. In pucgidin ores thorium
consists of isotopé®**Th only. Thorium decays with emission af
particles, its half-life (T, = 1,4-16° years) is about three-fold longer
than half-life of main uranium isotop&U (Ty, = 4,5-168 years).
Geological evaluations showed that natural thorresources exceeded
natural uranium resources up to the same degreme{tbld exceeding).
Average uranium abundance in the Earth’s crusitimmated as 2-4 ppm
while thorium abundance is three times larger 12215 ppm.

Because of their strong chemical activity, uraniand thorium are
not found in the nature as pure metals but onlyorm of complex
chemical compounds. In total, nearly 200 uraniund @horium-
containing minerals are known today.

Mixed uranium-thorium ores exist also in the Eastlerust. It is
interesting to note that in mixed U-Th ores thorifsection can include,
in addition to main thorium isotop&Th, other long-lived thorium
isotope *°Th (ionium) with T, = 7,5-10 years. lonium is a decay
product of 2**J (0,0054% in natural uranium,,T = 2,5-16 years)
which, in its turn, is a decay product of main tuwamisotope’*®U. The
lower share of thorium fraction in mixed U-Th otbe larger (up to
10%) share of ionium is present in natural thoridm*Th->*Th
mixture is irradiated by neutrons, then, in additim conversion of
32Th into fissile isotopé®U, ionium is converted inté*U, radioactive
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nuclide with T, ~ 69 years.”*U is an initial isotope for chain of
radioactive decays accompanied by intense emissfohigh-energy

gamma-rays. Such intense radioactivity can proeidsrong radiation
barrier against unauthorized proliferatior?dtJ, secondary nuclear fuel
which is the very suitable material for manufactgriof nuclear

explosive devices. Isotope separation of binZAJ-***U mixture is

practically unfeasible process even for the mosslyphisticated
technologies because of the smallest mass differ€h@.m.u. is three
times lower difference than 3 a.m.u. ffU-***U mixture). These
difficulties (high-energy gamma-radiation emittedy B°U decay

products and impossibility 6f°U removal fron™2U-?*U mixture) can

create an insurmountable barrier against poteNtidproliferators.

Because of strong chemical activity of uranium, suse of high
solubility of uranium compounds in water that leadlsactive uranium
transport in the Earth’'s crust, there are relayivielw regions in the
world with rich deposits of uranium ores. Accordiagsome geological
evaluations, sea and ocean water contains alib@t tdnatural uranium
(08,3 mg/m, or 0,003 ppm, as an average content). For cosguari
total natural uranium resources in the Earth’stcans evaluated in 1
t (2-4 ppm, as an average content).

The following categories of uranium ores can be kedr out
depending on uranium content:

1. Very rich ores contain above 1% U.

2. Rich ores contain 0,5-1% U.

3. Medium ores contain 0,25-0,5% U.

4. Ordinary ores contain 0,09-0,25% U.

5. Poor ores contain below 0,09% U.

In average, the mined ores contain about 0,1% &J, these are
ordinary and poor uranium ores.

Natural uranium resources are evaluated on thewoily two cost
categories:

1. Cheap uranium costs below 80 US dollars per W:k.

2. Expensive uranium costs above 80 US dollarg per UsOs.

The threshold cost (80 US dollars/kgsQd) differentiates the
competitiveness areas of NPP and coal-fired TPRatbiral uranium
costs below 80 US dollars/kgs0s, then NPP produces the cheaper
electrical energy than TPP does, and vice versa.
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The following four categories of natural uraniunsaerces can be
marked out depending on the completeness of gealbigiformation:

1. Reasonably assured uranium resources (RAR).

2. Inferred uranium resources (IR), i.e. uraniumpa$its at
peripheral wings of reasonably assured resources.

3. Prognosticated uranium resources refer to thapected to exist
in well-known uranium provinces.

4. Speculative uranium resources refer to thoseagd to exist in
geological provinces that may host uranium deposits

The first and second categories are the most tamtyw ones.
Information on global uranium resources (as of dand, 2009) and
uranium production rate in 2006-2008 is presentedlable 5 and
Table 6.

Table 5
Uranium resources, thousand tons (2009)
No. Country RAR IR
< 80 $/kg <130 $/kg < 80 $/kg < 130 $/kg|
1 Australia 1163 1176 449 497
2 Canada 337 361 111 124
3 Kazakhstan 234 336 242 316
4 Brazil 158 158 74 121
5 SAR 142 195 91 100
6 China 101 116 49 56
7 Russia 100 181 58 299
$1-7) 2235 of 2523 of 1074 of 1226| 1513 of 1879
2516 (89%)| 3525 (72%) (88%) (81%)
Table 6
Uranium production rate, thousand tons
No. Country 2006 2007 2008
1 Canada 9,86 9,48 9,00
2 Australia 7,59 8,60 8,43
3 Kazakhstan| 5,28 6,63 8,51
4 Niger 3,44 3,19 3,03
5 Russia 3,19 3,41 3,52
6 Namibia 3,08 2,83 4,40
7 USA 1,80 1,75 1,49
51-7) 34,24 of 39,62 35,89 of 41,24 38,38 of 43,88
(86%) (87%) (87%)
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As is seen, the reasonably assured uranium resoareeevaluated
as 3,5210° t, the inferred uranium resources - )88 t, i.e. about
5,410° t in total, including 3,AC° t of cheap uranium and I]7° t of
expensive uranium. As of January 1, 2009, the warddlear power
(373 GWe) required 59 thousand tons of naturaliunara year. Under
such a consumption rate, the cheap uranium resowidiebe sufficient
for 63 years, the expensive uranium resources calory this time
interval on 28 years, i.e. total cheap and expenananium resources
will be able to meet the demands of the world rarcower for natural
uranium during 91 years.

Nearly 85% of the reasonably assured and inferreanium
resources are placed in seven countries: in Améfizmada, Brazil),
Africa (SAR), Eurasia (Kazakhstan, China, Russiadl &n Australia.
The same situation takes place with uranium pradacAnnual rate of
natural uranium production (40-44 thousand tong)sdoot meet the
demands of the world nuclear power (59 thousand)tdrhe deficit of
natural uranium is covered by the previously mineghium ores.

Some data on capacities of national nuclear poysess in 2009
and on NPP shares in gross electricity generatien presented in
Table 7.

Table 7
The world nuclear power in 2009

No. Country Total nuclear power, GWe NPP share, %
1 USA 101,0 20
2 France 63,1 74
3 Japan 47,9 29
4 Russia 21,7 17
5 Germany 20,5 28
6 South Korea 17,7 35
7 Ukraine 13,1 48
8 Canada 12,7 15
9 Great Britain 10,1 15
Total 307,8 of 373 (83%) 16

As is seen, the countries possessing main depafsiieanium ores
are the main producers of natural uranium too lhdytare not
obligatory the possessors of the well-developedeangower system.
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For example, all African countries and Australiavédnano NPP in
operation at all. Quite the contrary, Asian cowdrdapan and South
Korea have no any available resources of natuialium, both these
countries are the main uranium importers in theldydiut there are the
well-developed nuclear power systems in thesesstate

Of 308 GWe produced by the countries with the weNeloped
nuclear power industry, about 114 GWe are generdtgdNorth
American countries, 128 GWe — by European counares 66 GWe —
by Asian countries. The remaining 65 GWe are ge¢edrdy the
countries, non-members of the top-nine list.

Uranium content in uranium ores mined by the Cl8ntoes covers
the range from 0,05% to 0,10% (ordinary and poesprThere are only
two uranium provinces in Russia where natural wraris being mined:

1. Chita region.

2. Stavropol region.

The following six uranium deposits are explored tatt mastered yet:

1. Onega region in Karelia.

2. Vitim region in Siberia.

3. Trans-Urals region (in the vicinity of Dolmattwn).

4. West-Siberian region.

5. Enisey-Trans-Baikal region.

6. Far East region.

The following four methods are mainly used for ey of natural
uranium:

1. Underground extraction from uranium mines.

2. Uranium extraction from open-cast mines.

3. Underground leaching, or in-situ leaching of uramideposits.

4. Uranium extraction from seawater.

When uranium-containing minerals are already re/drom the
Earth’s crust with application of the first two rhetls, uranium ore
undergoes the hydro-metallurgical (HM) treatmenthe T hydro-
metallurgical technologies are based on good ditiulif the uranium-
bearing minerals by acidic and alkaline solutions.

Natural uranium can be recovered from uranium tsesneans of
the following consecutive procedures:

1. Crashing and physical concentration of uraniumbyreemoval of
the barren (dead) rocks.
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2. Leaching (dissolution) of uranium ore in acidic carbonate
solutions.

3. Selective separation of uranium from the solutiongoulps by
technologies of sorption, extraction and chemicatipitation.

4. Production of dry uranium concentraf®$% U;Og).

5. Production of pure (refined) uranium compounds \aiplication
of the affinage technologies.

The following methods can be used to concentra@ium ore by
separation of the uranium-bearing rocks from thedmarocks:

1. Radiometrical separation.The radiometrical method is based on
the higher radioactivity of the uranium-bearing k&cUranium ore is
milled into pieces with typical sizes about 20-30. dhe ore pieces are
examined by monitoring the natural gamma-radiodgtiof each ore
piece and removing the barren pieces. This methatble to remove up
to 50% of the barren rocks.

2. Gravitational separation. The gravitational method is based on
different densities of the uranium-bearing mine(él§-10,5 g/cr) and
the barren rocks (2,5-2,7 g/@mUranium ore is milled into pieces with
typical sizes about 1 mm, and the ore pieces arénpua water-filled
vessel. The heavier pieces sink onto bottom andbeanext collected.
The gravitational method is often combined withoatiation separation.

3. Floatation separation. The floatation method is based on
different densities and different abilities to beistened by water of the
uranium-bearing minerals and the barren rocks. iunarore is milled
into pieces with typical sizes about 0,1 mm, areldhe pieces are put
into a water-filled vessel. Air flow is pumped frothe bottom. The
lighter pieces of the barren rocks are stickinghe air bubbles and
going to the water surface while the heavier pieakshe uranium-
bearing minerals gradually sink onto the vesseldbotwhere they can
be then collected. The separation process can hekemed by
introducing some floatation reagents into the wétied vessel to
change purposefully natural ability of the uranibearing minerals to
be moistened by water.

The next step in the HM-treatment is a leachingn(eal by
dissolving) of uranium compounds from uranium dbepending on
chemical composition of uranium ore, one of twaléag materials can
be used, namely acidic or carbonate solutions.
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The acid leaching is a more widely used technol&yyphuric acid
H,SO,, nitric acid HNQ and hydrochloric acid HCl may be used as a
leaching reagent. The carbonate leaching is appliddrge content of
impurities which can actively interact with acidiolutions. Soda
NaHCQ;,, sodium bi-carbonate NaO; and ammonium carbonate
(NH4).CO; may be also used as a leaching agent.

After uranium compounds were leached from uraniue, these
uranium compounds can be selectively derived fraquid acidic or
carbonate solutions by using the following thre¢huods:

1. Sorption on organic ion-exchange resins.

2. Extraction by organic liquid (extractant).

3. Chemical precipitation from solutions.

Uranium can be sorbed from pulps and clarified thmhs. Extraction
and chemical precipitation of uranium compounds banperformed
from the well-clarified solutions only. Uranium-be® solutions can be
clarified by:

1. Settling of solid particles in large vessels.

2. Filtration of the solutions obtained after remowékolid particles
by settling through thick layers of sand, silical gand activated
charcoal.

The sorption method is based on the selectivetybilisome organic
ion-exchange resins to sorb primarily uranium coomus on their
surface. Small spherical granules of an ion-exchamgin are mixed
with uranium-bearing solution, and the granulesbsaelectively
uranium compounds. Since ion-exchange resins gheeli than liquid
solutions, the granules can be easily collectedrambved for further
de-sorption of uranium compounds from their surfathe uranium
washing off the granules is named as a de-sormifoglution process
with an eluate as a final product. Neutral or alle@lsoda solutions are
widely used as eluents.

Other method is also used to derive uranium comg®diom acidic
or carbonate aqueous solutions. This is a methadasfium extraction
by organic substances. From viewpoint of a genehamistry, the
extraction process is based on a solvation readfiat can unite
molecules of quite different materials into a segitable compound
(solvate). The simplest example of the solvaticactien is a hydration
of salts that leads to formation of stable hydratéth the following
chemical formula “salt-n}@”. The uranium extraction process is based
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on the property of some organic dissolvents (etdrds) unmixable
with water, to form complex chemical compounds witlanium salts.
The extraction process must be followed by thexteaetion process,
i.e. dissolution of uranium-bearing solvates by emec quantity of a
neutral dissolvent and, thus, formation of a higtdycentrated uranium
solution.

When the clarified acidic or carbonate solutiontacots with organic
extractant, uranium is distributed between aquesusorganic phases.
The most uranium quantity goes into organic ph&ken, these phases
are separated, and uranium re-extracted from thenar phase. Light
water or low-concentrated nitric acid HANCan be used as re-
extractants. Several consecutive applications o #xtraction-re-
extraction process can derive up to 99,7% U coathim the mined
natural uranium ore.

One else method of uranium derivation from acidiccarbonate
solutions is a chemical precipitation. The preeifitn process can deal
with the clarified acidic or carbonate solutionsquiced by leaching of
uranium ore and with large volumes of low-conceaettauranium-
bearing solutions produced by the de-sorption orexteaction
processes.

Uranium compounds can be precipitated by introducsome
appropriate reagents (precipitants) into the urarbearing solutions.
The following substances can be used as precipitanydrogen
peroxide HO,, ammonium hydrate NJDH, caustic soda NaOH,
magnesium oxide MgO, etc. The precipitation proceseduces
insoluble hydrates of uranium oxides WYOH,O which fall as a
sediment onto a bottom. Then, the uranium-beariegipitates can be
picked up and dried.

The precipitated, picked up and dried uranium cotre¢e is a final
material produced by HM-treatment of the mined iwanore (solid
form).

Thus, HM-treatment of solid uranium ore includeg tiollowing
main steps:

1. Transportation of the mined uranium ore to HM-pgant

2. Crashing of the uranium ore and physical conceotraof
uranium compounds.

3. Leaching of uranium compounds from the uranium ore.
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4. Application of sorption, extraction and chemicalegpitation
processes.

5. Application of de-sorption, re-extraction and cheahi
precipitation processes.

However, the in-situ leaching (ISL) process makegdssible to
work without transportation, crashing, physical oemtration and
leaching of the uranium ore. The ISL method coasiétthe following
steps:

1. Drilling of the injection and output wells into th&anium ore
body.

2. Injection of liquid dissolvents into the uraniumeobody for
leaching of uranium compounds.

3. Pumping out of the produced solutions through thput wells
after a certain time interval.

Then, these solutions undergo the aforementionededures of
HM-treatment  (sorption-de-sorption, extraction-rtraction and
chemical precipitation).

As a rule, the ISL wells are drilled not deepermntli®0 m. Main
disposition scheme of the ISL wells representsuasgfive-well cluster
with four injection wells in four apices of the sqa and one output well
in the square center. Pitch of the cluster is apngér than 30 m. Acidic
(at low content of carbonates in the uranium ordybmr alkaline (at
high content of carbonates in the uranium ore bagdg)used as uranium
dissolvents. Uranium concentrations in the outmltitions can reach
~200 mg/l, i.e. about 0,02%, or 200 ppm.

The ISL process can be applied only if the uranioma body is
characterized by the following properties:

1. The uranium ore body is placed between two waggrt-tstrata so
that the uranium-bearing solutions could not leedmf the deposit
region.

2. The uranium ore body is porous enough for the lgach
dissolvent to penetrate easily and deeply intmtieebody.

Seawater can be also regarded as a very low coatsshturanium-
bearing solution. In a global scale, seawater &f world seas and
oceans contains aboufl®’ t U but with as low concentration 88,003
mg/l, or 0,003 ppm. So, total uranium resourcesdawater are larger
by three orders of magnitude than total reasonas$yired and inferred
uranium resources in the Earth’s crust (EBj4t U). Unfortunately,
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derivation of natural uranium from seawater enceret the following
difficulties:

1. Large volumes of seawater to be pumped throughaaium
extraction installation.

2. Flow of fresh seawater can not be mixed with spemater
effluents produced by a uranium extraction instalia

3. Large volumes of chemical reagents and wastes.

Cost of natural uranium derived from seawater aleated as 450
US dollars/kg. There are some innovative projett3apan that assume
disposition of the uranium extraction installations the floating
platforms in the regions of permanent oceanic sisegrig. 4).

Installations for
uranium extraction

Uranium adsorbents )

Fig. 4. Scheme of a facility for uranium derivatimom seawater

Thus, HM-treatment of uranium ore can produce drgnium
concentrate as a mixture of uranium oxides (mosiiDs). Uranium
concentrate consists of practically all uranium amathat previously
contained in uranium ore. But uranium concentratévdd from the ore
contains also some accompanying impurities. Reallyanium

50



concentrates contains about 94-95% of uranium exaled 4-5% of
undesirable impurities. That is why it is necessiryclean uranium
concentrate by removing all impurities, and a patfér attention should
be given to elements which could play a role ofap#ic neutron
absorbers in nuclear reactors. Some isotopes obnbocadmium,
hafnium, of rare-earth elements (europium, gadatmand samarium)
are strong neutron absorbers and so they musnivesl from uranium
concentrate.

The next NFC stage is a fine purification of uramigoncentrate
from undesirable impurities (especially, from neuatabsorbing
elements) with application of affinage processdse most developed
and mastered affinage technology is based on theoarg extraction
process with application of tri-butyl-phosphate PjBas an extractant.
TBP is a complex organic ether 4&%);PO, with the following scheme
of chemical links:

CHy— O
CH,—O—-P =0
CHy,— 0~

TBP density (0,973 g/ciis close and slightly lower than density of
light water. TBP is a very viscous liquid and, educe its viscosity,
TBP is usually diluted with neutral organic liquidgerosene, for
instance). From the standpoint of nuclear techrielngthe most
significant TBP property consists in its excelleattility to extract
selectively uranium compounds from any uranium-ingasolutions.
TBP can extract uranyl-nitrate Y@IO;), from its aqueous solutions by
four orders of magnitude more effectively than imies. One TBP
liter can retain up to 440 g U.

The aqueous extraction affinage process includes ftitlowing
procedures:

1. Dissolution of uranium concentrate by nitric acidhaproduction of
uranyl-nitrate:

U3Os + 8 HNG; = 3 UG(NO3), + 2 NG+ 4 HO;

2. Mixing of the uranyl-nitrate solution with TBP. Muaifraction of
uranyl-nitrate goes into organic phase.
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UO,(NO3), + 2 TBP - UO,(NO5), (2 TBP;

3. Separation of agueous and organic phases.

4. Derivation of pure uranyl-nitrate from organic pbady the
chemical precipitation process. Here the followimgp ways can be
applied:

a. Hydrogen peroxide 4@, is used as a precipitant. Hydrate of uranium
peroxide UQ[RH,0 falls into deposit.

b. Ammonium bicarbonate NHCO; is used as a precipitant.
Ammonium-uranyl-carbonate (NJdUO,(COs); fall into deposit.

4yecKoit (as;

Calcination of both these products (hydrate of wranperoxide and
ammonium-uranyl-carbonate) can produce, depending fihe
calcination temperature range, the following impufiee uranium
oxides: UQ at 240-358C, UsO; at 580-628C and UQ at 750-806C.

Control questions

Call main categories of natural uranium resources.

Call main stages of hydro-metallurgical treatmeniranium ore.
What is the sorption process of uranium derivabiased on?

What is the extraction process of uranium derivabiased on?

. What is the chemical precipitation process of waniderivation
based on?

6. What is the in-situ leaching process of uranium lmeed on? Call
main conditions for the ISL applicability.

7. What is the aqueous extraction affinage procesdP itSamain
stages.

aOrwNE
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CHAPTER 4. URANIUM ISOTOPE ENRICHMENT

All contemporary nuclear power reactors are fueléth enriched
uranium compounds, i.e. uranium containing thedafgU fraction
than that in natural uraniuniif,71%). Thermal light-water reactors
(LWR) constitute a basis for the global nuclear pomdustry, and they
are fueled with uranium dioxide enriched up to 28%.

A whole series of nuclear technologies have beeveldped for
uranium isotope enrichment. All the technologies lassed on the mass
difference of main uranium nuclidéd®U and **®U (3 a.m.u.). This
difference of nuclear masses causes different tleng of ionized
atoms traveling in a magnetic field (electromagnet@chnology),
different probabilities for light and heavy atonespgenetrate through a
porous wall (gas diffusion technology), differepiatal distributions of
light and heavy atoms in a centrifugal field (gastcfuge technology
and separation nozzle process).

Advanced and very promising laser technologiesuai@er intense
development now. There are two varieties of lasmhriology for
uranium isotope enrichment, namely atomic and nubde®ptions.

Atomic vapor laser isotope separation (AVLIS) tedogy is based
on selective excitation 6f°U atoms under laser irradiation. Then, the
excited®U atoms can be ionized by additional laser radiatmd®**U
ions can be easily separated from electricallynaétifU atoms.

Molecular laser isotope separation (MLIS) technglag based on
selective excitation of gaseoﬁf’é‘UFG molecules under laser irradiation.
Then, the excited®UFs molecules can be chemically dissociated by
additional laser radiation with production of sdfftUFs powder.

Some chemical methodologies of isotope separatienbased on
different isotope stabilities in different chemicaimpounds of the same
chemical element. The chemical methodologies usetioss of isotope
exchange between two different compounds of onenidad element.
Individual isotopes are accumulated in that chelm@ament where
they are more stable. For example, natural bor6#6(2B and 80%"'B)
can be enriched with its light isotop®B, strong absorber of thermal
neutrons, to fabricate highly efficient control sodeeded to provide
safe LWR operation. When mixing Bwith BR;O(CH),, the following
isotope exchange reaction can occur with gradualmalation of°B in
organic phase:
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BF; + BRO(CHy), — "'BF; + '“BF;0(CHg),

A similar effect can be achieved in the isotopehexge reactions of
different uranium compounds, desirably, with diffler uranium
valences. As is knowrf>U is more chemically stable in six-valence
uranium compounds while, on the contraf{U — in four-valence
compounds. Such a fine distinction in chemical prtps of uranium
isotopes can be used for their separation.

Plasma isotope separation technology is based emftact of ion
cyclotron resonance. Any charged particles (iops,efxample), when
coming into a constant magnetic field, begin rotaround the force
lines of the magnetic field with a certain frequgn@n cyclotron
frequency —ICF) and with a certain orbital radid$he ICF value
depends on the ion mass,’&% and®*®U ions are characterized by their
own ICF values. Orbital radii of®U and ?*% ions depend on their
energy. If the alternating electrical field withetfrequency equaled to
the ICF value of**U, for instance, is applied, then energy of the
electrical field is selectively absorbed KU ions only. As a
consequence, energy ofU ions increases, and orbit of their rotation
extends. Thus, an opportunity arises to separatiafip >>U ions from
289 ions.

Quality of isotope separation (enriching) technadsgcan be
evaluated by the following two parameters: efficenand energy
consumption. Efficiency of the enriching technolagydefined by its
ability to upgrade relative content (abundance)exfessary isotope after
one step of the enriching process. Energy consomuti the enriching
technology is defined in the terms of energy expsnger a separative
work unit (SWU). The concept of separative workd #reir measuring
units is described below.

Schematically, the process of uranium enrichmenn dae
characterized by such a way. Initial uranium magte€&d) and relative
23 content X% are main input parameters of the process. Maipubut
parameters of the process are mass of enricheduora® (product),
relative U content in the product )X mass of depleted uranium W
(waste or tails) and relati&U content in the wasteyX
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F, Xe
!
System of separative steps

1
W,XW+P,)§D

Mathematical definition of material balance in th&anium
enrichment process can be written as a systemeoffdtowing two

equations:
1. Balance of uraniummass: F=P+ W.
2. Balance of®U mass: Xe [F = Xo [P + Xy DW.

This is a system of two equations with three unkmeariables (F, P
and W). Fortunately, by dividing both equationsFyythe system can be
transformed into the resolvable system of two dquoat with two
unknown variables F/P and W/P:

E:1+ﬂ;
PP
W
X EE=X +X \ E—
F P P W% P

By solving the system, the following characteristiuf the isotope
separation process can be determined:
a. Factor of natural uranium consumption per the product mass
unit:
F_Xp=Xyw.
P Xe—Xy

b. Factor of the waste production per the product mss unit:

ﬂ_ Xp=XE.
P Xe—Xy '
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c. Division factor of the feed flowo:

F=P+W=0[F+(1-0)[F,

Some numerical examples:
a. Production of weapon-grade uranium from natural uranium:

Xe=0,71%; % = 90%; Xy = 0,25%.

Then

This means that production of 25 kg (one Signific@uantity for
weapon-grade uranium) requires about 5000 kg ofirakturanium
contained, in average, in about 5000 t of naturahium ore.

b. Production of reactor-grade uranium from natural uranium:

Xe=0,71%; % = 4%; Xy = 0,25%.

Then

_P_Xe—Xw _ 0,46:0’12_

F Xp-Xyw 3,75

This means that about 120 kg of enriched react@deyuranium (4%
) and 880 kg of depleted uranium (0,25%J) can be obtained
from 1000 kg of natural uranium.

The following parameters can be introduced as t#y be helpful
for characterization of the uranium enrichment pssc

1. Relative concentrations 6fU in the feed, product and waste:
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R = XF : R'= XP : R'= )

2. The single-stage separation factor:

3. The single-stage depletion factor:

PR X 1= X
w /@~ Xy)

4. The single-stage enrichment gadh= o -1.
5. The single-stage depletion gaifi=p-1.

The separative works.The methodology for quantitative evaluation
of the efforts expended to separat®) and?*®U from each other has
been developed by English physicists R. Peierls Rndirac. They
proposed to use a certain function U that can clenize a total value
of any uranium isotope composition. For exampléaltealue of the
feed material is defined by multiplying the feedssid by a certain
dimensionless functionV(Xy) that depends only on a specific

concentration of the desired isotdpJ, i.e.
Up =FOV(X ).

The V(X) function is called the separation potential fumatiBefore

the uranium enrichment process started, total vafuitbe feed material
Ur = FLV(X). After the uranium enrichment process ended, tathle

of the obtained materials is a sum of the prodatte/U, = POV(Xp)
and the waste valug, =WLIV(X,,), i.e. total value of isotopic
composition increased on:
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AU =(Up +U,) - U =PIV(X p) + WIV(X ) —-FIV(X ). (1)

The value gainAU is chosen as a main characteristic of the
separative work scope needed to divide the initiadary isotope
composition into two new materials, namely enrichgdnium and
depleted uranium.

The separation potential function(X) is dimensionless, and so the

separative works are measured on the feed, prahattwaste mass
units (kilograms, for instance). Also, as it follsvirom the definition,
the separative work scope is independent on thdiedppsotope
separation technology.

If the following mathematical operations are parfed, then the
exact formula for the separation potential functigiX) can be derived:

1. Equation (1) must be re-written into the formmizining the feed
mass F only:

AU =FOBIV(X p) +(1-6) V(X ) —V(X Jl. )

2. The separation potential functions(X,) and V(X,,) must be
expanded in the Taylor series in the vicinityXf point including the

first three terms of the expansion.
Then, by assuming that the single-stage separatioek is
independent on the feed concentrak@n the following second-order

differential equation can be obtained for the safi@m potential
function:

d>v(X) _ 1 _
dx?  X2m-Xx)?%’

with the solution:

—(2X ~1)In >
V(X) =(2X ~D)n .

Derivation of mathematical formula for the separaton potential
function. The feed mass F comes to the single-stage inldtfvam new
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materials leave the single-stage outlet, namelyptioeluct P=6F and
the wastew = (1-6)[F. As a result, equation (2) was obtained.

If the separation potential function¥(Xp) and V(X,) are
expanded in the Taylor series in the vicinity>gf point by such a way:

2
VO =V(X Y + S5 0K X ) 405 B";X—‘ﬁw X )2

dv 2y
V(X ) =V(X +&D< WX 40,5 Bjx—zf@( wXp?2

and substituted into equation (2), then the follayiequation is
obtained:

AU =V(X,) [BE +(1-8) [F-F] +

+ SO F X, ~X ) +(1-6) TF 1K X ] + 3)
+o,59";27\§ (08 [F(Xp — Xg)? + (1~ 8) FI(Xyy — X)°].

By using the mass balance relationships, it is éashow that the
first two terms of equation (3) are equal to zéndeed:

F®+(1-0)(F- F= 0.
FOLXp—Xp +FL-0)(Xy, —Xp =POXp=-X p+WX ,,—X ) =0.

Then

AU = 0,592% 08 [FL(Xp — X)? + 1-8) [FI Xy - Xp)%.  (4)

Let assume that very little enrichment and dephegains occurred
at any one of multiple stages of the isotope sejpargrocess, i.e. the
single-stage enrichment and depletion gaitend €' are much lower
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than unity. Then, by using definitions of thesengaithe following
approximate expressions can be obtained:
" Xpl(@-X5p) -1= Xp=X ¢

Xe/(1=Xp) Xpm_XP);
Xp=Xp=¢' X L-X)=¢X J0-X )

X/ (=Xw) Xw lIH-_XF),

e = X/ (1-Xg) 1= Xe =Xy

These expressions being substituted into equatddriof AU can
transform the equation into the following:

2
AU =o,5a(‘jlx—\g DX [1- X )2 CFOPE 2 + (1- 8) 2" 2].

One else assumption must be used, namely the stage
separative work is independent on the feed coraéomiX. and

defined only by the stage design and by the appéetinology. If so,
the following second-order differential equatiorokgained:

2
%D(Zml—Xf:l, or

d2v _ 1
dx? X2mMm-x)?%

General solution of this equation can be writtentie following
form:

X
1-X

V(X) =(2X -1) []h( J+A X +B.

It can be easily shown that any values of A anda&drs do not
change the separative works scope at all becaesgitand B)-related
terms can produce no effect & value:
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AU, g =APIXp +W Xy, ~FIXp) +BQP+W-F)=0.

Therefore, the following last assumption can beepted: A =B =0.
Finally, the separative works scope can be caledldily using the
formula:

AU =PIV(Xp) + WIV(X ) =F V(X p;

were
e X
V(X) =(2X -1) |n(—1_x}

If kilograms are chosen as the feed, product anstevaass units,
then the separative works scope can be also mehsuréhe SW-
kilograms, and, by definition, 1 SW-kilogram = 1 8&W(separative
work unit).

Specific scope of the separative wornksg,,, can be defined as the

works scope needed to produce 1 kg of enricheduman

Nswu =A?U,SWU/kg.

As it was shown above:

F=pie Xw. = pe X
F-Aw XeXw
So:
AU = PDV(X,) + PR XE x [v(xw) PMW(XF)
And
X
oy =YX +VX ) B EE VX ) e
W
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The concepts of the separative works and theiswiitneasure have
been developed at Oak Ridge National LaboratoryA)U8 provide a
scientific foundation for prices and commercial @ats to be paid for
the offered enriching services. All the expensdated with uranium
enrichment are referred to the really performedasspre works.
Dependencies of the separative works needed toupeod kg of
enriched uranium from natural uranium are availaimes in a tabular
form as functions of relativ€™U content in the feed and waste uranium.

Some data on the single-stage separation factospecific energy
consumption are presented in Table 8 for diffeteahium enrichment
technologies.

Table 8
Comparison of uranium enrichment technologies erstéparation factor
and specific energy consumption

Technology Separation facto Energy consumptionhASWU
Electromagnetic 20-40 4000
Gas diffusion 1,0043 2300-2600
Gas centrifuges 1,25 100-300
Separation nozzle 1,025 3000-3500
Laser 3-15 10-50
Chemical 1,0025 400-700
Plasma 3,5-10 200-600

The most of the uranium enrichment technologieslyappseous
uranium hexafluoride Ufas an initial (feeding) material. This uranium
compound is characterized by a series of very divea properties,
especially important for the uranium enriching @es

1. Natural fluorine is a one-isotope element caribgj only one
stable isotope™F. If natural fluorine would contain one else stabl
isotope {%F, for instance), then the isotope separation poaeould
deal with four componentsfU*Fs, *%U™F,, 2U™F and 2%U"Fe)
with molecular masses of 343, 346, 349 and 352ua.mespectively.
This means that the lighter fraction (343 and 346.&) would contain
some amount of*U while the heavier fraction (349 and 352 a.m.u.)
would contain some amount BfU.

2. Fluorine is a comparatively light chemical eletneRelative
difference of moleculaf**UFs and **®UFs masses is equal to 3/349
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0,0086. This value is lower than relative differeraf atomic**U and
%% masses (3/2350,0128) but not very much.

3. Uranium hexafluoride can exist in the soliduldjand gaseous
states under moderate temperature and pressuréticosdFig. 5).
Triple point at UF state diagram corresponds to the temperature®cf 64
and the pressure of 1138 mmHg (about 1,5 atmosphere

4. Uranium hexafluoride can be sublimated fromdbkd state into
the gaseous state omitting the liquid state byightsivarming-up. And
vice versa, gaseous uranium hexafluoride can belerwed into the
solid stat by a slight cooling-down.

Thus, physical properties of uranium hexafluoride @ery suitable
to develop sufficiently simple in design, comfotgaband compact
facilities for the uranium isotope enrichment.

709 |
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Fig. 5. Diagram of uranium hexafluoride states
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However, uranium hexafluoride is characterized bg following
disadvantages:

1. Strong chemical activity. Uranium hexafluoridancintensely
interact with air and water vapor with the formatiof uranium tetra-
fluoride UF, as a powder that can deposit on inner surfaces of
technological circuitry.

2. As a consequence, a necessity arises to usdigimilly hermetical
pipes and vessels, maintain their dehydration, edejing and the
surgical-like cleanness. The most stable structuraterials for
operations with gaseous uranium hexafluoride aokehi aluminum,
magnesium, copper, and their alloys, teflon of niganaterials.

Conversion of uranium oxides into uranium hexafluorde.

In the open NFC the uranium concentratgdd) product of the
extraction affinage, is an initial material for @éenversion into uranium
hexafluoride.

Uranium concentrate 40 is usually fluorinated by means of the
following two-step process:

1. Reaction of LDg with gaseous fluorine at 350-370that leads to
the formation of uranyl-fluoride UsB:

UsO0g + 3R — 3UGF; + O..

2. Reaction of uranyl-fluoride with gaseous fluerimt slightly
reduced temperatureZ7dC):

UO.F; + 2k - UK + O,.

Another one-step process is feasible too. The tepe-grocess is
based on the direct high-temperature fluorinatehhology. However,
the process is feasible only at excess amountasgfays fluorine and at
substantially higher temperatures (900-1%00

UsO0g + 9K — 3URK + 40..

In the closed NFC with recycling of the regenerat@@nium,
uranium dioxide U@ extracted from spent fuel assemblies is an initial
material for its conversion into uranium hexaflderi In this case the
following two-step fluorination process is usuadyplied:
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1. Reaction of uranium dioxide with hydrofluoricidh@t 500-606C
that leads to the formation of uranium tetra-flderUR:

UO, + 4HF - UF,; + 2H,0.
2. Reaction of uranium tetra-fluoride with gasefiusrine at 406C:
UF4 +F2 = UFG

Afterwards, uranium hexafluoride is condensed &fGland can be
transported in the containers made of nickel-badlegs.

1. Gas diffusion technology of uranium enrichment

Gas diffusion (GD) is a physical phenomenon of niesssport in a
mixture of different gases caused by their thenmavements.

The GD-technology of material separation is basadddferent
thermal velocity of light and heavy molecules, and different
penetrability of light and heavy molecules througbrous walls
(membranes).

In binary mixture of light and heavy gases both ponents have the
same temperature and, thus, the same kinetic energy

2 _ 2
Mycur MicHt = Maeavy DMigavy -

So, the light molecules can move with higher vejo@nd, as a
consequence, can penetrate through a porous wah Varger
probability:

ViGHT /2
———=(Myeavy ! Migut )1 .

VHeavy
In principle, it can be shown that the maximal, dtetically

achievable ideal separation factyy for two gases diffusing through a
porous wall is equal to:
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_ VieHr )1/ 2 Am

=1+

o :
2My Gt

v = (mHEAVY /MyghT
HEAVY

Molecular masses 6f°UF; (the light gas) anéf®UF; (the heavy gas)
are equal to 349 a.m.u. and 352 a.m.u., respegtiVals:

0, =1,0043; € =a,- 1= 0,004

Efficiency of the GD-technology can be upgradeth# mean free
path A of UR; molecules is much longer than typical size of pase
(A>>a) because main mechanism of thermal movementst rne
molecule-pore interactions, not inter-molecularlismins. The mean
free path of any gaseous molecules is inverselypgtmnal to the
pressure. For example, the mean free path gfrilffecules is equal to
(L micron at atmospheric pressure andit00 microns at 1 mm Hg.

Manufacturing of the GD-membranes with the micrevel sizes of
pores is a very complicated and the most classifietlem. The porous
walls must be:

1. thin (well below 1 mm);

2. strong (under the pressure drop up to 0,3 atmosjher

3. corrosion-resistant in the JEnvironment.

Currently, the porous tubular elements for the @Ehhology are
being made of the following materials:

1. sintered powders of alumina and nickel oxide;

2. sintered nickel powder;

3. porous aluminum produced by the electrical etch@atpnology.

Typical parameters of the GD-technology: the terapge range —
65+110C, the pressure ED,35 atmosphere, the pressure drof;3
atmosphere.

Cascading of the GD-processSince the single-stage enrichment
gain that can be achieved by the GD-technologyeig gmall (0,0043),
many successive GD-stages have to be used to meaeksary values of
uranium enrichment (for example, up to 598J for nuclear power
reactors or above 90%™U for nuclear weaponry). System of the
successively linked GD-stages constitutes the Gidade with two
different separation branches (Fig. 6): the demetbranch where
relative U content reduces from 0,71% in natural uraniune (éed
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material) down to 0,2-0,3% in the depleted uran{time waste material
or tails), and the enriching branch where relafi¥ content increases
from 0,71% in natural uranium up to the necessatyes (5%+90%

239).
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Fig. 6. Layout of the GD-cascade

Experimental studies have shown that the best geraant for the
successive GD-stages is that in which half the figag pumped into
each stage diffuses through the porous wall to tiest higher
(enriching) stage, the other half being returnedht® feed material of
the lower stage.

Evidently, the numbers of the GD-stages and; fiéw rates are
different in the enriching and the depleting braaghThese values
depend orf*U content in the product and in the waste. It saclthat

67



relatively small number of the depleting stage®duired to reduc€U
content from 0,71% in natural uranium down to 0,290 in the waste.
On the contrary, relatively large number of theidring stages is
required to upgrad&U content from 0,71% in natural uranium up to
5% 2*U (reactor-grade uranium) or 909%6U (weapon-grade uranium)
in the product.

The flow rates of uranium hexafluoride successivelyuce in both
branches but the reduction of Jffow rate is sharper in the enriching
branch. The sharper reduction can be explained hiey following
consideration. In the extreme case of producing?dG&U in the
product and 09%°*U in the waste from 1000 kg of natural uraniumafin
stages of the enriching branch would handle withO8kg of the
enriched uranium while final stages of the depgetiranch would
handle with(B90 kg of the depleted uranium (Fig. 7).

The numbers of the enriching and the depletingestag the GD-
cascade can be evaluated following form the défimst of the single-
stage enrichmerd’ and depletiore” gains.

The following expressions can be written for uramienrichment
after the first enriching stage and, then, afteefriching stages:

XP
1-

(1) (1+ € ) G—X

X" (N = ey o XE
1- 1- X,

So,

P In(L+¢') g Xe/@-Xp)

Similar expressions can be obtained for the deygdiranch:

68



Xw )= 1" Xe ;
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@+e )N 1-Xg
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Fig. 7. Reduction of the stage quantity and urarfiom rate in the GD-branches
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Let assume that it is necessary to produce weapmdeguranium
(Xp =90% 2*°U) from natural uraniumXX. =0,71% #*°U) by the GD-
technology (¢’ =¢"=0,0043) with **U content in the waste
Xy =0,2% #*°U. Then, the numbers of the enriching stages and the
depleting stages are equal, =1660 and N,, =290, respectively. If
reactor-grade uraniuniX, =4% #°U) must be produced from natural

uranium with the samé®*U content in the waste (0,2%), then the
number of the enriching stages decreasesNjo=410 at the same

number of the depleting stages,{ = 290).

2. Gas centrifugal (GC) technology of uranium enribment

If a cylindrical vessel (centrifuge) containing adry mixture of
light and heavy gases rotates with angular velocity then the
centrifugal force acts on the elementary volumthefgaseous mixture:

Fo(N=Vi [60° [;

wherey, , - densities of the gaseous components; r — distara®a f

center of the vessel.
The pressures on the gaseous components can benidet with
application of the following differential equation:

dR, ()
dr

=F,(r)= \/1,2m)2 [r. (5)

By using the Mendeleev-Clapeyron equation:

m

R.(Nv= (RLT;

1,2

(M1, M; — molecular masses of the gaseous componentsjiegis the
gaseous components can be determined:
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m _ P, (NMy,
r=—e———,
Y1,2(1) v RT

Then, differential equation (5) can be re-written

dR () _ R (r)DMl,zm)z

i
dr ROT
and solved:
P, (r)= P(0)Je —M”mzmz P(OY e |¢>L12N2
= X 2 = i
1.2 2[R 20ROT

where V — linear velocity.

Evidently, content of light and heavy componentsthe gaseous
mixture are proportional to the spatial pressustrithution:

Mgt wz(r) J )

Xoae(r) =X 5240) [&X X
235(1) 2340) p( SR

Myeavy V Z(V) J _

X38(r) =X 2340) @Xp( >R

These formulas demonstrate that content of the yheamponent
(depleted uranium) is larger in peripheral regiénhe centrifuge, and,
vice versa, content of the light component (enidcheanium) is larger
in central region of the centrifuge. In this casbke single-stage
enrichment factor can be determined from the falhgwexpressions:
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X235(0) / X 2340) _ exp(— Mygrr OV (r)/ZIZRDT) B

a0 X3s5(N) [ X 534r) exp(— Mygayy V2 (r)/ZERDT) B
= exp(A MOV (r)/ 2[R DT) ;
g'(r) = q(r) —]_:M)_

2[ROOT

As is seen, the single-stage enrichment gaiof the GC-technology
depends only on absolute, not relative like in tBB-technology,
difference of molecular masses of the light andviregas components.
Also, the single-stage enrichment gain is propaogicto the squared
linear velocity of the centrifuge rotation. The ténges of
contemporary designs can rotate with linear vakgiup to 500-700
m/s, i.e. near to the velocity of a bullet outgoiingm the rifle tube.
According to many numerical evaluations, the GCQCwedogy can
provide the following velocity-dependent values tbe single-stage
enrichment gain at the outer centrifuge radgus r

€'(r,) =0,068 at V= 330m/s;
€'(r,) =0,098 at V= 400 m/s;
€'(ry) =0,152 at V= 500 m/s;
€'(r,) =0,300at V= 700 m/s.

The gas centrifuges are currently being made of ftilewing
structural materials:

1. Aluminum-based alloys for linear velocities\850 m/s.

2. Titanium-based alloys for linear velocities\450 m/s.

3. Alloyed steels for linear velocities¥/500 m/s.

4. Glass-fiber plastics reinforced with graphite lfoear velocities V
= 500-700 m/s.

If vertical gas circulation can be arranged in tentrifuge (for
example, by thermal convection caused by temperatgnadient
between top and bottom parts of the centrifugen tthe centrifuge can
act as the enriching cascade. The gaseous mixb@® @pwards along
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central axis and then goes downwards along theittegg wall. So, the

gaseous mixture o™ UFs and **®UF; is being continuously enriched
with the heavy component in the peripheral bott@gion while the

gaseous mixture is gradually enriched with thetlighmponent in the

central top region of the centrifuge.

The gas flow going upwards in the center and dowdsvaat the
periphery can be formed by an insignificant warmimpgof the central
region. The warming-up effect can be produced Isynall electrically
heated rod placed in the centrifuge center.

3. The separation-nozzle technology of uranium erchment

The separation-nozzle (SN) technology has beenlaes® at the
Karlsruhe Nuclear Research Center (Germany) adtamative to the
GD- and GC-technologies. The gaseous mixture &ifél hydrogen (or
helium) expands along a bent wall. The centrifudglection force can
split the flow into the light and heavy fractiong imeans of a slimmer

(Fig. 8).

Gaseous
mixture N\ P, = 14 mm Hg
(UFgtH,) Heavy
Po=48mmHg fraction
04 .
NN
Nozzle/

Fig. 8. Layout of the separation-nozzle technology

The hydrogen or helium auxiliary gas increasesflbw velocity
and, hence, it increases the centrifugal forcemidef efficiency of the
SN-process.
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The SN-technology is profitably distinguished frothe GC-
technology by the absence of the rotating detaitsitorequires a very
fine mechanical assemblage because of very litkessof the splitting
slits (decimal fractions of one millimeter). Thagle-stage enrichment
gain in the SN-technology can reaeh=0,025 at the specific energy

consumption about 3000 kWh/SWU.
4. The laser technologies of uranium enrichment

The laser technologies of uranium enrichment realytle slightly
different excitation energies of electronic shéfiat surround®U and
%% nuclei. Three extra neutrons U nucleus caused the slight shift
in the electron excitation energy scheme as cordpaith 2**U nucleus.
This energy shift can be used to excite selectivgbnium atoms or
uranium-containing molecules by the monochromataset light
properly tuned to the required wavelength. The texcistate of
electronic shell can selectively enhance some phlysir chemical
processes with uranium-containing materials angs,tpromote isotope
separation.

The following conditions should be satisfied for ceessful
implementation of the laser-induced isotope sefarat

1. The energy spectrum of the excited electronielfemust contain
a line belonging to one isotope only, and this linast be sufficiently
far from other spectral lines of the desirable dpet and from all
spectral lines of other isotopes.

2. Physical or chemical processes must be foundhwhie able to
separate the excited and non-excited uranium-gantacomponents.

3. Laser-induced impact on the isotopic compositmbe separated
must be a main excitation mechanism, not inter-atoor inter-
molecular collisions.

4. High-efficiency lasers must be developed andlyirtuned to the
appropriate wavelength.

Presently, the following two laser isotope separatechnologies are
under intense development and demonstration, naateiyic vapor
laser isotope separation (AVLIS) and moleculariasatope separation
(MLIS).
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4.1. AVLIS-technology

The AVLIS-technology has been developed at the Eace
Livermore National Laboratory (USA). The AVLIS taatilogy includes
the following stages:

1. Vacuum evaporation of uranium atoms at very haghperature
(230dC). Beam of accelerated electrons knocks uraniumsiout of
uranium-rhenium alloy.

2. Irradiation by xenon laseA[(B780 A, ultraviolet range)?*U
atoms are selectively excited.

3. Irradiation by krypton lase”A([B500 A, ultraviolet range). The
excited®U atoms are selectively ionized.

4. Collection of*U ions on an electrically charged plate.

4.2. MLIS-technology

The MLIS-technology has been developed at the LdamAs
National Laboratory (USA). The MVLIS technology indes the
following stages:

1. Expansion of gaseous uranium hexafluoride — dgein
composition through a hypersonic nozzle. As a tesutanium
hexafluoride cools down to about 30 K but it doesgondense.

2. Irradiation by infrared laseA[(l1,610° A). Molecules of**UF
are selectively excited.

3. lIrradiation by ultraviolet laserA(B,0810° A). The excited
molecules of*®UF; are selectively dissociated with the formation of
uranium pentafluorid&UFs and free fluorine:

2[FPUR, » 20°°UR + .,

Uranium pentafluoridé®UFs precipitates from the gas flow as a fine
powder (so called, “laser snow”) that can be easillected.

The single-stage enrichment factors are very high bioth laser
technologies of uranium enrichment. They covertmge from 3 to 15,
according to different experimental studies. Sudgh-efficiency
technologies make it possible to use even the waaterials from GD-
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and GC-processes containing about 0?2% for production of reactor-
grade uranium (about 38%U) by a single enrichment stage.

5. Chemical methods of uranium enrichment

The chemical methods of isotope separation are dbase the
preferential stability of certain isotopes in varsoimmiscible chemical
compounds. The isotope exchange reactions can,dtt¢wo different
chemical compounds of one multi-isotope chemioaineint enter into a
contact. The isotope exchange reactions lead toctimeentration of
isotopes in those compounds where they can be stainée.

The following conditions must be satisfied for fibdlgy of the
chemical isotope separation technologies:

1. The contacting compounds must be chemicall\lestalgether.

2. The contacting compounds must be separated bglasively
simple means (for example, organic and inorgarfistsunces).

3. It is desirable for the chemical element to bdifferent valences
in two contacting compounds.

Examples of the chemical isotope separation

1. Boron enrichment with isotop&B:

BF; + BRO(CHs), — 'BF; + %BF;:0(CHy),,

i.e. isotopeB passes into the organic compound.
2. Production of heavy water:

H,O + HDS - HDO + H,S.

Natural hydrogen contains about 0,015% deuteriumthé isotope
exchange reaction between light water and hydrogeiphide,
deuterium passes into the aqueous fraction.

The chemical isotope separation technologies foorb@nrichment
and heavy water production are characterized by dingle-stage
separation factor about 1,0025 and specific eneogygumption within
the range of 400-700 kWh/SWU.

Presently, the advanced chemical uranium enrichteshinology is
under development and testing in the USA and Japha@.technology
applies Uk and NOUFR as the contacting compounds. The process is
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called as ‘“reduction-oxidation chromatography”. Theedox
chromatography consists in alternating the redoctieaction with
hydrogen and the oxidation reaction with oxygene Pphocess results in
separation of the chemical compound containing,UQons (six-
valence uranium wher@U is more stable) and“Uions (four-valence
uranium where®® is more stable). Some experimental studies
demonstrated  sufficiently good parameters of thedoxe
chromatography: the single-stage separation faei@sabout 1,08 and
specific energy consumption is about 150 kWh/SWU.

6. Plasma method of isotope separation

The plasma technology of isotope separation isthasdhe effect of
ion cyclotron resonance. The effect is describéovine

If any charged particles (ions, for instance) phssugh a constant
magnetic field B, they begin rotating along spioabits around force

lines of the magnetic field under action of thetdéurgal force F:
F=qOVxB];

where g —electrical charge of iong; velocity of ion movement.
Orbital radius R and angular frequency of spirahtion can be
derived from the following relationships:

2
F=qDVB= mg’ :

_m0V _ (20mCE)?
qB qB

w=

x| <

=

The angular frequencyo is called as an ion cyclotron frequency
(ICF) of isotope with mass m.
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A principal layout of the plasma isotope separatisnshown in
Fig. 9.

Isotope Isotope separatio Microwave ion
collectors area source

-

Fig. 9. Layout of the plasma isotope separation
1 — collectors of the waste; 2 — collectors of pheduct; 3 — force lines; 4 — metal plate
(source of neutral particles); 5 — electrical hegtarea; 6 — antenna of the alternating
electrical field; 7 — charging of the collectorseiohance isotope separation efficiency.

If the alternating electrical field with the frequey equaled to the
ICF value of?*U ions, for instance, is applied to the flow ofrrapy
rotating ions, then energy of the alternating elesk field can be
absorbed by”>U ions only. Just this is the effect of ion cyctstr
resonance. Selective increasing the enerdgyofions can extend their
spiral trajectories and, thus, create the oppdstdor spatial separation
of U and?% ions. The ICF values of two main uranium isotopes
differ from each other on about 1,2%. The diffeeeman allow it to
arrange selective acquisition 6U and ?®U ions on the properly
placed and charged collectors.
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Uranium enrichment technologies
from the standpoint of nuclear non-proliferation

1. Gas diffusion technology

a. Technical complicacy of the GD-technology.

b. Low value of the single-stage enrichment gair=(0,0043).

c. High energy consumption (2300-2600 kWh/SWU). €Ehr
American GD-plants with total annual throughput2df million SWU
consume about 7 GWe. Roughly the same energy guantonsumed
by a town with population of 3-4 million people.

So, it is quite improbable to build up and operateGD-plant
covertly.

2. Gas centrifuge technology

a. Technical complicacy of the GC-technology.

b. High values of the single-stage enrichment ¢glier 0,2-0,3).

c. Low values of the specific energy consumptiord0¢B00
kWh/SWU).

So, the GC-technology is dangerous for nuclear protiferation
regime.

3. The separation-nozzle technology

a. The technology is technically simpler as comgiavéh the GD-
and GC-processes.

b. The single-stage enrichment gaéh £ 0,025) is higher than that
of the GD-technology.

c. The specific energy consumption (~3000 kWh/SVidJhigher
than that of the GD-technology (2300-2600 kWh/SVddyl, moreover,
of the GC-technology (100-300 kWh/SWU).

So, the separation-nozzle technology is less dangefor nuclear
non-proliferation regime than the GC-technology is.

4. Laser technologies
a. Laser isotope separation is a high-efficierinetogy both on the
values of the single-stage enrichment gain=(3-15) and the specific
energy consumption (10-50 kWh/SWU).
b. Laser isotope separation is the most sophisticahd science-
capacious technology.
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The laser isotope separation technologies are und&mse
development, testing and perfection now. They heemost promising
uranium enrichment technologies and, therefore, niost dangerous
ones for nuclear non-proliferation regime.

Control questions

1.Write the material balance relationships for isetoprranium

enrichment.

2.What are the basic ideological propositions foredmination of the
separative work scope and for determination ofseygaration potential
function?

3.Call properties of uranium hexafluoride which dre tnost important
for isotope uranium enrichment.

4 What technologies are used to convert uranium exid® uranium

hexafluoride?

5.What is the gas diffusion technology of isotopeniuen enrichment
based on?

6.What is the gas centrifuge technology of isotopium enrichment
based on?

7.What is the separation-nozzle technology of isotag@nium

enrichment based on?

8.Call main stages of the atomic vapor laser isosggaration process.
9.Call main stages of the molecular laser isotoparsgion process.

10. How can the chemical methods of isotope separétomsed?

11. What is the plasma technology of isotope separdtased on?
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CHAPTER 5. TECHNOLOGIES FOR FABRICATION OF FUEL
RODS AND FUEL ASSEMBLIES

Presently, uranium dioxide UQs the most widely used type of
ceramic nuclear fuel material. Uranium dioxide fy&lOX-fuel) is
currently loaded into practically all types of nemt power reactors
including thermal light-water and heavy-water reestas well as fast
breeder reactors).

Uranium dioxide is a dark-brown, highly hard andtler substance.
Uranium dioxide does not interact with alkaline atglieous solutions
up to 306C but it can be well dissolved by acidic solutiondr{c acid
and mixture of nitric acid with hydrochloric or hydluoric acid).

Main advantages of uranium dioxide:

1. High melting temperature (27%0).

2. High chemical stability in contacts with main cadka of nuclear
power reactors (light water, heavy water, sodiuh @arbon dioxide).
3. Satisfactory compatibility with main cladding magés of nuclear
power reactors (stainless steels, zirconium-badkysa within the
reactor temperature ranges.

4. Acceptable radiation resistance under high neufhaxes (110"
n/cntS) and fluences (up GL07 n/cnt, i.e. for about three years).

5. Manufacturing feasibility of high-density UOX-fuglellets (up to
95% of its theoretical density that equals 10, 8.

6. Isotropy of crystalline lattice that can simplifiyet process of high-
temperature sintering.

Main shortcomings of uranium dioxide:

1. Low hat conductivity and its sharp reduction at thkevated

temperatures (8,4 W/ at 45C and 2,4 W/rK at 1327C). Such low

values and temperature dependency of UOX heat ctimiiy results in

very large temperature gradients inside of verm {fi® 0 3 mm) fuel

pellets AT 01500C at the distance of 3-4 mm).

2. Good oxidation ability by wet air at ambient tenwytere

(hygroscopicity). This effect requires an inert deyvironment Or
vacuum for UOX-fuel pellets manufacturing. Othemyissuperficial

layers of UOX-fuel pellets can be saturated withtewaand oxygen.
Later on, during the reactor operation, the moést@ieased from the
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pellet surface can cause hydration of the claddingterials and
destruction of fuel rods.
3. The presence of oxygen in UOX-fuel composition eswdt neutron
spectrum and, thus, decreases the secondary adigiion rate.

The following processes are being used now to prode UOX-fuel
pellets:

1. Conversion of uranium hexafluoride into uranidioxide Two
conversion technologies have been developed amentlyrused:

a. “Wet” technology of the AUC-process:
« Barbotage of gaseous uranium hexafluoride througlieaus
solution of ammonium carbonate (WHCO; followed by precipitation
of solid insoluble deposit of ammonium-uranyl-carate (AUC) -
(NH4)4,UO,(CO;)s.
« Heat treatment of AUC at 550-6%D followed by thermal AUC
dissociation with the formation of finely disperdgd®X powder.

b. “Dry” technology:
+ Hydrolysis of uranium hexafluoride by water vapori&0-306C
with the formation of uranyl-fluoride UfB.:

UFs + 2H,0 — UO,F, + 4HF.

« Pyrohydrolysis of uranyl-fluoride by hydrogen @50FC with the
formation of finely dispersed UOX powder and hydlrofic acid.

UOF; + H, - UG, + 2HF.

Thus, the finely dispersed Y®@owder is produced. Unfortunately,
the powder is unsuitable for manufacturing of UQi¢if pellets by
pressing because of too small dimensions of thedpoyarticles (below
0,5 micron). The following procedures should befqrened to enlarge
the powder particles:

2. Mixing of UQ, powder with an organic plasticizgjpolyvinyl,
glycidol and so on).

3. Hydro-compaction of the powder-plasticizer mixtuttee mixture
is placed into a plastic form; the plastic fornplaced into a reservoir
filled up with water, uniform omni-directional psasg, and production
of the powder-plasticizer briquettes.
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4. Granulation of the briquettes by milling.

5. Annealingat 600-808C for removal of organic plasticizers.

6. Cold pressing of pellefg = 1500-2000 atmospheres).

7. Sintering of UOX-fuel pelletst 1600-1708C.

8. Quality control of UOX-fuel pelletsiges, content of carbon as a
residual of organic plasticizers, stoichiometry).

The stoichiometry degree of uranium dioxide can staidtially
change its heat conductivity. In general, exactnmgbal formula of
uranium dioxide can be written as blQwhere X — the stoichiometry
factor. In UOX-fuel pellets the stoichiometry factmust no exceed a
value of 0,02-0,03.

The manufacturing process of UOX-fuel pellets usuaksociated
with the manufacturing process of mixed oxide (MQOXhainly
uranium-plutonium, fuel pellets. In principle, tfa@lowing three MOX-
fuel compositions are feasible:

1. PuQ + #%0,, where plutonium is taken from the weapon-grade
nuclear materials (weapon-grade plutonium).

2. PuQ + **®U0,, where plutonium is extracted from spent fuel of
nuclear power reactors (reactor-grade plutonium).

3. 210, + #1O0,, where®U is taken from the weapon-grade
nuclear materials (weapon-grade uranium).

Anyway, there is a distinction of principle in thmanufacturing
process of UOX-fuel pellets from a single feed floand the
manufacturing process of MOX-fuel pellets from twdferent feed
flows. In the former case, natural uranium is agleinfeed material
which, after a series of technological operatioosnverts into the
enriched uranium dioxide and, then, into UOX-fuellgts. At all these
operations”*U nuclei were uniformly mixed witf*®U nuclei. In the
latter case, on the contrary, the manufacturingcess of MOX-fuel
pellets is based on technological operations withb different feed
flows:

1. The fertile material fraction, .20, powder made of depleted
or natural uranium.

2. The fissile material fraction, i.e. Pu@owder made of weapon-
grade or reactor-grade plutonium, BUO, powder made of weapon-
grade uranium.

Here, the homogeneity of the fertile-fissile fractl mixture is not
guaranteed. So, a high degree of homogeneity neugtnbured in the
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blending process of the fertile and fissile compuge The blending
process of two different feed flows is the onlyggtahat distinguishes
the MOX-fuel manufacturing technology from the UQuél
manufacturing technology.

The homogeneous mixture of the fissile and feddenponents can
ensure the safer operation of nuclear power readbecause fertile
isotope?*® and fissile isotoped®U, #®%Pu can cause quite different
reactivity effects under accidental conditions.thfe reactor power
increased, then both fuel components warmed upfisite isotopes,
main contributors into the chain fission reactisirmed up in the first
turn. Fertile isotopes can warm up with some tirakayl and the better
homogeneity of fuel composition results in the stotime delay of the
fertile component warming up. Temperature increpsif the fissile
component causes the Doppler effect that leadset@mbergy extension
of the resonances in neutron capture and fissioesesections. As a
rule, the Doppler effect of fissile isotopes camgma relatively small
but positive reactivity change (increment). As & rtoo, the Doppler
effect of fertile isotopes can cause a large amghinee reactivity change
(decrement). If the Doppler effects of fissile dedile isotopes occur
simultaneously (the best case) or with only shionetdelay, then the
reactivity stabilization effect of fertile isotopean be in a due time for
neutralization of the positive reactivity changeised by fissile isotopes
warming up. If the time delay between actuationtloé reactivity
increment caused by fissile isotopes and the regctiecrement caused
by fertile isotopes would be remarkably long (therst case), then the
reactivity increment of fissile isotope can havsudficiently long time
interval to increase the reactor power up to arceegtably high level
till the stabilizing reactivity decrement of fedilisotopes would begin
acting.

As is known, relatively long time delay between Hagne warming-
up effects of the fissile (PyPand fertile *®U0,) components equals
0,2 ms at large (up to 80 microns) dimensions ef farticles. If an
accidental insertion of positive reactivity occurgéhe reactor power
increases according to the following formula:

W(t) = W(0) Cexpl(e - B)/) C3;
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where | — prompt neutron lifetime (v in fast reactors]p - effective
fraction of delayed neutrons (~0,005 in fast rea)t@ — the inserted
reactivity. If $2 reactivity increment is accidelifainserted, then the
reactor power increases by a factor of 2,7 forfA@2 Such a power
excursion can cause the reactor fuel melting down.

At initial stage of nuclear power development sotwe-purpose
thermal reactors were fueled with metal naturalnuma (the UK
“Magnox” reactors, for instance). These reactorsewaharacterized by
relatively low values of fuel burn-up and thermaéggy generation rate.

Metal uranium has the following advantages:

1. High density (18,7 g/cftvia 10,96 g/cm® of uranium dioxide).

2. The better neutron balance in the reactor coresléathe lower
values of uranium enrichment and annual uraniunswaption.

3. High heat conductivity (30 W/ via 3 W/mK of uranium
dioxide).

4. High heat generation rate and, thus, small sizethefreactor
core.

5.  The higher values of breeding ratio.

6. Simplicity and cheapness of metal uranium fuel nfecturing.

However, the developers had to decline the furtlszrge of metal
uranium fuel in contemporary designs of nuclear @oweactors and
decided to use Ugbased fuel preferentially. This decision was
validated by the following shortcomings of metanium fuel:

1. Incompatibility with light-water coolant. If someetécts in the
fuel cladding appeared, then metal uranium is sebndissolved by hot
water, and radioactive fission products can reldas®a fuel meat and
spread into NPP circuitry.

2. Instability of fuel sizes under high values of fuelirn-up,
neutron flux and fluence. The radiation damagesiefal uranium fuel
pass the following three consecutive phases adfubletemperature
increases:

a. Irradiation-induced anisotropic growth of thetahgrain sizes and
irradiation creep at temperatures below %00

b. Cavitation swelling within the temperature rarigem 370C to
500°C. The cavitation swelling is caused by the formatad irregular
pores within the temperature range where mechasticedses caused by
the irradiation-induced growth of the metal graires still take place
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also. As a consequence, mechanical strength ofl metaium fuel is
substantially weakened, especially along the nggtah boundaries.

c. Gas swelling at temperatures above’600 he gas swelling effect
of metal uranium fuel is caused by gaseous fispr@aucts which are
preferentially accumulated on the grain boundaries.

Specific volumetric swellind\V/V of metal uranium fuel covers the
range of 4-6% per one percent of fuel burn-up. @spivalues of
maximal fuel burn-up in thermal reactors are equmal4-5% HM.
Therefore, initial porosity of metal uranium fuelist be equal ta25%
for neutralization of the swelling effect. In fagtactors maximal fuel
burn-up can reach 10% HM. So, initial porosity oftai uranium fuel
must be increased up tbb0% for the same purpose. It seems
unreasonable to deal with so porous fuel. The Hgsity advantage of
metal uranium fuel practically disappears.

Uranium dioxide is superior to metal uranium in cifie swelling
values. Specific swelling of uranium dioxide is abd,4-1,5%AV/V
only per one percent of fuel burn-up. At 10% fueirfbup in fast
reactors initial porosity of uranium dioxide fuelrcbe below 15%. For
comparison, specific swellings of uranium nitridedauranium carbide
are equal to 1,5-1,6%V/V and 1,7-1,8%AV/V per one percent of fuel
burn-up, respectively, i.e. only slightly largerath that of uranium
dioxide.

A lot of experimental studies have been carriedtowgliminate this
shortcoming of metal uranium by its alloying. Sopremising results
were obtained with the alloying components suchmedybdenum,
zirconium, silicon, iron, aluminum and fissium (tator of FP
composition). Metal uranium alloying with molybdenwand zirconium
(up to 10%) allowed it to upgrade corrosion resistain water and
stability of the grain sizes for temperatures up@e'C.

Metal uranium is produced in reaction of uraniutnatéluoride UR
with high-purity metals (calcium or magnesium):

UF; +2 Mg - 2 MgR, + U.

Magnesium fluoride as a light slag is easily renabfrem surface of
a metal uranium ingot.
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The next step is a vacuum melting of the uraniugotirfor removal
of volatile impurities and introduction of the allng components,
which are able to enhance radiation-resistance ethlmuranium fuel,
and, finally, casting of uranium rods.

Some data on physical properties of uranium-basets f(density,
melting temperature, heat conductivity and volumeswelling) are
presented in Table 9.

Table 9
Physical properties of uranium-based fuels

Fuel type Density, Melting Heat conductivity, Swelling

yp glen? temperature’C W/mK AVIV, %
28 (27C)

Metal 18,67 1130 44 (7270) 4-6

UoO, 10,96 2780 28442:5‘;27?%) 1,4-15
32,7 (45C)

ucC 13,63 2350 7.3 (5000) 1,7-1,8
16 (200C)

UN 14,32 2650 21 (800C) 1,5-1,6

Manufacturing of fuel rods and fuel assembliesThe following
requirements must be satisfied by the manufactutéripnologies of
fuel rods and fuel assemblies:

1. Designs of fuel rods and fuel assemblies, playgicoperties of
fuel and structural materials must be able to enslomg-term
mechanical strength, stability of forms and sizesiml)y a reactor
lifetime.

2. Materials of fuel rods (fuel meat, cladding, lfakadding gap)
must be chemically compatible and mutually stalble, any fuel-
cladding interactions that can cause radiation dtldment and
plasticity loss must be excluded.

3. The cladding materials must be insoluble andosiwn-resistant
in cladding-coolant interactions.

4. Structural materials of fuel rods and fuel addesa must be
sufficiently weak neutron absorbers (minimal cresstions of neutron
radiative capture).

5. Designs and the manufacturing technologies eff fods and fuel
assemblies must exclude any possibilities of laparheating. This
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exclusion can be achieved by undertaking the fatigw
countermeasures:

a. Uniform distribution of fissile isotopes in fuglds.

b. Availability of the contact interlayer (fuel-dding gap) filled up
with helium or sodium for intensification of heamoval processes and
for prevention of fuel-cladding interactions.

c. Strict spatial separation of fuel rods from eather by special
spacers with proper accounting for potential simingp of the inter-rod
gap in the process of the reactor operation.

6. Designs and the manufacturing technologies eff fiods and fuel
assemblies must be sufficiently simple for theismproduction.

7. Designs, the manufacturing technologies anageteof materials
for fuel rods and fuel assemblies must take intant a feasibility of
sufficiently simple dismantling procedures for spierl reprocessing.

Technological stages in the manufacturing process duel rods
and fuel assembliesThe manufacturing process of Wased fuel rods
and fuel assemblies includes the following stages:

1. Preparation of nuclear fuel (conversion of wanihexafluoride
into uranium dioxide powder, granulation and simigof fuel pellets).

2. Preparation of fuel cladding (defectoscopy, igpabntrol).

3. Preparation of the completing details for maoumtiof fuel
assemblies (wrappers, end caps, spacers).

4. Manufacturing of fuel rods: insertion of fuelllpés into tubular
claddings, installation of end caps, filling up wibelium (as a fuel-
cladding gap and a defectoscopic tool thanks td fpigrmeability of
helium), sealing of fuel rods by welding, qualityntrol.

Recently, the Russian R&D Institute of Atomic Reast in
Dimitrovgrad has developed the fuel rod manufaotutechnology that
constitutes an alternative to the technology basethbrication of fuel
pellets. UOX- or MOX-fuel granules are used as ftbed material.
Some amount (up to 5% HM) of metal natural uranipowder (so
called getter) is blended with other fuel granulgin mission of the
getter consists in absorption of oxygen atoms seldafrom fuel
particles in fission reactions. As a result, oxygéoms can not move to
the fuel cladding, their corrosion activity is nalized. The fuel-getter
blend is introduced into tubular cladding and pachk®y vibration.
Sufficiently high fuel density (above 90% of itetretical value) can be
achieved. The experiences gained during pilot usdgbe vibration-
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compacted fuel rods in the research fast reactd®-BO demonstrated a
high efficiency of such technology. The record easlwof fuel burn-up
were reached (about 32%HM) with specific volumesieelling at the
level of 0,6%AV/V per one percent of fuel burn-up. For comparjson
metal uranium fuel and UOX-fuel can swell up wittetrate of 4-6%
AV/IV and 1,4-1,5%\V/V, respectively, per one percent of fuel burn-up.

5. Assemblage of fuel rods into a single fuel asdgmquality
control and testing.

The following concluding remarks can be made on the
manufacturing technologies of fuel rods and fuska®blies:

a. The manufacturing technology is a mass produciiod highly
automated process.

b. The manufacturing technology is a high-precigiccess.

The manufacturing process of RBMK-1000 core reguabout 200
thousand completing details, 14 million fuel peleind 240 thousand
welded joints.

All the manufacturing procedures must be put urstdct quality
control with application of the computer-aided NMntrol and
accountability network. The nuclear fuel fabricatiplant is a very
significant area for functioning of a reliable ahihly effective NM
physical protection, control and accountability (&827) system.

In the future, when nuclear fuel cycle will be @ds even fresh
nuclear fuel is characterized by intense radiodgtiand residual heat
generation. This will require applying only the reswv remote
technologies for manufacturing of fuel rods and | fassemblies.
Accordingly, all components of MPC&A system beconmeore
complicated and must be more sophisticated.

Control questions

1. Call main advantages and shortcomings of uraniuxidi fuel.

2. Call main stages of the process applied for manurfi;g of UOX-
fuel pellets.

3. What specific features can you call in the manuiidat) process of
MOX-fuel pellets?

4. Call main advantages and shortcomings of metaliwmafuel.
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CHAPTER 6. TECHNOLOGIES FOR USE OF NUCLEAR FUEL
IN NUCLEAR REACTORS

The major NFC stage is an energy utilization of leaic fuel in
nuclear power reactors.

In order to provide sufficiently long operation aficlear power
reactors (up to 18 months as in some advanced LVER)ropriate
amount of nuclear fuel must be loaded and proparhgnged in the
reactor core. Neutron-physical properties of tteslém fuel must ensure
large enough reactivity margin to compensate negaéactivity effects
caused by depletion of fissile isotopes and bugdstifission products,
parasitic neutron absorbers. This means that, detbe reactor
operation starts up, the reactor is essentiallyeuijical but the
reactivity margin Kere - 1) must be suppressed by the regulatory
mechanisms: control rods made of natural (or eadahith°B isotope,
very strong neutron absorber) boron carbide, badid dissolved in
light-water coolant, burnable poisons (gadolinitarhium) introduced
into fuel compositions.

As content of fissile isotopes in fuel decreasa$ @mtent of fission
products (parasitic neutron absorbers) in fuel dases, the moment
comes when the reactor can not be longer critisihlcontrol rods are
already withdrawn from the reactor core, all b@id is removed from
light-water coolant. Nevertheless, the reactor bexsosubcritical Kgrr
<1).

For the reactor operation to continue, NPP opetasrto undertake
some corrective measures to return the reactdresupercritical state
(Kege > 1). The following actions can be performed:

1. Full or partial substitution of fresh fuel asserablifor irradiated
ones.

2. Partial transpositions (shuffling) of irradiatedefuassemblies
from one region of the reactor core to another.

3. Any combinations of two aforementioned actions.

A set of these actions undertaken to restore thetae ability for
long-term operation is named the refueling strategy

Thus, the first and major mission of the refuelisdgo replenish the
reactivity margin and enable the reactor to comtirsulong enough
operation at nominal power level during a certairetinterval.
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The second, also important but supplementary, oms®f the
refueling is to ensure as flat as possible spakiape of heat generation
rate. If spatial distribution of heat generatiotera the reactor core is
uniform enough, then all fuel assemblies are usedeis maximal
acceptable level of energy production. So, maxiaéle of total energy
output can be obtained from the reactor core. Iditimesh, uniform
spatial distribution of heat generation rate ersurgform fuel burn-up,
l.e. all fuel assemblies discharged from the reactore are
characterized by the same (or nearly the sameypeatompositions.

However, these benefits (maximal energy output &hehtical
isotope compositions of spent fuel) can not beinbthin a uniformly
fueled reactor. In such reactors heat generatinisanighest in the core
center and drops down nearly to zero at the caiphery. The average
value of heat generation rate is approximatelyethimes lower than its
maximal value in the core center. Non-uniform fleglding is required
to flatten spatial shape of heat generation raté fael burn-up. For
example, uranium fuel of the lower enrichment mayplkaced in central
region of the reactor core while uranium fuel witdatively higher
enrichment may be placed at the core peripherya Ade, main control
rods are also placed in central region of the ogambre. That is why
neutron flux and heat generation rate in the cerger are lower than
those at the core periphery.

Thus, formation of such a fuel loading that is cloterized by as flat
as possible spatial shape of heat generation matbe reactor core
constitutes a supplementary but very important immsef the refueling
strategies.

There are many various refueling strategies in earclpower
reactors.

1. The simplest refueling strategy presumes a umifiuel loading
with its complete removal and replacement withtrkgel loading when
the reactor criticality can not be longer maintdinghis refueling
scheme is callethe “batch irradiation” and not used now because of
the following serious drawbacks:

a. Spatial shape of heat generation rate in thetoeaore is quite
non-uniform with the peaking factor (peak-to-averagtio) above three.

b. Content of fissile isotopes decreases more s$etgrin the central
core region than at the core periphery. So, vemven fuel burn-up
takes place in the uniformly fueled reactor coréiePAeach irradiation
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cycle, central fuel assemblies have reached thaximal burn-up while
peripheral fuel assemblies have no delivered camlgl¢heir reactivity
and energy potential.

c. Large reactivity margin must be formed in thatca core region.
Hence, control rods with appropriately large to&sctivity worth must
be placed in the core center. This can worsen oewwconomy during
the reactor operation cycle.

2. The “partial batch” refueling strategy presumes that only those
fuel assemblies, which have reached their maxiweegtable fuel burn-
up, must be removed after the irradiation cycle maplaced with fresh
fuel assemblies. At the next refueling, fuel asdessbwith the highest
fuel burn-up are replaced again, and so on. Ir¢laetor core is divided
into several concentric layers, then each layeastisg from the
innermost layer and proceeding outward, is replacitdl fresh fuel in
several successive refuelings.

Main advantage of the “partial batch” refuelingastgy is a fairly
uniform fuel burn-up in each concentric layer. Hoee central layers
are refueled more frequently than peripheral lays¥sause maximal
fuel burn-up is reached by central fuel assemlbdiea relatively shorter
time interval. Hence, spatial shape of heat geiveraate can be shifted
towards the core center, and the peaking factoe@ses.

3. The “scatter refueling” strategy was developed to solve the high
peaking factor problem of the “partial batch” rdfug scheme. The
“scatter refueling” technology presumes that thecter core is divided
into small local groups containing an equal numtfefuel assemblies
(four-assembly groups, for instance). At the firetueling, all fuel
assemblies labeled 1 are removed and replaced fritsh fuel
assemblies. At the second refueling, all fuel asdies labeled 2 are
removed and replaced, and so on. Thus, each fusdminly is
completely utilized for four irradiation cycles.gsh fuel assemblies are
not concentrated in the core center but they atiesed throughout the
reactor core as a whole. That is why the peakingofacan be
substantially reduced.

4. The “out-in” refueling strategy presumes that the reactor ®re i
again divided into several concentric layers caribgj an equal number
of fuel assemblies. At the refueling, only centiadl assemblies have
reached their maximal fuel burn-up, and they mestdmoved from the
reactor core. Fuel assemblies from the next oatgrlare inserted into
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the central (inner) layer, and so on, i.e. fuekaddies from the outer
layer are moved to the neighboring inner layetim ¢ommon direction
from the core periphery to the core center. Fresh dssemblies are
loaded into the outermost layer. At the next raéfgd, the same
operations of central layer removal, inward movenoérpartially spent

fuel assemblies and placement of fresh fuel assembihto the

outermost layer are repeated.

According to the “out-in” refueling strategy, fresbel assemblies
with the highest reactivity potential are loadetbithe core periphery.
So, spatial shape of heat generation rate is degutéa the core center,
and the peaking factor can increase.

5. The "modified scatter” refueling strategy is a combination of the
“scatter” and “out-in” refueling schemes. The reactore is divided
into an outermost layer containing one-fifth pdrtatal fuel assemblies,
and the inner zone containing four-fifths of totaél assemblies. The
inner zone is subdivided into small local groupke lin the “scatter
refueling” strategy (four-assembly groups). At fivst refueling, fuel
assemblies with the highest fuel burn-up are remhdvem each four-
assembly group and replaced with fuel assembl@m® the outermost
layer. Thus, the outermost layer is emptied anediup with fresh fuel
assemblies. The “modified scatter” scheme is cheraed by the
flattened spatial shape of heat generation rateeimtral core region
without high peaking factors in the “scatter refngl! strategy and
without the central depression of heat generataie in the “out-in”
refueling strategy.

6. The “uniformly partial” refueling strategy is based on the
following assumptions. Let spatial shape of heategation rate be flat
enough in the reactor core. It means that maxirmkles of fuel burn-up
can be reached by all fuel assemblies simultangoii$le following
case can be considered as an example. The tinmedhteeded to reach
maximal fuel burn-up equals 3 years, and the rigfgelks performed
once a year. Then, the “uniformly partial” refuglistrategy consists of
the following steps:

a. At the first refueling, one-third fraction of duassemblies is
replaced with fresh fuel assemblies, i.e. the disgbd fuel has reached
33% of acceptable fuel burn-up.
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b. At the second refueling, one-third fraction aklf assemblies is
again replaced with fresh fuel assemblies, i.e.diseharged fuel has
reached 67% of acceptable fuel burn-up.

c. At the third refueling, one-third fraction ofdluassemblies is again
replaced with fresh fuel assemblies, i.e. the disgbd fuel has reached
100% of acceptable fuel burn-up.

Beginning from the fourth refueling, an equilibrivefueling regime
has been established. The equilibrium regime isacherized by quite
similar compositions of the reactor core at theifr@gg and at the end
of irradiation cycle:

a. At the beginning of each irradiation cycle, theactor core
contains one-third fraction of fresh fuel assenshlmne-third fraction of
fuel assemblies with 33% of acceptable fuel burnamg one-third
fraction of fuel assemblies with 67% of acceptdbbd burn-up.

b. At the end of each irradiation cycle, the reactwe contains one-
third fraction of fuel assemblies with 33% of adedye fuel burn-up
(the former fresh fuel assemblies), one-third foacof fuel assemblies
with 67% of acceptable fuel burn-up (the former 38 assemblies)
and one-third fraction of fuel assemblies with 106#@cceptable fuel
burn-up (the former 67%-fuel assemblies).

Main advantage of the “uniformly partial” refuelirgirategy is the
same number of the discharged fuel assemblies witiximal
acceptable fuel burn-up. Main drawback of the “omiily partial”
refueling strategy is a removal of only partiallyrbt up fuel assemblies
at the first and second refuelings (at initial staf the reactor operation,
in general).

Unfortunately, real spatial shape of heat genearatie is not so flat
that fuel assemblies in different core regions daelach maximal fuel
burn-up for the same time interval. Under theseditmms, the reactor
core can be subdivided into several concentricriaywithin each of
them spatial shape of heat generation rate carefp@rded as a flat
enough. Then, basic ideology of the “uniformly t@dt refueling
strategy can be applied to each concentric laymaragely.

The refueling technologiesAll the refueling strategies listed above
must be supplied with appropriate technologicalstdor conduction of
the refueling operations. In principle, the reactefueling can be
performed:
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a. after the reactor shutdown, cooldown, deprezstion and
removal of the reactor head;

b. after the reactor shutdown but without cooldcamd removal of
the reactor head;

c. at the reduced or full power level, i.e. withoiie reactor
shutdown, cooldown, depressurization and removtiefeactor head.

In practice, light-water reactors are usually r&fdeonly with
application of the first scheme, i.e. after the ctea shutdown,
cooldown, depressurization and removal of the orabkead. Once a
year (or 18 months) the reactor is shutdown forwegks, the reactor
head is removed, some spent fuel assemblies arsfa@reed to the fuel
storage pool, the remaining fuel assemblies ateufied, and fresh fuel
assemblies are introduced into the reactor coré.tié refueling
operations are performed under sufficiently thickev layer.

In contrast to LWR, refueling of liquid-metal falsteeder reactors
(LMFBR) is done without removing the head of theater vessel.
There are three areas involved into the refuelimcess: the reactor
vessel, the fuel transfer chamber (FTC) and theessel storage tank
(EVST). An in-vessel transfer machine (IVTM) carartsfer fuel
assemblies inside the reactor vessel only. Fuehatdges are transferred
between the reactor vessel and the EVST in a &alsicket by means
of a special hoist. The transfer ports are locdtetiveen the reactor
vessel and the FTC and between the FTC and the EVF&él
assemblies remain under sodium throughout thetfaiesfer process.

Consider the replacement of spent fuel assemblp Wwish fuel
assembly starting with fresh fuel assembly. Thehrkiel assembly is
lifted out by the EVST handling arm and placed itite transfer bucket.
The transfer bucket has a space for one freshaisgmbly and for one
spent fuel assembly. At this step the transfer buckntains only one
fresh fuel assembly, in a vertical position. Trangfer bucket is hoisted
at an angle through the first fuel transfer pord goided by tracks up
into the FTC. The FTC is then guided into the remagessel and down
through the second fuel transfer port and placeal\martical position in
the region outside the reactor core.

The IVTM is moved to the position directly aboveethpent fuel
assembly to be replaced, and the assembly is g@dpt the IVTM
manipulator. The spent fuel assembly is raised elte remaining
assemblies and transferred through the sodiumtpdbke open space in
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the transfer bucket, into which it is then loweréhe fresh fuel
assembly is next withdrawn from the transfer budigtthe IVTM
manipulator and transferred to the position in thactor core from
which the spent fuel assembly was just removed. $pent fuel
assembly is then transferred through the FTC toBWS&T, and the
refueling process is ready to be repeated for ¢éxt fuel assemblies.

Contemporary LMFBR projects use a rotating plugoegn, in which
several (three, as a rule) rotating plugs are émtat the reactor head,
and the IVTM is mounted on the smallest plug. TaAmeést plug is
concentric with the reactor vessel while the smallags are eccentric
ones. Each plug can rotate independently so tleafiM manipulator
can be placed in any position above any fuel aslseimiide the reactor
vessel.

Heavy-water CANDU-type reactors have a distinctaadage over
LWR of the same power due to their on-line, cordumu refuelings.
Natural uranium is used here as a fuel materiad g#limination a need
for uranium enriching services but excluding the aglight water as a
coolant and neutron moderator material because igh meutron
absorption cross-sections. Heavy water is substitdor light water.
Annually, about one ton of expensive heavy watendsded per one
megawatt of electrical output.

Fuel consists of 0,5-m-long fuel bundles insertetb ihorizontal
pressure tubes that run through a thin-walled (@akandria) filled up
with heavy-water moderator. Each fuel channel doatawelve fuel
bundles. The refueling process is done on a daisb Two refueling
machines are connected to a fuel channel, one oh sde of the
horizontally placed reactor. Each refueling machsequipped with a
barrel that attaches onto a fuel channel, unlobksend plug, removes
and replaces it by itself. Up to twelve fuel bursd(ene fuel channel)
can be inserted or removed during one visit ofréfeeling machines to
a fuel channel. One refueling machine inserts ffesh bundles while
another refueling machine, at the opposite sideeives spent fuel
bundles as they are ejected into its barrel. Therfotion takes pun the
direction of coolant flow which alternates betweadjacent fuel
channels. So, the refueling process in two adjackeannels is done in
two mutually opposite directions. The insertionfadsh fuel bundles
into peripheral regions of the reactor core frono wpposite sides can
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upgrade heat generation rate at the reactor peyigm, thus, flatten
spatial distribution of heat generation rate.

Russian RBMK-type reactors (light-water cooled, pirite
moderated reactors, LWGR) can be also refueleccoméinuous on-line
manner, like CANDU-type reactors because both ceattpes are
channel reactors that made it possible to arraafieling of any fuel
channel individually. A dedicated loading-unloadingchine (LUM)
containing one fresh fuel assembly and space fgpodition of one
spent fuel assembly can do the following refuebipgrations:

1. The LUM filled up with the warm condensate {@Pattaches onto
the fuel channel to be refueled.

2. Pressure in the fuel channel and pressure ihuté cask used for
disposition of spent fuel assembly are equaliz&® @tmospheres).

3. The fuel channel and the LUM form a single dircihe warm
condensate is pumped into the circuit.

4. Spent fuel assembly is grappled by the LUM malaipr and
withdrawn from the fuel channel.

5. Passability of the fuel channel is checked ujh &ifuel assembly
imitator.

6. Fresh fuel assembly is inserted into the fuahciel.

7. The fuel channel is locked, pressure in the Ldidreases to the
ambient level, the LUM and the fuel channel arealimected.

It is evident that those nuclear power reactorvisian be refueled
continuously, without the reactor shutdown for seleweeks, i.e.
CANDU and RBMK reactors, represent a particulaedhrto nuclear
non-proliferation regime because of the followiegsons:

1. Operators of CANDU and RBMK reactors are abtepiinciple,
to conduct relatively short-term (two-three monthgiadiation of
uranium fuel assemblies for unauthorized build-dpweapon-grade
plutonium.

2. To prevent the unauthorized short-term irradiegi of uranium
fuel assemblies, a continuous (not periodical) gmes of the IAEA
inspectors is required at the operating CANDU aBd/K reactors.

3. All the MPC&A-related measures are more difficuor
undertaking at the reactors with continuous refigebperation mode.

Spent fuel assemblies are intense radiation andydeeat sources.
That is why all NPP reactors are provided with angguel water pool
where spent fuel assemblies are stored until tredioactivity and
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residual heat generation rate drop below the aab&ptlevels for
transportation, reprocessing or ultimate disposal.

The spent fuel storage pools must be equipped thighfollowing
auxiliary systems:

1. Residual heat removal system.

2. lon-exchange installation for water purificationdaremoval of
solid radioactive particles.

3. Ventilation installation for air purification andetention of
gaseous radioactive materials by special supersilt

Interim storage of LWR spent fuel assemblies in NiRRRer pools
can last up to 10 years. The same storage timaaseoa for LMFBR
spent fuel assemblies. Previously, it was thoulht the backend part
of the closed NFC including LMFBR spent fuel remssing and
plutonium recycle must be as short as possible2(6idnths as a target
value) to supply the developing nuclear power itrjusith plutonium-
based fuel. Nowadays, there are no imperative nsaw the world-
wide deployment of LMFBR-based NPP. So, the sam@ageé time was
adopted for spent fuel assemblies discharged fréviRiand LMFBR-
type reactors.

Upon the expiry of the interim storage time, spe@ assemblies
can be transported to the deep underground repesitéor ultimate
disposal (the open NFC option) or to the spent fepfocessing plants
for plutonium recovery and energy utilization (ttlesed NFC option).
Relatively long interim storage time and weak depgient of nuclear
technologies intended for ultimate disposal or @eldéemical
reprocessing of spent fuel assemblies resultedadugl exhaustion of
the water pools capacity. To neutralize these mnegagffects, the
following countermeasures are being undertaken now:

1. The tighter positioning of spent fuel assemblieside the water
pools under the stricter nuclear safety control.

2. Partitioning of the water pools by metal structudntaining
strong neutron absorbers (boron, for instance).

3. Build-up of the centralized large spent fuel sas
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Control questions

1. Call main missions of refueling in nuclear poweaators.

2. Call main stages of the batch irradiation, patbtich and uniformly
partial refueling strategies.

3. Call main stages of the scatter and modifies ecatéfueling
strategies.

4. Call main stages of the out-in refueling strategy.

5. How are the refueling works performed in thermalVR-type

reactors?

6. How are the refueling works performed in fast LM¥&B/pe

reactors?

7. How are the refueling works performed in thermaANDU-type

reactors?

8. How are the refueling works performed in therma@MX-type

reactors?
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CHAPTER 7. TRANSPORTATION OF SPENT NUCLEAR FUEL

Transportation is a necessary link between all NEges, and is
especially significant for transportation of spéuml assemblies. Spent
fuel assemblies may be shipped by all transporinméaucks, railroad,
river boats or sea-going ships) except of aircraftcording to the RF
regulations, all shipments of nuclear materials hwispecific
radioactivity above 2uCi/lkg are regarded as radiation shipments.
Specific radioactivity of spent fuel equals aboMICi/kg.

The spent fuel transport casks can weigh about td®8. Total
weight of spent fuel assemblies in the transposksds about 2-5%
from total weight of the transport cask. The renmgrf5-98% of total
weight belongs to the cask safety systems.

A typical spent fuel transport cask looks as fokbow

1. Large hollow thick-walled cylinder in a verticar horizontal
(preferentially) position (1,5-2 m in diameter, 4¥6in length, wall is
about 40 cm thick) made of steel, cast iron or oetec

2. Outer surface of the transport cask is covesedpecial fins for
extension of the heat removal aréB8@ nf). The finned outer surface
extends the heat removal area approximately twice.

3. Inner surface of the transport cask is linechwgitainless steel to
enhance corrosion-resistance. The inner linersimelnde some layers
of neutron moderators and neutron absorbers (lwbpaikyethylene, for
instance).

4. Metal shelves for disposition of spent fuel agsies are placed in
the inner cavity of the transport cask. During stept, the inner cavity
is filled up with coolant. Decay heat is removeanfr spent fuel
assemblies either by natural convection or fordezlikation depending
on the value of heat generation rate.

5. The transport casks are hermetized with apphicabf the
reinforced densifiers.

6. The transport casks are equipped with contysitesns for
permanent monitoring of the inner cavity paramet@eglioactivity,
decay heat generation rate, temperature and pees$ucoolant) and
with accidental decontamination system.

The following requirements must be satisfied byigless of the
spent fuel transport casks:
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1. Reliable radiation protection of the staff invedl, population and
the environment against neutron and gamma-emisgimesal vessel
containing high-efficiency neutron moderators aadtron absorbers).

2. Reliable nuclear safety ensuring (metal shebmgaining strong
neutron absorbers, limitations on the number ohspesl assemblies to
be loaded into the transport casks).

3. Reliable removal of decay heat (the finned osteface, forced
circulation of coolant in the inner cavity of thrarisport cask).

4. Reliable hermetization of the transport casksneunder severe
accidental conditions.

To check up hermeticity of the transport casksy timeist undergo
the following severe tests:

a. Drop test from 9-m height onto a steel plate.

b. Puncture test from 1-m height onto a verticatained (15 cm in
diameter).

c. Immersion test in light water (depth - 15 m,ation — 8 hours).

d. Fire test — staying in flame at 800for 30 minutes plus 2-hour
staying without a forced cooldown.

The IAEA has elaborated the following requiremetdsthermal
parameters of the transport casks in operation:

a. Temperature of the cask surface must be beldl@ &2 the
ambient air temperature of %8

b. Internal coolant pressure in the cask cavity tnhes below 7
atmospheres.

c. The outer surface of the cask must be extengdithd Additional
30 nf of the heat removal area would be large enougbdfe shipment
of spent fuel assemblies with total power from @30 kW (B0 spent
fuel assemblies from VVER-440 after 3-year coolpggiod) without a
forced cooldown.

Some technical specifications of typical transparsks currently in
usage for transportation of spent LWR fuel assessldire presented in
Table 10.
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Transport casks for spent LWR fuel assemblies

Tabauma 10

Reactor] Form Mat‘SS’ Iljeisgzre]:[enr], Material Fueltmass Nol;n;t;er Coolant
Vi | et o | 3% [ ae | w0 | e
Yoo Pt wo |22 el a0 || wae
EVV\\;S - 70 éi Steel 4,0 178(53V\>/V|T?)) Water

Control questions

1. Describe briefly a typical transport cask for spieiel assemblies.

2. What requirements must the transport cask desiigfysa

3. What tests must a typical transport cask undergo?
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CHAPTER 8. TECHNOLOGIES FOR REPROCESSING OF
SPENT NUCLEAR FUEL

The following aims are pursued by technologiesnidésl for spent
nuclear fuel (SNF) reprocessing:

1. Recovery of accumulated plutonium and residuahium for the
repeated use (recycle) as fissile and fertile rister

2. Separation of fission products and transuranalements for
further treatment as radioactive wastes.

The IAEA has worked out the following recommendasicon the
reprocessing quality of spent fuel assemblies diggd from power
LWR after the standard operation cycle (fuel bupn-B3 GWd/t, the
cooling time — 10 years):

1. Extent of plutonium and uranium recovery — abo9&®%.

2. Decontamination factors, i.e. ratios of an impurdontent
before treatment to an impurity content after tresatt:

a. Uranium from plutonium — at the level of'10

b. Uranium from fission products — at the level 6f.

c. Plutonium from uranium — at the level of10

d. Plutonium from fission products — at the keviel @.

Such a fine purification gave a foundation to dailt approach as the
“clean fuel — dirty waste” concept. The concepwésy attractive for
NFC closure but it can produce some difficulties faclear non-
proliferation regime. Therefore, when some advargié reprocessing
technologies have been developed, which delibgrateft some
remarkable quantity of radioactive fission produatshe recycled fuel
to enhance nuclear non-proliferation regime, a ragproach arose,
namely the “dirty fuel — clean waste” concept.

Nearly 7000 t SNF are discharged annually from vitoeld NPP.
Capabilities of the existing and under constructiaailities for SNF
reprocessing are shown in Table 11. As is seen,ettigting SNF
reprocessing plants are not able to deal with dathual SNF amount
discharged from all NPP in operation throughoutwioeld.

SNF reprocessing plant is a rather expensive emgerg\pproximate
specific cost of SNF reprocessing is evaluated&30 US dollars/kg
SNF.
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Capabilities of SNF reprocessing plants

Table 11

Country Annual throughput, t SNF
o 1500
Great Britain 1200
France 900
800
Russia 400
India 2 x 100
Japan 90
China 50
Under construction
Russia 1500
Japan 800

Total: 05100 t/year in operation, 2300 t/year under coiasiton.

Classification of SNF reprocessing technologies

1. Aqueous (wet) reprocessing technologies:

a. Solvent-extraction processes which are baseds@ective
recovery of uranium and plutonium compounds fromal-ftontaining
solutions by organic extractants.

b. Precipitation processes which are based on dnmation of
insoluble uranium and plutonium compounds with rthéurther
deposition on a vessel bottom by introducing apipatg precipitants.

2. Non-aqueous (dry) technologies:

a. Pyrochemical processes: for example, the fleoridlatility
process that is based on different volatility awdpson of uranium,
plutonium and FP fluorides.

b. Pyrometallurgical processes: for example, thectebchemical
refinement process that is based on different pramisproperties of
uranium, plutonium and fission products in moltatiss

The most widely used and industrially matured tebbgies are the
aqueous solvent-extraction processes. The PUREMtofum and
Uranium Recovery by Extraction) technology is thestrepresentative
example of these processes.
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Main stages of the PUREX-process
1.Dismantling of spent fuel assemblies and choppirgpent fuel rods.
2.Preliminary oxidation (voloxidation) of spent fuel.
3.Dissolution of spent fuel and preparation of thelfgolution for
uranium and plutonium extraction.
4.The extraction — re-extraction cycles.

These stages of the PUREX-process are describatbie details
below.

Dismantling of fuel assemblies and chopping of fuelbds. Thus,
spent UOX-fuel assemblies, after lengthy cooldoweriqu, were
shipped to radiochemical plant for reprocessingfiit, the following
initial procedures must be carried out with speelt Aissemblies:

1. Removal of end caps, wrappers and spacers, disngamf fuel
lattices.
2. Shearing operation that chops long fuel rods sftort (2,5-5 cm)
pieces.

Dismantling of fuel assemblies and chopping of ftads must be
done in the closed hot cells with inert atmosplfeiteogen or argon).

Preliminary SNF oxidation (voloxidation). The next stage of the
PUREX-process consists in preliminary oxidationspent fuel pieces
by oxygen as elevated temperatureB0(°C). Uranium dioxide U@
converts into uranium octa-oxideQk:

3UG,+ 0O, - UgOs.

The UQ~to-Us;Og conversion leads to the following positive effects
a. Fuel density decreases(@0% due to so different densities of initial
and final reagentsy(UO,) = 11 g/cm, y(UsOs) = 8,3 gleni. As
consequences, fuel volume increases accordingigadiffierence, fuel
meat becomes more porous and friable than cantéaeilthe further
dissolution of fuel pieces.
b. Fuel crystalline lattice undergoes substanhahges.
c. Both these effects create the favorite conditifam intense release of
tritium, gaseous and volatile fission products. thie voloxidation
temperature is kept at 6%Dfor 12 hours, then up to 99,96% tritium,
70%%Kr, 40%*% and 90%'°Ru can escape the fuel pieces.
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Dissolution of fuel piecesSpent UOX-fuel pieces are dissolved by
boiling (t 01100C) nitric acid HNQ concentrated up to 6-1d for 4-6
hours:

UO, + HNO; - UO, (NO3), + NOy + H,0.

Simultaneously, nitric acid can be recombinatedtha dissolver
where air or oxygen flow is pumped to intensify thegeneration
process:

NOx + H,O+ O, -~ HNO:..

The use of nitrogen oxides for nitric acid regetiera promotes
forming a smoke-free process, i.e. without any aste of gaseous
nitrogen oxides into the environment.

In the process of SNF dissolving, metal claddirgscénium-based
alloys or stainless steels) of fuel rods remain-dissolved and can be
easily removed for further treatment as solid radiive wastes.

Preparation of SNF solution to the extraction — reextraction
processconsists of the following steps:

1. Clarification of SNF solution:

a. Filtration for removal of smallB microns) solid particles through
metal-ceramic filters or porous polypropylene wagbplication of some
coagulants for enlarging the particles.

b. Centrifugation with application of some coagtsaior removal of
the smaller[(IL micron) solid particles.

2. Removal of some gaseous and volatile fissiordyets from SNF
solution:

a. Barbotage of SNF solution by air flow for remogfradioactive
iodine ions 1 and IQ. Then, the Barbotage off-gases are pumped
through the filters impregnated with silver nitrétgNOs:

31, + 6 AgNQ + 3 HO — 5 Agl + AglO; + 6 HNO,.

b. Barbotage of SNF solution by ozone flow for realo of
radioactive ruthenium ions R

RUW+20,+2H0 - RUQ,+2 O + 2 H.
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Ruthenium oxide Rugs then removed from the barbotage off-gases
by reaction with sodium hydroxide NaOH.

c. Removal of inert gases (Kr, Xe) by the barbotpgecess with
further their sorption in zeolite or activated dwal at reduced
temperatures. Then, the barbotage off-gases antedlilwith air flow
down to the acceptable concentrations and releasgd the
environment.

3. Correction of SNF solution acidity by water ditun or evaporation to
reach the level of 2-¥4 HNO;.

Extraction. The solvent-extraction technology of SNF reprocesgsi
is very similar to the extraction affinage techmgylavhich was applied
at the NFC front-end for removal of neutron-absoghbimpurities from
natural uranium concentrate. The extraction affinpgocess presumes
dissolving uranium concentrate@} by nitric acid, recovery of uranyl-
nitrate UQ(NQOs), by organic extractant tri-butyl-phosphate (TBR); r
extraction of uranyl-nitrate from organic fractiog hydrogen peroxide
H,O, or ammonium bicarbonate NHCO; and precipitation of
insoluble uranium compounds.

The following significant distinctions can be sebetween the
extraction affinage of natural uranium concentratel the solvent-
extraction reprocessing of spent UOX-fuel:

1. Acidic SNF solution contains residual amount erfriched
uranium, reactor-grade plutonium, fission produwtg minor actinides
where FP and MA play a very similar role that wésypd by neutron-
absorbing impurities in the extraction affinageqass, i.e. they must be
removed.

2. The extraction affinage process dealt with weakddioactive
materials (natural uranium and impurities) while golvent-extraction
SNF reprocessing technology deals with FP and M#fgnise radiation
and heat sources.

The solvent extraction process, like the extracaffimage, applies
the same organic extractant TBP in mixture with iaert organic
dilutant for reduction of TBP viscosity. Density tife “TBP-dilutant”
mixture covers the range of 0,8-0,9 glowhile density of acidic SNF
solution covers the slightly heavier range of 1,2-g/cn.

Thus, the solvent-extraction process is a separatiairanyl-nitrate
between two immiscible fractions, namely the ligitganic fraction
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(TBP plus dilutant) and the heavy aqueous fract{enidic SNF
solution).

Layout of the extraction — re-extraction processThe extraction
process takes place in two connected vessels, mneisettler. Acidic
SNF solution and extractant TBP are pumped into rtfveer. Their
intense mixing leads to tight SNF-TBP contactsnyraand plutonyl
nitrates receive an opportunity to form stable atdg with TBP
molecules. Then, plutonium and uranium accumulatethe light
organic fraction while fission products and minatiides accumulate
in the heavy aqueous fraction. Afterwards, the umixtis pumped into
the settler where the light organic fraction (estyaand the heavy
aqueous fraction (raffinate) can be easily sepdraléne extraction
process is over.

The-re-extraction process takes place also in twmected vessels,
mixer and settler. The extract and the aqueous ings$olution are
pumped into the mixer. Their intense mixing leaglshte uranium and
plutonium compounds are washed off the extractnTkige mixture is
pumped into the settler where the light organictfean (extractant) and
the heavy aqueous fraction (re-extract) can belyeasparated. The
extractant can be used again in the extractionggsyafter purification
and regeneration procedures. The re-extractioregeois over.

Thus, uranium and plutonium compounds are partiafiparated
from fission products and minor actinides. Multigipplication of the
extraction — re-extraction process can separate tdmnpletely. General
layout of the extraction — re-extraction processhiswn in Fig. 10.
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Fig. 10. The extraction — re-extraction process
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The coefficient D (Distribution Ratio) characteszdistribution of
elemental concentrations C between the light oggémiction and the
heavy aqueous fraction:

_ Cqlemeni(Organic fraction)
Celemen@queous fraction’

Evidently, if the distribution ratio of a certaibement D > 1, then
this element concentrates in the light organictioa¢ and, vice versa, if
D < 1, then the element concentrates in the hequgaus fraction.

The well-known quadratic dependencies of the distron ratios on
the SNF solution acidity are shown in Fig. 11 feanium (a typical
representative of fuel materials) and for zirconiufa typical
representative of fission products).

100
D /
Uranium
o 10 '
&
/ 4/ FP
[ ’/'
g 1 // i
5 / ’1(”
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SNF solution acidity

Fig. 11. Dependencies of the distribution ratios
on the SNF solution acidity
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As is seen, if nitric acid concentratidd(HNOs) belongs to the
acidity range from 2 M to 4 M, then the uraniumtdlgition ratio is
larger than unity, and fuel materials seek to cotrege in the light
organic fraction. Within this acidity range the cnium distribution
ratio is lower than unity, and fission productsksteconcentrate in the
heavy aqueous fraction. This consideration explaitg/ the SNF
solution acidity was corrected to be within the 2 range at the
preparatory stage, before the extraction — re-etitna process started.
In addition, these dependencies of the distributiatios on the SNF
solution acidity can explain the preferential acalation of fission
products in the aqueous washing solution during rextraction
process. In the latter case, the uranium distwoutatio D(U)=0,1 at
C(HNO3) near to zero, and uranium seeks to concentrateiagueous
washing solution.

Let assume that D(U) = 9 and 100 g U in the ac&WF solution
come to the extraction — re-extraction processnTh#er the first cycle,
90 g U were recovered while 10 g U remained inafeeous fraction.
After the second cycle, additional 9 g U were rezed while 1 g U
remained in the aqueous fraction. So, two-thredesyof the extraction
— re-extraction process are able to recover uPtd99% U from the
initial SNF solution.

The most substantial disadvantage of the solvemn&etion
technology consists in intense radiolysis of orgaextractants under
ionizing irradiation. The higher radioactivity dfe acidic SNF solution,
the more intense chemical dissociation of orgamiraetants occurs.
Specific radioactivity of the SNF solutions canatedahe level of 500
Ci/l for spent fuel discharged from thermal reastand the level of
1000 Ci/l for spent fuel discharged from fast reext That is why
reprocessing of spent fuel with high values of fhetn-up is a very
complicated technology.

Radiolysis of tri-butyl-phosphate can cause théo¥dhg negative
effects:

1. Chemical dissociation of TBP molecules occurgting to the
scheme with breaking,8q-0 links:
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CHy— O~ fEly— O~ o - O\
CHyg—O-P=0 - CHyg—O-P=0- H-0-P=0 - HPOQ,
CHe— 0~ H-O H-0"

i.e. TBP as an organic salt of phosphoric acidsfiams, at first, into
di-butyl-phosphoric (DBP) acid, then — into mondydphosphoric
(MBP) acid, and, finally, into phosphoric acigRQ,: TBP - H(DBP)
- Hy(MBP) - H3PQ.,.

2. Appearance of chemically active acids result®orming salts of
DBP-, MBP and phosphoric acids containing fissiondpcts as metal
components. These FP-containing organic salts oanettrate in the
light organic fraction and, thus, worsen the SNfoeessing quality.

3. TBP radiolysis creates the conditions needefbtm the third
fraction on the interface between the light orgaanic heavy aqueous
fractions. The third fraction includes some jelkel insoluble (or ill-
soluble) materials which can block technologicapetines at SNF
reprocessing plant. The following materials cancbmponents of the
third fraction:

a. Compounds of fissile isotopes with TBP radidywmioducts.

b. Compounds of fission products with TBP radidysioducts.

c. Products of radiation-induced polymerizationT&P dilutant in
the form of stable jelly-like emulsions.

Regeneration of organic extractantsWhen TBP contacts with the
SNF solution, salts of DBP-, MBP- and phosphoridsican appear and
contain metal fissile materials and fission produdthe contaminated
TBP can be cleaned with application of the carbeaditaline washing-
out process. Usually, mixture of soda,8&®; with caustic soda NaOH
is applied as a washing-out solution. Sodium, asnttore chemically
active element, substitutes itself for all othertaheomponents in salts
of DBP-, MBP- and phosphoric acids. The sodium-tassdts are well-
soluble by water, and they can be easily removeddueous washing-
out solutions.

The carbonate-alkaline washing-out regeneratiorcqe® has the
following drawbacks:

1. Large volume of middle-level radioactive wastes.

2. Residual plutonium in TBP can concentrate in reeshing-out
solution, undergo radiation-induced polymerizatiand fall out as
sediment.
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3. The process is not able to reach complete TB#qation.

Separation of plutonium from uranium. The uranium-plutonium
mixture produced by the solvent-extraction techggla@ontains the
following uranium-TBP and plutonium-TBP solvates:

one six-valent uranium-TBP solvate L(NO;), - 2TBP;

three plutonium-TBP solvates with different plutomi valencies:

trivalent Pu(NQ); - 3 TBP, four-valent Pu(N§)y - 2 TBP and six-
valent PUQ(NOs), - 2 TBP.

Separation of uranium-plutonium mixture is basedegperimental
fact that trivalent plutonium-TBP solvate Pu(j9 - 3 TBP s
characterized by its minimal solubility in the lighrganic fraction as
compared with solubilities of other uranium andtphium solvates.
Therefore, if all plutonium-TBP solvates are cotedrinto trivalent
state by the aqueous reducing solution, then @ntaplutonium-TBP
solvate can concentrate in this solution while wnaaTBP solvate
remains in the organic fraction.

When separating plutonium from uranium, six-valg@hitonium-
TBP solvate is reduced, at first, up to four-valetdte, then — up to
trivalent state and washed out of the organic isact

Six-valent plutonium solvate can be reduced upotg-f/alent state
by reaction with potassium nitrite KNO

PuQ(NQO3), + KNO, - Pu(NQ);+ KNO; .
Afterwards, four-valent plutonium solvate is reddicep to trivalent

state by means of the following methods:
1. Reactions with bivalent iron compounds:

PU* + F€* - PU* + Fée".

Iron gives one valent electron to plutonium.
2. Reactions with four-valent uranium compounds:

PU* + U+ 2 H0 - PU*+UQ + 2 H,.

3. Electrochemical plutonium reduction.
If the light organic fraction is washed out by thgueous reducing
solution, then trivalent plutonium concentratestie aqueous fraction
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while uranium remains in the organic fraction. Aftards, the re-
extraction process is used to recover uranium fiteenorganic fraction
by low-concentrated nitric acid HNO Uranium transfers into the
aqueous fraction (re-extract). This is a final staf the extraction — re-
extraction process. Thus, one cycle of this procamssists of the
following stages:

1. Dissolution of SNF by nitric acid.

2. Extraction of uranium and plutonium from the acidsdNF
solution by organic extractant TBP. Uranium andguium are jointly
separated from fission products.

3. Re-extraction of plutonium from the organic fraatiby the
aqueous reducing solution. Six- and four-valentgrliium solvates are
reduced up to trivalent state and transferred theoaqueous fraction.
Plutonium is separated from uranium.

4. Re-extraction of uranium from the organic fractioy diluted
nitric acid. Uranium transfers into the aqueoustfoa.

No more than three cycles of the extraction — fteagkion process
are traditionally used. The number of the cycles sabstantially
change the content of radioactive fission productshe reprocessed
fuel materials, i.e. proliferation-resistance o€ thxtracted plutonium
can be changed. If the extracted plutonium is r&aidy contaminated
with radioactive and heat-generating fission prasluthen plutonium
becomes unsuitable material for manufacturing ofveapon-grade
nuclear explosive device. The low number of therasmtion — re-
extraction cycles well corresponds with the “diftiel — clean waste”
concept.

Specific features in reprocessing of spent fuel asnblies
discharged from fast reactors

Spent nuclear fuel discharged from fast reactorBlF(BR) is
characterized by the higher values of fuel burnrugomparison with
spent nuclear fuel discharged from thermal readi®iF-TR). In fast
reactors fuel burn-up can reach 100 GWd/t HM vigb@dGWd/t HM in
thermal reactors. As a consequence, SNF-FR conttdias larger
quantities of plutonium (up to 20% vid®,7% in SNF-TR) and fission
products (up to 10% via 4-5% in SNF-TR). That isywNF-FR
reprocessing encounters the following technologiballenges:
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1. The more intense radiolysis of the SNF solutiond arganic
extractants.

2. The larger content of volatile fission products I, Xe, T)
requires applying the advanced gas-absorptionmsgsté SNF chopping
and dissolving.

3. The larger plutonium content can degrade TBP efficy due to
the lower solubility of plutonium dioxide.

4. The more intense radioactivity requires applying #dvanced
systems for remote control of the extraction —xeaetion process.

5. Volumes of liquid high-level wastes (HLW) are abéivé times
larger than those released in the SNF-TR repraugsslearly 10 m
HLW per one SNF ton are produced in the SNF-FRoegssing via 1-3
m® HLW per one SNF ton in the SNF-TR reprocessing.

Nuclear non-proliferation control at spent fuel refrocessing plants

The spent fuel reprocessing plant (SFRP) is ontheofmost sensitive
NFC part from the viewpoint of nuclear non-proldgon ensuring.
Main difficulty here is a plutonium non-proliferati control. In general,
plutonium control and accountability at the SFRFcoemters the
following main challenges:

1. Large plutonium amounts. Throughputs of French SFRP are at
the level of 800-900 SNF tons a year, at EnglisRBF1200-1500 SNF
tons a year. In average, one SNF-TR ton containgk@-of plutonium,
i.e. 5-10 tons of plutonium can go through the SERRually.

2. High required accuracy of the plutonium control. The
significant plutonium quantity SQ(Pu) was adoptedtie IAEA as 8
kg. The US Nuclear Regulatory Commission (NRC) adspted even
the stricter constraint for the plutonium non-gesation control,
SQ(Pu) = 2 kg. Consequently, the available plutaniuantity must be
controlled by the SFRP staff with accuracy abolglof plutonium or
below. At average annual SFRP throughputs of 1@pium tons, the
accuracy of the control plutonium measurements mesit the level of
[D,01%. Really achievable accuracies of plutoniurasneements are at
the level oflD,1%.

According to the requirements developed by Rusarah American
nuclear regulatory bodies, the maximal allowablggrium disbalance
at the SFRP must be equal to 0,1%, i.e. at thesitawhievable level of
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the measuring capabilities. The problem of so higtuired accuracy
can be solved by using the following two ways:

1. The plutonium balance can be summed up at deirepoints a
year, not once a year, when 5-10 plutonium tons havbe measured.
The reasonable chosen number of physical inventakings can
decrease appropriately quantity of the Pu-bearirgterials to be
assayed. This way can be named as a time sharing.

2. The plutonium balance can be summed up at deweaterial
balance areas (MBA) of the SFRP. The reasonablsechaumber of
MBA can decrease appropriately quantity of the Paring materials
available at each MBA to be measured. This way lmamamed as a
space sharing.

Application of both ways (several physical inveigera year at
several MBA separately) opens an opportunity to spnthe plutonium
balance at the SFRP as a whole with the accuragyiresl by the
nuclear regulatory guidelines.

3. Different states of the Pu-bearing materials At the SFRP
plutonium can be in various aggregate states ($oétland liquid SNF
solution), in the aqueous and organic fractionsoiwvates with different
plutonium valencies. Different Pu-bearing materialscan be
characterized by different attractiveness for pidén nuclear
proliferators. The following factors can be usedetnluate relative
attractiveness of the Pu-bearing materials:

1. The density factor flepends on the specific volume V of the Pu-
bearing material per one gram of contained plutoniMetal plutonium
is chosen as a reference material with the higledstive attractiveness
for potential proliferators of nuclear weapons, f€Veumeta) = 1. AS
density of metal plutonium equals 19,8 gicthe specific volume N,
metal = 5°10° I/g. Thus, initial point of f dependency on V equals unity at
V = 510° I/g. The specific volumes of all other Pu-bearinagterials are
substantially larger, and their relative attraatiees appropriately
diminishes (Fig. 12).
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Fig. 12. Dependency of the density factor
on the specific volume of the Pu-bearing materials

2. The time factor,fdepends on duration of the time interval needed
to convert the Pu-bearing material into a charga aficlear explosive
device by well-skilled specialists equipped withe timost updated
technical tools. Metal plutonium is chosen agaimm asference material
with the top relative attractiveness. It is assurtieat one-week time
interval would be required by the specialists t&kena nuclear explosive
device with metal plutonium as a charge materiel, § (7 days) = 1.
The time intervals needed for the specialists toved all other Pu-
bearing materials into a charge of a nuclear ekmoslevice are
substantially longer, and their relative attraatiess appropriately
diminishes (Fig. 13).

3. The radiation factorsf(A) depends on radioactivity of the Pu-
bearing materials per one gram of contained plutoniThe radiation
factor of metal plutonium is assumed as unity.

The generalized attractiveness factor of varioub&aring materials
is defined as a product of three aforementionetbfa¢the density, time
and radiation factors). The generalized attractegsrfactors of various
Pu-bearing materials are presented in Table 12.
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Fig. 13. Dependency of the time factor on duratibthe time interval

It is noteworthy that the density and radiatiorntdes characterize the
difficulty of obtaining the Pu-bearing materials ilghthe time factor
characterizes the difficulty of converting the Reabing materials into a
charge of a nuclear explosive device.

Table 12
Attractiveness factors of the Pu-bearing materials

Material f(V) fo(t) f3(A) f, {1,

Pu-metal 1 1 1 1
PuQ, 0,70 0,90 1 0,63
(U,Pu)Q 0,40 0,65 1 0,26
Pu(NQy), 0,25 0,80 1 0,20
SNF solution 0,06 0,35 0,004 8 (110°
Spent fuel assembly 0,08 0,10 0,004 3[10°
Solidified HLW 0,05 0,02 0,001 1[10°
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Advanced aqueous technologies for spent fuel repressing
with proliferation protection

The aqueous SAFAR (Safeguarded Fabrication and
Reprocessing) technology for spent fuel reprocesginMain idea of
nuclear non-proliferation ensuring within the framef the SAFAR-
technology consists in incomplete separation ofiura, plutonium and
fission products. Consequently, at any stage ofSAEAR-technology,
plutonium can not be extracted in the form suitdbtdts diversion and
manufacturing of nuclear explosive devices.

The following specific features can distinguish tI®AFAR-
technology from traditional PUREX-technology:

1. Incomplete separation of plutonium from uraniamd fission
products. Plutonium and uranium are recovered ljoif@o-extraction)
by using only two cycles of the extraction - reragtion process. As a
result, plutonium is deliberately contaminated witmanium and
radioactive fission products(1{% of their initial content). The
decontamination factors are about 100 instead &fL@0in traditional
PUREX-technology.

2. Pure uranium and plutonium dioxides are not pced. Final
products of the SAFAR-technology are spherical migranules of
mixed oxide uranium-plutonium (MOX) fuel. These naigranules are
formed by using the sol-gel process that is deedriielow.

3. The re-fabricated MOX-fuel is characterized e televated
radioactivity due to the relatively large contehffiesion products. The
elevated radioactivity of the MOX-fuel can be estied as a certain
positive factor from nuclear non-proliferation pboiof view: the
radiation barrier against the MOX-fuel diversiorr foanufacturing of
nuclear explosive devices; unattractiveness fdigheasy control (high
detectability) of ant MOX-fuel movements. Howeveome additional
countermeasures must be undertaken to enhancéioadieotection of
the staff involved.

The sol-gel process, as a key stage of the SAF&RAt@ogy, should
be described in more details. Sol is a suspengersubstance, gel is a
colloid, or a jelly-like substance. So, the “sol*germ means a gradual
densification of the SNF solution through consemutiransformations
from the liquid SNF solution into the SNF suspensithen into the
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SNF colloid and, ultimately, into the solid MOX-fugranules followed
by the fuel pelletization. Main mission of the g@l process is to avoid
technological operations with finely dispersed pevedof uranium and
plutonium dioxides and to work with sufficiently reee MOX-fuel
granules.

The sol-gel process uses the acidic SNF solutitar &fo cycles of
the extraction — re-extraction process for part@hoval of fission
products as an initial feed material. So, the SARA&hnology can be
regarded as an advanced version of the solverdetixin PUREX-
technology. Then, the following operations are @eried:

1. Addition of the chemical reagents which are afnleupgrade
alkaline properties of the SNF solution (urea NBO, for example).

2. Infusion of the SNF solution into a water-absogborganic
material (ethyl-benzoate, for example). This infinsstonverts the SNF
solution into the colloid-like substance (U,Py)OH)o 4(NOs)y 6.

3. Injection of the colloid-like substance into ammonia-based
organic material for further gradual dehydratiohisTinjection converts
the colloid-like substance into the jelly-like spical granules
(U,Pu)Q(OH), 0,5 NH; 0,5 HO with typical sizes within the range of
40-100 microns, i.e. they are large enough fohfurpelletization (cold
pressing and sintering).

4. Thermal treatment of the jelly-like granuleshwgiradual elevation
of temperature. Residual ammonia-based organiosnisved at 9%.
Ultimate dehydration occurs at 125-800with the formation of
(U,Pu)Q(OH),. All residual organic substances are completely
evaporated at 300-480. Ultimately, solid MOX-fuel granules are
calcined at 400-500Q..

5. Fabrication of fresh MOX-fuel rods and fuel asbées.

The SAFAR-technology can be estimated as a wellifpration-
protected spent fuel reprocessing technology becatishe following
main reasons:

1. Uranium and plutonium dioxides are extractednfrthe acidic
SNF solution jointly. Plutonium dioxide is never pseated from
uranium dioxide.

2. The MOX-fuel granules are characterized by tmhaaced
radioactivity due to residual content of radioagtfission products after
only two cycles of the solvent-extraction technglog
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Non-agueous (dry) technologies for SNF reprocessing

The pyrochemical gas-fluoride technologyMain mission of the
gas-fluoride technology is to provide SNF reprooesswithout
application of any liquid reagents (dissolventstrantants and so on)
and, as a consequence, without large volumes atlligfLW. The gas-
fluoride technology is based on different boilirgniperatures, different
volatilities and different abilities to be adsordeg some adsorbents of
uranium, plutonium and FP fluorides. At normal agplweric pressure,
uranium hexafluoride begins boiling at’66 plutonium hexafluoride —
at 62C, i.e. the boiling temperatures differ insignifitign At these
temperatures, main mass of fission products can fmly non-volatile
or weak-volatile fluorides.

The gas-fluoride technology includes the followingin stages:

1. Thermal melting of fuel claddings at 1600

2. The SNF fluorination by gaseous fluorine-nitnogaixture (20%
F, and 80% N for corrosion protection of technological vessaiw
pipelines) at 40%:

(UPUGQ+4K+3H - (UPuRk+2HF + 2 HO.

Main mass of FP fluorides (up to 85%) remains & tion-volatile
sediment while well-volatile fluorides of uraniuplutonium and some
fission products together with gaseous fission petsl (Xe, Kr, I) go
out from spent fuel.

3. Freezing of FP fluorides in the fore-condense27C. The fore-
condenser is a cylindrical vessel into which the i@ is introduced at
an angle to vertical axis of the cylinder. Solidtjzées can strike against
the cylinder wall and drop out of the gas flow. \Wealatile fluorides
of some fission products (Cs, Ru, Zr, and Nb) candmoved.

4. The gas flow passes through the column filledwith solid
granules of sodium fluoride NaF at elevated tentpega At this stage,
different sorption ability of NaF granules in respeof uranium,
plutonium and FP fluorides is used to separate thémanium,
neptunium and technetium fluorides are preferdptisbrbed by NaF
granules at 16@. Plutonium, ruthenium, zirconium and niobium
fluorides are preferentially sorbed by NaF granake$06C.
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5. Desorption of uranium and plutonium hexafluosideom the
surface of NaF granules by gaseous mixture (1Q%nd 90% ) at
400°C.

The following main drawbacks of the gas-fluoride tehnology can
be mentioned:

1. Incomplete purification of uranium hexafluoridé-s from some
FP fluorides. About 99,5% of uranium is extractemhf spent fuel but
uranium content in the recovered uranium hexaftieofiow equals 96%
only. Thus, technological vessels and pipelinescargaminated with
the remaining 3,5% of uranium.

2. Plutonium volatilization takes place with thevkr efficiency than
uranium volatilization. So, plutonium can contantndechnological
equipment units too.

3. The gas-fluoride technology is not able to repes spent MOX-
fuel because of large plutonium content.

The pyrometallurgical technology for SNF reprocessig. The
pyrometallurgical technology was initially intendém reprocessing of
spent mixed metal uranium-plutonium fuel dischargesn advanced
fast breeder reactors with high breeding gain.
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Fig. 14. General scheme of the electrochemicatirefifacility

Till recently, the research fast reactor EBR-Il wagerated in
Argonne National Laboratory (USA). The reactor \wasled with metal
U-Zr fuel enriched up to 50%**U. The pyrometallurgical
electrochemical refining technology was worked st to reprocess
SNF discharged from the EBR-Il reactor. Generalesth of the
electrochemical refining facility is presented ig.FL4.

The electrochemical refining facility representsydindrical vessel
filed up with liquid cadmium in the bottom part cdaimolten salts
(mixture of potassium, sodium, calcium and bariiroddes) above the
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liquid cadmium layer (anode). From the top padnirod (cathode) is
introduced into the molten chloride layer.

The electrochemical refining process includes thiéodiing main
steps:

1. Spent fuel rods are chopped into short piecesl@aded into a
perforated graphite basket.

2. The graphite basket with spent fuel piecesasdédal into the liquid
cadmium layer.

3. Spent fuel is dissolved by liquid cadmium. Faklddings and
some insoluble fission products can be removeduither treatment as
solid radioactive wastes.

4. The dissolved SNF and fission products areidigd in layers of
liquid cadmium and molten salts by such a way:

a. Gaseous and volatile fission products escapentien materials
and enter into a gas cushion above the moltehegait.

b. Alkaline-earth, rare-earth and alkaline fisspoducts escape the
liquid cadmium layer and enter into the molten kajer.

c. Uranium and plutonium are contained in bothlaye

5. When electrical current is switched on betwebée tiquid
cadmium anode and the iron cathode, some fissiodugts, uranium,
and plutonium escape the molten layers and pratgion the iron
cathode.

The cathode deposition is periodically takéfraad melted down
into a fresh nuclear fuel. The vacuum melting aastiog of fuel rods
are used at this step. The molten U-Pu-Zr alloypdsired into a
cylindrical central hole of a quartz glass blockdd completion of the
cooldown phase, the quartz glass and the metalcerd be easily
separated, and the metal rod is ready for manufagtwof a fuel
element.

The finer purification of mixed uranium-plutoniunudi can be
achieved by using the halide-slagging process.félh@wing chemical
reaction of the cathode deposition with magnesiblorae

2(U,Pu) + 3MgGl - 3Mg + 2(U,Pu)Gl

can transform metal uranium andplutonium into tledilorides. Then,
the uranium and plutonium chlorides can be returinéal the molten
salt layer, and the electrochemical refining iseapd. Even if the
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halide-slagging process is applied, the decontaimmafactors in
respect of some undesirable FP can be increaséal 1§5-10° only via
10°-10% in the solvent-extraction PUREX-technology.

The Integrated Fast Reactor conceptNuclear specialists from
Argonne National Laboratory (USA) have developed fnoject of a
modular fast reactor with the integrated nuclea ftycle, where the
pyrometallurgical electrochemical refining techrpiaould be used for
SNF reprocessing. The project was named Integr&est Reactor
(IFR).

The IFR project can be characterized by the followig specific
features:

1. Modular small-power (170 MWe) fast reactor witletal U-Pu-Zr
fuel and liquid-metal (sodium) coolant.

2. Small sizes of the reactor core and small fuglume with
increased uranium enrichment.

3. Co-allocation of NPP and pyrometallurgical fagilfor SNF
reprocessing in a single site.

Advantages of the IFR project:

1. Passive nuclear safety thanks to excellent tbehysical
properties of sodium coolant and large neutrondgakfrom the small-
sized reactor core.

2. Factory-based manufacturing of the small-sizttor with the
subsequently high fabrication quality, reliabildf/the reactor operation,
the subsequently low financial expenses, possilufitstandardization.

3. Relatively short construction time with subseglyelow risk of
financial investments.

4. Possibility for a step-wise upgrading the NPR/goon 170 MWe
at each next step.

5. Enhanced proliferation resistance because of fallewing
reasons:

a. Uranium and plutonium co-extraction without aimgir separation.

b. Weak purification of uranium and plutonium frdission products
and minor actinides. Subsequently, the re-fabritatiuel is
characterized by intense radioactivity, residuaathgeneration and
intense emission of spontaneous fission neutrons.

c. No long-distant SNF transportation from the teato the SNF
reprocessing facility is required here since theyallocated in a single
site.
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The only drawback of the IFR concept is relatedhwis small
power. Evidently, one large-scale power reactom@e economical
than a system of small-scale reactors with the sataépower.

DUPIC-technology. Name of the DUPIC-technology is an
abbreviation from the “Direct Use of spent PWR fuel CANDU
reactors”. The DUPIC-technology is a product of ttalaborative
efforts undertaken by nuclear specialists from tHeA, Canada and
South Korea. The DUPIC-technology is a non-aqugmaeess with
enhanced proliferation resistance.

As it follows from its name, main mission of the BIC-technology
consists in the repeated use of spent fuel disedafgpm light-water
power reactors of PWR-type in heavy-water powectga of CANDU-
type. Reasonability of this approach is based erfdht that spent PWR
fuel can contain the amount of fissile isotopegdaegnough for further
use as a fresh fuel composition of CANDU-type reextAs is known,
the standard spent PWR fuel contains partially supnuranium with
residual enrichment at the level 80,9% >**U and [0,6% of reactor-
grade plutonium with about 70%-content of fiss#etopes*®Pu and
2Py, Thus, in total, the standard spent PWR fuetaios (11,3% of
fissile isotope$®U, #%Pu and*Pu. Fortunately, heavy-water CANDU-
type power reactors are able of functioning evethefy are fueled with
natural uranium (0,79%6°U). So, spent PWR fuel can provide the
twofold amount of fissile isotopes to make CANDUbdy reactor
operation feasible.

The DUPIC-technology provides spent PWR fuel regsstg with
application of thermal and mechanical procedurdg. dND components
of aqueous, solvent-extraction, Pyrochemical andompgtallurgical
technologies are applied here.

Main stages of the DUPIC-technology:

1. Dismantling of spent fuel assemblies, withdrawhlspent fuel
rods.

2. Transversal chopping of fuel rods into smaltpg(~20 cm).

3. Longitudinal slitting of fuel claddings to weakthem.

4. Voloxidation, i.e. thermal treatment of fuel g@s in oxygen at
400°C. Uranium dioxide U@ converts into uranium octa-oxide;Qb.
This conversion causes increasing volume of fuehtnom [B0%, and
fuel pieces throw their previously weakened claddim addition, fuel
meat becomes more porous, partially transforms atpowder-like
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substance, some gaseous and volatile fission pt®@uearly all tritium,
up to 40%24, 70%%°Kr and 90% °Ru) escape the porous fuel meat.

5. Treatment by the OREOX-process (Oxidation-Rednaif Oxide
fuel). The OREOX is an oxidizing-reducing procesghwmultiple
interchange of the following reactions:

a. Oxidation by air at 480. Uranium dioxide U@ converts into
uranium octa-oxide 4Ds, like the voloxidation reaction.

b. Reduction by (Ar - 4% P gaseous mixture at 740 Uranium
octa-oxide WOz returns into uranium dioxide YO

The multiple interchange of the oxidizing and rddgcreactions
produces the dispersed W@owder, and results in complete release of
all gaseous and volatile fission products. Onlyidsdission products
remain in the powder particles.

6. Manufacturing of U@ pellets from the dispersed Y@owder
with sintering up to the pellet density about 96RAtotheoretical value.

7. Manufacturing of fresh fuel rods and fuel busdier CANDU-
type reactors by using the traditional technologut kall the
manufacturing operations must be performed in ledscbehind thick
enough radiation shielding.

Specific features of the DUPIC-technology:

1. Full absence of any liquid solvents and extrastaConsequently:

a. Small volumes of radioactive wastes (gaseousvatatile FP,
metal claddings of spent fuel rods).

b. Compact reprocessing facility and, thereforega possibility for
co-allocation of NPP and the reprocessing fadititg single site.

2. No uranium — plutonium separation. No completpasation of
uranium and plutonium from radioactive fission prots. Only gaseous
and volatile fission products can be released.dSfidision products
remain in the reprocessed fuel.

3. Enhanced proliferation resistance of the DURI€hhology
because of the following reasons:

a. Intense radioactivity of fuel materials contagisolid fission
products.

b. No technological operations with separation kitgnium from
uranium.

c. No long-distant transportations of fissile metisras NPP and the
reprocessing facility can be co-allocated in alsisife.
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Control questions

1. Call main missions of spent fuel reprocessing.

2. Call main categories of the spent fuel reprocgstohnologies.

3. Call main stages of the aqueous solvent-extra¢goinnology.

4. How does TBP radiolysis occur? What negative ocgmeseces does
TBP radiolysis lead to?

5. What technology is applied to separate plutonicomfuranium?

6. Call and describe the attractiveness factors atoplum-bearing
materials.

7. Call main stages of the SAFAR reprocessing tedgyol

8. Call main stages of the gas-fluoride reprocestngnology.

9. Call main stages of the electrochemical refiniechhology.

10. Call main stages of the DUPIC-technology.
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CHAPTER 9. TECHNOLOGIES FOR PROCESSING OF
RADIOACTIVE WASTES

All nuclear technologies are related with use onggation of
radioactive substances. For example, fresh fuednalskes of nuclear
reactors contain radioactive isotopes of uraniupens fuel assemblies
contain radioactive isotopes of uranium, plutoniutrensuranium
elements and fission products. Some radioactivéop®s can be
recovered from spent fuel and profitably used. iléssotopes can be
repeatedly used (recycled) in fresh fuel compas#tioSome fission
products and transuranium elements are widely egh@s heat sources,
sources of ionizing radiation in medicine and wvasioindustrial
branches. The remaining radioactive substances,savhurofitable
applications are unfeasible yet, are usually resfards radioactive
wastes (RAW). Thus, RAW are those radioactive sulrsls whose
profitable applications are unfeasible now yet.

Therefore, the following materials and products barincluded into
RAW composition:

1. Those products of nuclear technologies whichuaiitable now
for any profitable applications.

2. All the materials and products which are contatgd with
radioactive substances before their decontamination

Specific peculiarity of RAW is a principal imposgity of their
extermination by means of any traditional techngldacineration,
conversion into any other chemical form). RAW remaio be
radioactive in any chemical forms. Traditional teclogies can only
transform RAW into the forms suitable for ultimalesposal in deep
underground geological repositories. Non-traditiomathods of RAW
extermination presume construction of the dedicatecear facilities
where RAW are bombarded by ionizing radiation (neng or gamma-
rays) with the only aim to transmute (convert) ldivgd radioisotopes
into short-lived or stable isotopes.

The most dangerous RAW are by-products of spentl fue
reprocessing. These RAW are dangerous materials ihotespect of
their quantity and intensity of radiation emittecaimy by fission
products. FP quantity in SNF discharged from thé@mna fast reactors
are equal to about 40-50 kg/t and up to 100 kgéspectively.
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Appropriate specific radioactivities of SNF disafped from thermal and
fast reactors are equali® MCi/t and 20 MCift, respectively.

For comparison:

1. Total release of radioactive materials after r@bleyl accident is
evaluated as 90 MCi.

2. Total release of radioactive materials after iys1 accident
(explosion of liquid RAW storage) is evaluated @VCi.

Classification of radioactive wastes

RAW are classified depending on their state of eggtion (liquid,
gaseous and solid RAW) and on their specific radivigy (low-level,
middle-level and high-level RAW). The norms used Byssian
regulatory bodies for classification of RAW are g@pted in Tables 13,
14.

Table 13
Classification of liquid and gaseous RAW
Specific activity, Ci/l
Category Liquid Gaseous
Low-level <10° <10
Middle-level 10°-1 10"-10°
High-level >1 > 10
Table 14
Classification of solid RAW
Categor Dose rate, Type of radiation
gory R/h a, Cilkg B, Cilkg v, Gr/h
Low-level <0,2 2010°-10° 210°%10* | 310°-310°
Middle-level 0,2-2 10°-102 10%-10? 310%10°
High-level >2 > 10 > 10! > 102

Main mission of RAW treatment is to protect humaarsd the
environment against negative effects of radioaatnaterials. The most
significant negative effects include ionizing raaia, heat generation
and chemical toxicity.
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Treatment of high-level wastes (HLW)

There are the following two main forms of HLW:

1. HLW from radiochemical SNF reprocessing facilities.

These wastes are mainly liguid RAW because thesimidlscale
SNF reprocessing is primarily based on the aquesolbient-extraction
PUREX-like technologies. As is known, the solvexitraction
reprocessing of SNF discharged from nuclear povesctors can
produce about 45 of liquid HLW, 150 ni of liquid middle-level
wastes (MLW) and up to 2000°rof liquid low-level wastes (LLW) per
one ton of spent fuel.

2. Spent fuel assemblies discharged from nuclear posestors.

In the USA, where the moratorium has been decreed o
radiochemical reprocessing of spent fuel from coneciaé NPP, these
assemblies are considered as a form of the tranB#WN containers
completely ready for interim storage and, furtter, ultimate disposal
in deep underground geological repositories.

Main stages of the HLW treatment

1. Interim storage:
a. Spent fuel assemblies are placed into the vs&beage pools at NPP
or at SNF reprocessing plants.
b. Liquid HLW are poured into the steel storageksa he storage tanks
are put under strict control of heat generatioe (dtnecessary, forced
heat removal must be provided) and elemental cotnpof the gas
cushion over the HLW level (if necessary, air blogsthrough is
carried out to remove explosive hydrogen produgeddter radiolysis).
2. Evaporation of liquid HLW.
The HLW evaporation process provide®00-fold reduction of the
HLW volume. However, the following negative effeatsse:
a. Specific radioactivity of the evaporated HLWrirases.
b. Specific heat generation rate of the evaporéled/ increases too.
The larger heat generation rate warms up the eatgubHLW.
c. Corrosion activity of the evaporated HLW intdiesi due to the
higher corrodent concentrations and to the elevategperature.
d. Gas release intensifies too due to the radwlg§iwater and some
liquid HLW components.
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The following countermeasures are usually underntake
a. Control of explosive hydrogen content in the gashion above the
HLW level in the storage tanks.

b. Periodical air blowing-through for dilution anemoval of explosive

hydrogen.

c. Control of the gas cushion temperature (2C§0

d. Forced heat removal.

e. Application of corrosion-resistant alloys andhirdess steels as
structural materials of the HLW evaporation fambt and the HLW

storage tanks.

f. Introduction of the corrosion inhibitors intoetlevaporated HLW.

g. Disposition of the HLW storage tanks below tlaetle level on the

concrete saucers.

3. Solidification of the evaporated HLW.

Main mission of the HLW solidification is to implathe HLW into a
stable inert material (matrix) that can reliablgyent the HLW release
into the environment and, finally, into the foodaats. Migration ability
of the HLW must be substantially weakened, or aabé HLW
immobilization must be guaranteed.

At present, the HLW implantation into some glasspositions, or
the HLW vitrification, is considered as the mositatle form for the
HLW immobilization.

The following two technologies of the HLW vitrification are the
most well-known:

1. One-step technology.

The liquid concentrated HLW are poured into a m&fyey crucible
together with the glass-producing additives. Urgtedual warming up,
the mixture undergoes the following changes:

a. Ultimate HLW evaporation.
b. Calcination of dried HLW at 300-480.
c. Glass-mass melting at 1100-1450

After relatively short cooldown, the crucible witil its content is
transported to the ultimate disposal site.

2.Two-step technology.

The French AVM-process can be considered as adlypiample of
the two-step HLW vitrification technologies.

Main stages of the AVM-process:

a. Calcination of the evaporated HLW at 300400
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b. Mixing the calcination product with the glaseqbucing additives.
c. The mixture is poured into a melting furnace.

d. Gradual warming up and formation of the glasssva 1100-115Q.
e. Periodical drainage of the glass-mass into staghiners.

f. Interim storage and ultimate disposal of the Hc@wtainers.

Some alternative versions of the HLW vitrificatitethnologies have
been developed till now. The alternative technasgiresume the HLW
implantation into other stable materials, such @&samics, glass-
ceramics or mineral-like SYNROC materials. The t&¥NROC is an
abbreviated form from the words “Synthetic Rockisg, artificial but
natural rock-like materials. Development of the SROIC materials and
the technology for the HLW implantation into theringl SYNROC
technology) is based on the hope that the SYNRO@nmés could be
characterized by the same physical and chemicalepties (primarily,
high long-term stability) as their natural analogue

The SYNROC technology includes the following maiges:

1. Mixing the evaporated HLW with predecessors ltd SYNROC
materials. These predecessors are, as a ruleusamfractory oxides.
One typical example of the SYNRIC predecessor caitipa is as
follows: TiO,(71%), CaO(11%), Zréd7%), BaO(6%), AlOs(5%).

2. Calcination of the mixture at 650-780

3. Hot pressing of the mixed powder into the SYNRQ@Ellets
(temperature - 1100-1200, pressure - 150-200 atmospheres).

4. Filling up the steel containers with the SYNRQ@Ellets, interim
storage and ultimate disposal of the HLW containers

Multiple tests were carried out with the HLW-comiag SYNROC
materials, and the following main results were iiata:

1. Physical, chemical and corrosion-resistance gitms of the
SYNROC materials appeared to be very similar witbse of natural
rock minerals, i.e. the SYNROC materials are ablen@intain their
stability under any environmental impacts for suéfintly long time
periods.

2. The SYNROC materials can retain up to 20% HLW.

3. The water-leaching rate of the SYNROC matealgered the range
of 10°+10° gram from 1 crhof the sample surface a day (gfeday).
The achievable HLW contents and the HLW leachinggsaof the
SYNROC materials are inferior to analogous propertiof the
borosilicate glass. The borosilicate glasses cannreip to 30% HLW.
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In general, the glasses are characterized by snaflly disordered
molecular lattice and, therefore, the glasses dle & keep wide
spectrum of various radioisotopes. The SYNROC rrasemwith their
finely ordered crystalline lattice are able to kemyby the radioisotope
compounds with certain atomic dimensions and wéhain valencies.
The water-leaching rate of the vitrified HLW is &wated as 18-10"
g/cnt-day.

So, the SYNROC materials are inferior only to thesges in respect
to the achievable HLW content and the water-leaghiate but,
nevertheless, they remain to be the second caedidatthe HLW
immobilization.

After the HLW are immobilized in the glass-mass iar the
SYNROC pellets, these solidified HLW forms are plddnto the steel
containers. The further HLW management foresedcwuftly long (up
to 50 years) interim storage in the near-to-surkioeage points with air
or water cooling. The containers can be periodica#trieved to
investigate the current state of the solidified Hlamd, if necessary, to
perform their additional treatment.

The next stage is an ultimate disposal of the HlamMainers in deep
underground geological repositories. Geologicalmfation can be
regarded as a suitable place for ultimate dispafstde HLW containers
only if the formation satisfies the following reggiments:

1. Geographical properties of the formation:

a. Far distance from the densely populated areas.

b. Low seismicity and low probability of earthquake

c. Far distance from the level of ground waters.

d. The geological stratum must not enter the earntface.

2. Physical properties of the formation:

a. Good heat conductivity and heat capacity.
b. Good mechanical strength and plasticity.
c. Good chemical stability and retentivity of radaiopes.

The following three geological formations are bes@luated now
as the most promising candidates for ultimate diap@f the HLW
containers in deep underground repositories:

1. Salt mines.
2. Sedimentary clayish formations.
3. Rocky formations.
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Unfortunately, it appeared impossible to distinguane the most
suitable geological formation from these candidsdugven basing only
on their physical properties. All the candidates @raracterized by their
own advantages and drawbacks.

Salt mines
Advantages:

1. Far distance from ground waters, i.e. hydrologamaiditions of the
salt mines were so stable that the salts remam#ukir initial state for a
geological-scale time period (some millions or ewdfiiards of years)
despite of their good solubility by light water.

2. Good plasticity.

3. High heat conductivity.

Drawbacks:

1. Good solubility by light water.

2. Potential usefulness for many industrial branches.

3. Radiolysis by ionizing radiations with intense eate of harmful
gaseous substance (chlorine, for instance).

Sedimentary clayish formations
Advantages:

1. Full water impermeability.

2. High retentivity of radioactive fission productsiih the exception of
129 and**Tc).

3. Good plasticity.

Drawbacks:

1.Low retentivity of **1 and **Tc, radioisotopes with high migration
ability.

2. Low heat conductivity.

3.Proximity to the earth surface.

Rocky formations

Advantages:

1. High water impermeability.

2. Good mechanical strength and chemical stability.

Drawbacks:

1. Low plasticity, i.e. high probability for the chec to appear as
potential pathways for the HLW migration into thedphere.

2. Low heat conductivity.

The most advanced all over the world project of tieep
underground HLW repository is the Yucca Mountaionjgct (Nevada,
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USA). Schematic layout of the Yucca Mountain refwgiis shown in
Fig. 15.

Level of ground water

Fig. 15. Layout of the Yucca Mountain repositorydeof ground water

Construction of the Yucca Mountain repository wagum in 1994.
By April 1997 the main drifting works were finishedth the following
dimensions of the major tunnel: length — 7900 migle— 7,6 m;
distance from the level of ground water — 200 m wl@ards; distance
from the mountain top — 300 m upwards. About $2@ianils were
already spent for these drifting works. In 2002 thle studies on
geological, hydrological, geochemical and geothépnaperties of the
repository site were completed, and the US NuclBagulatory
Commission received the application on start-upttté repository
operation. As was previously planned, the loadingcess of the
repository with the HLW containers must be begun20i0 (total
capacity of the Yucca Mountain repository was eatdd as 70,000 t
HLW). However, the license on the repository ogeratvas not issued
by the NRC till now. Moreover, federal funding bt Yucca Mountain
project was ended just in 2010.

The geological formation of the Yucca Mountain repmy is a
rocky tuff with large quantity of cracks. Verticadfiltration of light
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water from upwards into the major tunnel was meaand appeared
equal to approximately one liter per one squareemet the tunnel
bottom annually, i.e. 1 mm-thick water layer a year

Some numerical evaluations demonstrated that meffect on
potential contacts of ground water with radiois@®and probability of
their release into the biosphere from the fullyded HLW repository
Yucca Mountain is mainly defined by residual heanheyation. The
mountain part adjacent to the major tunnel can &ened up td113¢°C,
I.e. above boiling temperature of ground water.irSense warming up
can create the closed circuit of natural water eatign from hot HLW
repository to relatively cold rocks. There, watepor condenses and
flows down. That is why hydrological conditions @dlly loaded
repository cardinally differ from those in emptyaository.

The following changes can occur in hydrological ditons of the
fully loaded HLW repository:
1. Formation of the condensed water layer abovélthd repository by
natural convection of hot vapor and cold water.
2. The rocky area adjacent to the HLW repositorymipregnated with
water.
3. Intense cracking of the tuff layers adjacenth® HLW repository by
hot vapor and temperature gradient.

4. Chemical activity oh hot water enhances. Consetly) corrosion
rate of the HLW containers and solubility of radmtiopes can increase.
Central zone of the HLW repository can remain reddy dry
because of maximal heat generation rate and ragigoeation of the
flowing down water. Atmosphere in peripheral zonke tbe HLW
repository can be more humid and, thus, it camasitg corrosion of the
HLW containers. So, internal heat generation caa Berous capacity-
limiting factor for the very expensive HLW reposies. The heat
generation is mainly caused by radioactive decdysome long-lived
fission products *'Cs, °°Sr) and minor actinides (radioisotopes of
neptunium, americium and curium). In a relativeljhhod-term
perspective (100-200 years), fission products aas roontributors into
the internal heat generation. In a longer perspedti> 1000 years) the
dominant role in the decay heat generation pasegsfission products

to minor actinides.
Therefore, some advanced alternative approacheshé¢oHLW
management are under thorough studies now throtigiteu world.

137



These approaches presume various options for @rimacand
partitioning of long-lived fission products (LLFRnd minor actinides.
The separated radioisotopes can be further usetkats sources and
sources of ionizing radiation in many industricafiches.

Minor actinides are able to enhance nuclear nohfgration regime
because neutron irradiation 8fNp and**Am in nuclear reactors can
transform them into plutonium isotop&Pu, intense source of decay
heat and spontaneous fission neutrons. Plutoniuth tigh enough
content of***Pu becomes completely unsuitable for manufactudhg
any nuclear explosive devices.

Some other approaches presume neutron transmutdtldcFP and
minor actinides in the dedicated irradiation féig8 (nuclear reactors,
accelerator-driven systems, thermonuclear insiatia} where the most
harmful radioisotopes can be converted into sheedl or stable
nuclides.

Treatment of liquid middle-level and low-level radbwastes
(MLW and LLW)

The following procedures are used to treat liquidviland LLW:
1. Precipitation and removal of solid particlesnfirthe MLW and LLW
solutions.
2. lon-exchange purification of the clarified sabuis.
3. Evaporation up to the dry sediment.
4. Immobilization by bituminization or cementation.
5. Placement of the solidified radiowastes intodte=| containers.
6. Interim storage and ultimate disposal of thelstentainers.
Bitumen as a material for RAW immobilization canfeof the
following advantages:
1. Low leaching rate by light water.
2. Suitability for immobilization of any chemicalA®V forms (salts,
hydroxides, organics).
3. Good radiation resistance.
However, bitumen is an inflammable material as gpimduct of
natural oil reprocessing, and bitumen softens un@deming up.
The alternative option to the RAW bituminizationascementation
process, i.e. RAW implantation into the concretcks.
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Concrete a material for RAW immobilization can offiee following
advantages:
1. Low cost and simplicity of the cementation pisxce
2. Good radiation resistance.
3. High heat conductivity.
4. Concrete is not an inflammable material and duzssoften when
warmed up.

Unfortunately, concrete is very sensitive to thetewaleaching.
Comparative data on the water leaching rates ofrtbgt widely known
materials for RAW immobilization are presented belo

1. Glass: 18+ 10’ g/cnfday:;
2. SYNROC: 16+ 10° g/cntfday;
3. Bitumen: 16+ 10* g/cntday;
4. Concrete: 16+ 10 g/cntfday.

That is why glasses and the SYNROC materials agéeamtially
used to immobilize HLW while bitumen and concrete fer
immobilization of MLW and LLW.

Chemical stability of the concrete blocks can béasted by
impregnating the cement mixture with some organmnomers. At
solidification, the monomers are polymerized, ahdnaical stability of
the concrete blocks improves substantially.

Treatment of gaseous RAW

Gaseous RAW can produce the following negativeceffen human
organism:
1. Direct external irradiation and irradiation tnetfallen out radioactive
particles.
2. Internal irradiation at inhalation of air contaated with gaseous
RAW.
3. Chemical toxicity of gaseous RAW at inhalation.

The following radioisotopes are main componentgasgeous RAW:
1. Radioactive noble gases (radioisotopes of krypta xenon).
2. lodine radioisotopes.
3. Carbon radioisotopéC.
4. Tritium.
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After lengthy (5-10 years) staying in the SNF sggrgpool at NPP
only the following relatively long-lived gaseouddiaisotopes remained
in RAW composition:

1. Of noble gases — onf§Kr (half-live Ty, = 10,7 years).
2. Of iodine radioisotopes — onf§?l (T, = 1,610 years).
3. Radiocarbon’C (T, = 5730 years).

4. Tritium®H (Ty, = 12,3 years).

Removal of ®*Kr. The following methods are used to remdWuér
from gaseous RAW composition:

1. Cryogenic adsorption by activated charcoal ofegdar sieves as
ultra-filters.

2. Cryogenic adsorption by liquid carbon dioxide diquid
fluorocarbons.

Removal of 4. In gaseous RAW composition the radioiodine can
be in the forms of molecular ioding lodides () and iodates (1©).
The following methods are used to remdvéd from gaseous RAW
composition:

1. Absorption of the radioiodine by alkaline or dici solutions in
scrubbers where the radioiodine is oxidized up ttidsinsoluble
compound HiOs.

2. Chemisorption of the radioiodine onto the zeoiihpregnated with
silver nitrate AgNQ. Molecular radioiodine is bound into insoluble
silver iodide and silver iodate through the follagrichemical reaction:

2 AgNOs+ I, + H,O + O, — Agl +AgIO; + 2 HNG; .

Removal of“C. Gaseous RAW contains radiocardé@ in its oxide
forms*CO and"CO,. Radiocarbon is a product of neutrdN(n,p)-‘C
reaction with nitrogen that is contained in air,cmolant and structural
materials as an impurity.

Unfortunately, till now no any industrial-scale heologies have
been developed to catcCO or **CO, efficiently. In laboratorial
studies some fluorocarbons demonstrated highlgiefft absorption of
“C (up to 99,998*C) within low temperature range from %0to +4C.

Removal of tritium. In nuclear reactors tritium can be produced by
neutron reactions with coolant and some impuritigglrogen, lithium)
in structural materials, In addition, tritium is pmoduct of very rare
ternary fission reactions with emission of threet(asual two) fission

140



products. Since the ternary fissions can occur wgtly low probability,
spent fuel contains only aboufl®® % *H.

The following properties of tritium should be taketo account:
1. Tritium is a source of low-ener@yradiation.
2. Tritium can actively enter into the isotope exufpe reaction with
light water thus forming tritium water HTO or,@ at the SNF
reprocessing. Therefore, tritium is present inligliid RAW produced
by aqueous technologies of the SNF reprocessing.

The following methods are used to remove tritiuronfr gaseous
RAW composition:

1. Voloxidation of spent fuel before its dissolutiamxidation by air at
the elevated temperatures, 450-%50The air humidity can bind tritium
into tritium water for further treatment as liqURRAW.

2. Chemisorption of tritium water by zeolite.

3. Light-water washing-out of organic TBP-contamiinaction after the
solvent-extraction process.

Treatment of volatile aerosols and dustVolatile aerosols and dust
are gas-like materials with specific content ofid@ind liquid particles
within the range from I0g/nT to 10 g/m. The following methods are
used to treat volatile aerosols and dust:

1. Gravitational deposition in the dust-collectoitambers.

2. Centrifugal removal of solid and liquid partEle cyclones. The gas
flow enters into a cylindrical vessel at an anglés vertical axis. Solid
and liquid particles can strike against the walll @nop out of the gas
flow.

3. Electrostatic deposition (imparting an electricharge to solid and
liquid particles and their deposition by electrifiald).

4. Gas washing-out in scrubbers.

5. Ultra-filtration with application of the dedieat filters made of fiber-
glasses, polymers, metal-tissue and metal-ceramierrals.

Treatment of solid RAW

The following materials and products are the maimgonents of
solid RAW:
1. Details of nuclear equipment, construction niakgr rubbish and
working clothes before their decontamination.
2. lon-exchange resins and filters.
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3. Metal claddings of fuel rods.
4. Deposits on internal wall surfaces of technaabequipment.

The following methods are used to treat solid RAW:
1. Reduction of RAW volume:

a. Incineration with up to 100-fold reduction of RAvolume.

b. Pressing with up to 10-fold reduction of RAW wwle.

In total, RAW volume can be decreased by a fadtabout 1000.
2. Placement of the remaining RAW into the steeltamers, interim
storage and ultimate disposal.

A special technology is used to treat radioactiladings of fuel
rods. The following processes caused their radidgct
1. Neutron irradiation in nuclear power reactors ¢eansform some
stable isotopes of iron, chromium, nickel, molybdg®n and other
constituents of stainless steels into appropriedeisotopes.
2. Fission products and minor actinides can mighaten fuel meat to
fuel cladding. That is why fuel claddings can camtax-active
radioisotopes.
3. Residuals of undissolved spent fuel.

Treatment of fuel claddings includes the followingin stages:
1. Interim storage in concrete shelters under whktger (zirconium
particles are pyrophoric in air).
2. Chemical treatment by hydrofluoric acid HF ate tklevated
temperatures (550-680). This treatment can form superficial friable
films on the cladding surface. Then, these MA-comtg films can be
dissolved and removed by alkaline or acidic sohgio
3. Re-melting of fuel claddings into metal ingaiseiectrical furnaces.
4. Placement of metal ingots into the steel coetaininterim storage
and ultimate disposal.

Decontamination of technological equipment
at the SNF reprocessing plants

One else form of solid RAW is constituted by radibge deposits on
internal walls of technological equipment units Xexs, settlers,
connecting pipelines, etc.) at the SNF reprocesgitants. The
radioactive deposits can be formed by the followpngcesses:
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1. Sorption of radioisotopes from the SNF solutioRadioactivity of

the walls gradually increases and can reach theegatomparable with
radioactivity of the SNF solutions.

2. The walls are gradually saturated with radiaipes. After each
decontamination the process of radioisotope sorp@md gradual
saturation reiterates.

3. Time-dependent evolution of basic thermal, ptglsand chemical
conditions causes hardening the radioactive deposinly RAW

components with the highest mechanical strengtematal, radiation
and thermodynamic resistance can remain on intemalls of

technological equipment units. The most significaclioactive deposits
contain zirconium- and silicon-based compounds c¢niates and
silicates of fission products and fuel componenttjch are able to
polymerize with formation of jelly-like materialsdlts of silicic acid
H,SiO;, oxides of silicon, magnesium, calcium and somiealale

metals).

Technological equipment of the SNF reprocessingtplés mainly
decontaminated by the chemical desorption of saliioactive deposits
with liquid desorbing reagents. Radioactivity ofethvalls must be
reduced to the levels acceptable for the repailisinantling works. The
desorbing process can transform solid depositsligted solutions for
their further treatment as liquid RAW. The desogbprocess is usually
performed by the multiple washing-outs of techna@abunits. At first,
low concentrated solution of nitric acid HN@ used to dissolve and
remove spent fuel residuals. Afterwards, the midtgdternation of the
walls treatment by liquid desorbing solutions igleraken to weaken
the deposits and, then, to dissolve and remove.them

The most widely applied decontamination technoliegyased on the
multiple alternation of the washing-out processgsalxaline solutions
(chemical dissociation of ill-soluble deposits, fgtibn of high-density
oxides and salts) and by acidic solutions (disgmhubf the most friable
deposits and removal them from technological urfis further
treatment as liquid RAW).

Control questions

1. Call main RAW components.
2. Call main RAW categories.
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3. Call main stages of high-level RAW treatment.

4. What requirements must geological formations Bats be suitable
for ultimate disposal of RAW?

5. What geological formations are under estimatiow ras potential
candidates for ultimate disposal of RAW? Call the@in advantages
and drawbacks.

6. What are the main difficulties for ultimate dispb®f RAW in the
Yucca Mountain geological repository?

7. Call main stages of middle-level and low-level RAWatment.

8. What materials are currently used for RAW immaaition? Range
them according to their relative immobilization tyaand explain it.

9. Call main stages of solid RAW treatment.

10. What technology is used to decontaminate techieabgquipment
of the SNF reprocessing plants?
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