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ABSYURACY

‘'he procedure for UO2 nuclearvfuel element production involves
a number of sieps each of which belongs to an indépendent field
of speoializatioh.Therefore the diverse fields of study pertinent
to fuel element productlon have been searched and a conerent pic-
ture of the processes involved has been pfesented.
: Since it is highly probable that Turkey will make use of nuc-

nergy to alleviate its future energy shortage, Uranium re-
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ear
serves and sctivities related to the nuclear fuel element produc-
tion in Turkey have been investigated and documented. 7
Considering the nuclear future on a national scale,present stu-
dies in Turkey relating to nuclear fuel element production have
been evaluated and some recommendations have been mzde tfor the di-

rection of future sctivities in this field.
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bu.sogutmall recktorlerde kullenilen U02 nikleer yaikit elemen-—
lerinin Uretimi bir goﬁls&fn;aan olugmaktzdir.Bu tez caligmasinde,
herbiri bagimsiz ihtisas konulerinin bir par§981 cler bitin adim-
lar sragtirilmlg ve bir butin Tegk til etmek Uzere derlenmigtir

Purkiye'nin ,gelecekteki enerji agizgl problemini hafifletmek
icin niixleer enerjiyi kullanmszsl kuvvetle muhtemel oldugu 1¢in,
Turkivedeki Urenyum rezervleri ve nukleer yokid elemeni ﬁretimiy—
le 1lgili galigmuisr arsstiriimilg ve birareya getirilmigtir.

Ulusal gepta nlikleer geleceB1l gozoniinde bulundurerak,Tirkiye"

de niikleer yakat lUretimi ile ilgili verolan calismuler degerlen-

5

diriilmis ve bazi Onerilerde bulunulmustur,

~iii-



— b
[
RO e

Heoa
s B
m

o3

- ACKNOWLEDGEKENTS

wish to express my sincere gratitude to my advisor Dr.H.IBRAHII
for hnig continued guidance,interest,and to BAYRAL KOFPUZ at Nuc-

Fuel Technology Depuzriment of (ekmece Tuclear Hesezrch and Trea!
Center (CNAEM) for his great help throughout this work.

-1V=



- dadd

TARLE OF CORS '“rr'nq

APPROVAL OF READERS
ABSTRAGT
OzZET
ACKNOWLEDGEMENTS
LIST OF TABLES
LIST OF FPIGURES
CHAPTSER 1
1. IHTRODUCT ION
CHAPTER 2
2 URANIUM DIOXIDE AS NUCLEAR
2,1, PHYSICAL PROPERT

TES
2.2.CHEMICAL PROPERTIES Qﬂ

2.3, THERKODYNAMIC PROPERT
2.4, VECHENLCAL PROPSRUIE
CHAPTEE 3 |
3,URANLUN ORES AND DEPOSITS
3.1, URANLUM IN THE EARTH'
3,2 . URANTIUN MINERALS
3.3, URANIUM DEPOSLTS
3.4.TECHNOLOGLCAL GRADES
3¢5 WO%LD URAN1UM RESO
CHAPTER 4 B
4 EXPLORATION.
4,1 ,RADLOMETRIC SURVEYS

4,2.GEOCHENICAL SURVE S
4,3.0THER TECHNIQUES
CHAPTER 5
5.IINING

MT &
5.1 iNIhG TBCHNlQUhS
5.2 .RADIOLOGICAL SAFETY

 JILLING
6.1.0RE DRESSING
6.1.1.CRUSHING
6.1.2;SCREENLEG
 6.1.3.GRINDLNG
6.1.4.CLASSTFICATION

w3
o
< B (9
@

id
iii
iv
viii
x
PUEL
) F 002
m
¥ U02
S OF UC
1ES OF DU2
OF jOZ
3 CRUST
OF URAN1UM ORES
ES AND PRODUCYTION
IN URANIUM MINES

6.1.5.GRAVLITY CONCENTRATION

6.1.6.FLOTATION

-V

o o o w oW

23



6.2  LIBLCHING 38

1 o241 JACID LEACRIRG 28

be2e2 ALKALINE LEACHING 40

3 6.2.3 ACLTATION ARD PERCOLATION LEBACHING 40

6.3 URANLIUN EXTRACLLION FROM LEACH SOLUTLONS 41

6.2.1.PRECIPLTATION . 41
6e3.2.,I0N EXCHANGE 41
6.3.3,SOLVENT EXUIRACHION - 42
CHAPTER 7 |
7. PURT#LCATLOK | L8
7.1 PRECLPLTATHON METHODS 49
7o 2 JEXIRACLIION KMETHODS 53
CHAPTER 8
% CONVERSION AND ENRICHHMERNT 56
8.1.CORVERSION METHODS TO UO,,UF, AND Ul 56
8.1.1.CONVERSLON T0 UO, H6
' 8.1.2.CONVERSION TO UF, 58
8.1.3.CONVERSION TO UF, 60
8.2  ENRICHMENT 61
H8.2.1,GASEOUS DIFFUSLION 61
8.2.2.ASS DIFFUSION 64
8,2.3,THERIMAL DIFFUSIOR ¥
B8.2.4.GAS CENTRIFUGE | 68
8.2.5.CONPARLISON OF PROCBSSES AND PLANT
FEATURES 69
CHAPTER Y
9.IHE FABRLCATION TECHNIQUES OF UO, SHAFES 71
9,1 .PREPARATION OF CERAMLIC-GRADE UO, > POWDER 71
9.2 . I'HE FABRLCATION OF U0, INTO SHAPu T4
9,2.1.,C0LD PRESSING AND SINTERING T4
9.2.2.HOT PRESSING o 77
Y.2.,3.C0LD BINDER EXTRUSION 77 .
Y24 VIBRATUORY COMPACTION | _ 79
9.2.5.SWAGING o ' 80
9.2.6.HOT EXTRUSLON o 81

9.2.7.0THER THECHNIQUES 81

10.NUCLEAR FUEL PrRODUCTION POSSIBILITIES OF
TURKEY

3|
0
VY

10,1 URAKTIUN DEPOSILS LN TURKE 83
10 gePOgbIBLL Urﬂ;.&\ —I B [N O”igbwb U‘F& ;l‘U-H'K—E— 84

—vi-



10,3 URANLUN EYPLORATION LN WUxLLY
10.3,1 . EXPLORATION METHODS USED 1h PURKEY
10.3.2.TURKEY 'S URANLUM RESZRVE SLUES AND

C
]
@ (X
w

Y PLORATION RESULTS 91
10,4 MILLING IN TURKEY 97
10.4.1 ,TECHNOLOGLCAL CLASSLFLCATION OF.
TURKEY'S URANLUM OHES 97
10.4.2 MIA-KOPRUBASL-PILOT PLANY 100
10.5.FUEL ELetsnt PRODUCTION STUDLES BEYUND
MLLLING 103

CHAPTER 11
11 .CONCLUSLONS AND RECOMMENDATIONS FOR FUTURE SIUDY 105

REFERENCES ' 108

~vii-



NN
e 0

*

—D—w‘l\)l—‘wl\)}—’

T W W\
L]

{eutron Absorption is 0.1% of Neutrcn Absorpticn by i8]
o ic Tre

mposition of Chemi tes of

Physical and Thermodynzmic Properties of UFb
. 0, .
rean Free Paths (60 F,1 atm)
lementary Senaraﬁlon Fectors

S

wders Chtazined by Different

Eethods ‘

Effect of Atmosphere on Sintering of Uranium Dioxide

Densities of Extruded Ursnium Dioxide Powders

Steps in ¥abrication .of Uranium Dioxide Extruded Rods

Densities of WOd Swaged with Various Cledding Vateriel

Densities of Uranium Dioxide with Various Swaging

Temperztures

#xpected Technological Characteri
con.

Production Plant to be

o

Pz
Important Properties of TO,
The Vapour Pressure of U0,
thermodynamic Propertlies of U0,
lean Urznium Content in Igneous Rocks
¥ain Uranium Minerals
Scheme of Classification o* Urzniuvm Pay Deposits
Some batao as to the Scele of Deposits of Different
Genetic Ores
The Lergest Resources of Uranium
Ixploration,Prod ‘uction,Resources and Production
Capability
Attzinsble Production Cepubilites
EraniumbExploruti n Secguence
Principle Categories of Uranium Deposits in U.5

2 Principle Dodionctive Decay Products of Hatural
Urenitm
Dete as te the Prossesing of Urunium Ores in
Viestern Countiries
Compearison oI ﬁgltat;on end Percolation Leaches
Permissible Content of Admixtures 1n Uranium
sccording to Deta of TAHA atl Vienna
tmount of Impurities in Katural Urznium at vwhicn
. 235

= W\

w o O

[y

KN

-t

b
[

n
0

W
L



‘Poesible Ursnium Production from P,0, in Turiey

Analysis of Lignite Ashes
WPA-Studies Retween 1964-1968
Technologic Clessitication of Ursnium Ores in Turkey

U308 Demand For Inventory and 1000 Mie Reactor
Operction '

The Miming of Technologic Studies and Yellow Ceke

Production.

81
88
94
oQ

s

105

106



L oW
oo i

W

1_.)

N N O
oINS

o -

g O
o

o)

LIST OF FLGURES

Thermal conductivity of U02

Varistion of the specific heat Cp of U0, with
temperature '
Iineer thermsl expznsion V.s temperature
*”nermwi expensicn of U02

Oxygen-Urenium pnase equilibrium system

zone thicgnebses in zirconium measured Ircm th
Zr—UOQIinterfaCe for the reaction at 1600 Op
Partisl molar entropy of oxygen in U0, o
Partial molarVGnthalpy of oxygen in U0, .
py-tempercture data for stoichiometric U0,
0 es of elesticity of sintered U02
Fructure and flow cheracteristics of U02 as a
function of temperature,ultimate tensile stress,
elastic 1imit,and total plastic strain
Origin snd formztion of mineral deposits

rborne f~ray syectromeur¢c system ingtalled

insice a survey eircraft
Borehole logging in Peaxistan
The Osemu Utsumi vranium mine in Bregzil
inside an underground uranium mine in the
Vendée Region of Irence
An open-pit ﬁranium mine in the Vendaée Region
of France
Longwali-retreat mining m h radon mine
Generalized 1ongitudina,Asection along axis
of the Gunnar ore body,looking East
20-in 10-m polyethylene duct used ior ventiletion

ot development hesaings

Uranium milliing steps
Simplified diasgram of ursnium milling
Typical flowsheet of acid leaching of ursnium with

gbsorption extraction from solutions (Quirke,Wordic

weheet for frectional extraction of two extractable

- -

~J

W W W W0~ -] =3 =3

O

P

feaet

26
27

27

W
|~

N

LA
o

N
¥



#lowsheet of extraction purificeiion oi nitric acid

desorption solutions

a—~Packed extrzction column

b-Pump-mix mixer-setiler

UOZ(KOB)Z -k U phase disgram |

Flowsheet of caibonute purirication &% PortHope,Cancaa
Purirication of'uron¢um by solvent extracticn with TBP
Urenium conversion operztions

Lpparatus for denitraticn_acooraing to fluidised bed

method

Pisgrsm ci hydrorluorinstion unit

Three-stage epparatus sccording to fluidised bed method
Production of UF, by the Belgian process

Tluorine extrocticn system

e-Ditrusion chamber shown schematically

x
&

L] [
e
C

L3
b
|

ot

LJ ®
e e
Ul s N

Wwom e x o @

>
i__J

b-Diagrem of the passage of & mclecule through a pore

in & very thin barrier
a-Schematic dizgream of gase0us ditriuslon process
b-Gaseous 4dirf '

=
Q
P
ot
-y
B¢
ot
[
®
=
o
l,._-l
joR
)
[
'_
o
wn
‘._l
(@]
]
o]
g
K]
(@]
(@]
@
9]
[0}

Tnefmal—aliiusion column

Counter current gas centrifuge

Tlow sheet for the manufacture of ceramic-grade uranium

dioxide

Graph of the sizes of the crysial 11ne particles as a
ucticn tempercture

L > e e
v

ure on microstructure of U02

i -

y >
BET surface cres of “02 prepared by hydrogen reduction
of
Ef on the sintered density
of '

a-Change in density of U02 objects as a function of
particle size in different stages of treaitment,

b-iEffect of sintering time and temperature,

¢-Sintered density as a function of compaciing pressure

46

U S s
W -3

N

Ul
(ox)

(S BRSO RN )
WO 0~

o))
o

oy O O
T O VO )

N O O Oy O O
\C W X~ o

[o))

-~
)



d-Sintering time as o funcilon of pressure and densily
.6 Lot-pressing charscteristics of urenium oxide
7 Trneumetic compaction -apparatus for producing fuel units
.8 wWall uthKneqs,ylongat on and density of hot and cold
swaged fuel rods as & function of reduction
10.1 Urenium (1960),thorium end phosphate (1960) denosits

4 2

10.2 UNDP project erea for uranium explorastion

10.3 Sampling water from a domestic well in Turkey to anslyse
its ur&nium and radon content

10.4 Uranium concentration in stream sediments a1t Kopribagi

basin

10.5 Urenium and redon contents of waters taken from Kopribagl

basin
10.6 Flow disgram of uvranium yellow-czke production &t the

MTA-gOpribagi pilot plent

10.7 Preparation of a heap at the KTA-KOpribagl pil ¢t plent
10.8 Flow diagram of emmonium di vranate(A.D.U) production
T 3~ jo]

-] =3 =i
\E =1 W

[04]
@)

0

\Ne}
O W

ted
o



Chapter 1
1.INTRODUCTION

Uranium dioxide is the most common fuel material used in water
reactors.In comparison to other fuel types Uranium dioxide has st-
riking advantages such as high radiation and dimensional stabili-
~ty,chemical compatibility with cladding materials and coolants and
high melting point.Uranium dioxide as & nuclear fuel can be either
grenular or in bulk form. o ‘

Fuel element production technology is composed of ‘& number of
steps starting with Uranium exploration studies and endlng with fab-
rication.Fach step belongs to a field specialization; For example,
exploration studies are under the control of gebphysicists and geo-~
logists,ore excavation belongs to the realm of mining engineers,ore
concentfation,however,is completely a chemical engineering problem.

" That being the case,fuel production steps have been dealt with in
separate publications.Therefore reviewing the literature and collec-
ting the data on‘UO2 fuel element production technology and presen-—
ting it as one single reference constitutes the first purpose ‘of
this study.

It is well known that one of the primary problems of the last de-
cade as well as the present one is the energy shortage.The problem
of energy shortage is especially severe in Turkey because of Turkey
's lack of any appreciable petroleum reserves.The future energy shor-
tage of Turkey can be outlined as follows (1); In 1995, the energy
demand for electricity will be about 165 x 109'KWh, in the year 2000
the demand,however,willréach to a value of 250 x 109 KWh, On the ot-
- her hand,it is‘estimated that when all known national fossil and hyd-
raulic potential is used to generate electiricity,Turkey w1ll have
an energy production potential of 150 x 109 KWh,After 1995, national
conventlcnal energy resources will obviously be insufficient.Nuclear
energy seems to be the only viable option to alleviate this deficien-
cy.Because of this Turkey has been interested in nuclear energy for
over 25 years.As part of this effort there have been some studies in
Turkey concerning the front end of the nuclear fuel cycle.However the
se studies have been carried out by different groups and crganisati-
ongiTQVOur“knqwledge there has not been a singlg reference that bring
together all these studies and evaluates them.Therefore the second
purpose of this'study'is to accomplish the task of reviewing the ava-
ilable literature concerning the fuel element production studies in
Turkey,talk to individuals and groups working in this area and pre-
sent their activities in the form of a single complete source of

_ 1=



reference.

Finally the third purpose of thls study is to evaluate the fuel
element production studies in Turkey and recommend future studies
in this ares.

In order to 1llustrate the nuclear fuel element production pro-
cedures,all steps are taken into consideration one by one in this
“study.After the introduction chapter,the properties of Uranium dio-
xide as nuclear fuel are summarlzed in Chapter 2.In Chapter 3, ma-
in Uranium ore -deposits and minerals are mentioned.Main production
procedure starts with Uranium exploration given in Chapter 4.0nce
the Uranium reserves are determined,the task of extraction comes
next.,Chapter 5 gives the information about the underground and open-
pit mining technigues.When Uranium is mined,it is in the form of
large lumps.In order to separate Uranium from non-uranic ones,the
large lumps of rock are initially exposed to crushing and grinding.
Physical concentration processes are followed by chemical ones.Con-
centration or milling is the subject of Chapter 6.Since the Uranium
concentrate obtained at this step is far from nuclear purity,furt-
her purification must be adopted.Chapter 7 discusses the purifica-
tion methods employed.Bnrichment of fuel in fissile Uranium isoto~
pe and conversion to UO2 take place before fabrication.These are
dealt with in Chapters 8 and 9 respectively.In Chapter 10,al1l steps
discussed in Chapters 4 to 9 in general are evaluated from the po-
int of view of the fuel cycle activities conducted in Turkey. Main
conclusions obtained from this study and recommendations for furt-
her work in this area are given in Chapter 11.



Chapter 2
2. URANIUM DIOXIDE AS NUCTEAR FUEL

In nuclear reactors, unalloyed Uranlum is unattractive as fuel
due to its poor irradiation stability, high degree of reactivity ev-
en at:room temparature, bad corrosion behaviour, poor ductility and
its dimensional instability, density and other physical . properties.
Since unalloyed Uranium is not a well-behaved engineering metal, ce-
ramic‘fuels’have been prefered in most commercial power reactors.

" Uranium dioxide is the most commen ceramic fuel used in water re-
actors. U02 fuel was developed in 1954 and uééd_inétead of Uranium-
molybdenum alloy in the first pressurized water reactor, the shipp-
ing port PWR, three years later. Granular end bulk forms of Uranium
oxide such as pellets, rods, plates or blocks serve either as a con-
venient form of fuel or fertile material.

Ceramic fuels have demonstrated extremely high radiation and di-
"mensional stability. Chemical compatibility of U02 with cladding me-
tals and reactor coolants is very satisfactory (2). U02 is also qui-
et corrosion resistant in high-temparature degassed water. -

Besides these advantages, UO2 fuel has some disadvantages with
respect to metallic Uranium fuel. The major striking disadvantages
of UO
ness.

> are low uranium density, low thermal conductivity and brittle-

" The low dens1uy of uranium atoms in UO2 requires a larger core for
a glven amount of f13311e species than if a rich fuel were used.Thus,
the larger the reactor size for the same power level, the higher the
capital cost of the reactor. .

The 10W’thermél conductivity at the beginning implies poor thermdl
performance. But thermal performance of a fuel element is determined
- by the temparature gradient as well as thermal conduct1v1ty. Poor
" thermal conductivity will result in the requirement of large center-
line temperature of the fuel and large temperature difference betwe-
en the center and the rod surface s0 as to get sufficient heat trans-
fer for economic power production. Considering the fact that U02 can
be operated even at temperatures which causes central melting, UO2
has capacltv for good thermal performance (3).

Brittleness is a common property of ceramics., At sufficiently high
temperatures, nowever, U02 goes through a measurable amount of plas-

tic deformatien.

2.1l. PHYSICAL, PROPERTIES OF U02
Uranium dioxide #£8 a dark brown or black material in powder form.

-



UO2 péwder'hés good response to some-fabricatien techniques. Impor-
tant properties of U02 are summarized in table 2.1.

Table 2.1. Important Properties of U0, (2,4).

Property UO2

Crystal structure....}.,Face—centered cubic
Tattice , PA sevesnessres5edT2

X-ray density g/cm3......10.95 + 10.97 
Melting point,OC eessees 2800 '

Thermal condyetivity.... 0,02_ 20%¢
cal.cm/ C.cm.sec(cor- 0.008 - 1000 OC

rected to 100% density).
Expansivity 5 °CF ..... 10.3 x 10° (25-1000 %C)
Specific hegb, essssee. 0.056 (25 9C),

- (cal/g/ ~C 0.078 (1000 “C).

Heat of formation, ... =259,500 (25-1200 2c).
cal/mole ,

Free energy of forma- .. -246,600 (2500).

tion , cal/mole —218,100 (727 9C).

~197,700 (1227°¢C).
Entropy, cal/mole/ °C .. 6.67 x 1072 (1102 °C).
’Vapor pressure ,mm Hg .. 9.66 x 107t (2363 OC).
Tensile strength e...... c. 5000 p.s.i
Modulus of elasticitye.. 25x106 PeS.i

Thermal n capture e<e.. 0.165 cm? /cm3 (5)
cross section

The crystal sturucture of UO2 is the face-centered cubic fluorite
'(CaFé) type.Uranium ions occupy corners end faces. The.cell dimension
‘was measured to be 5.472‘OA; The lattice is relatively "open" and the
oxygen has a negative partial molal volume. As excess oxygen is added
to UOz,the oxide volume decreases snd consequently density increases.
The melting point is an important parameler for fuel elements sin-

ce it is used to define the liliting power of a fuel element. The mél
- ting point of stoichiometric U0, 1s shown to be 2865 OC by investiga-
tors,although other investigations have found that U0, melis ai 2800
OC. fuch below this temperaiure,however, an appreciable vapour pres-
sure is observed. During sintering,U02 locses weight at temperatures
as low as 1400 O@, Sinter furnace walls are coloured besides Dbeing
radioactive indicating its volatility. The volatility of U02vis en-
couraged by foreign material (i.e Be0) presence, Uranium has a num-
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ber of oxidation states,énd while U02 is the stable phase =zabove
120000 ’ U308 has been observed on the surface of HO2 gréins.The

effect of oxygen on volatility is very small.The vapour pressure
of U02 is shown in table 2.2,

Table 2,2 The Vapour Pressure of uo, (4).
- ,

Temperature y C Vapour pressure of

UOz,p o mmHg X 103

1600 0.071
1750 1.7
1800 , 4.0
1900 ‘ 18.0

2000 - 72.0

The thermél conductivity of U02 is relatively low among the
crystalline oxides, The thermal conductivity of UO2 is a function
of temperatures ,purity,stoichiometry,density and microstructure.

It also varies under radiation . Thermal conductivity values before
end after irradiation are given in figure 2.1

Determination of specific heat isiuseful in that it provides in-
formation for the calculation of the heat bearing capacity of a re-
actor core. The,values shown in figure 2.2 are typical.

UOz'has relatively high thermal expansivity in compafison with
most ceramics. Between room temperature and melting point,the ther-
mal expansion of UO2 follows the curves given in figures 2.3 and
2.4, Thermal expansion coefficient is a function of temperature
and increases Slightly with increasing temperature especially near
melting temperature. -

U0, is one of the uranium-oxygen compositions, UOZ,U409,U3079U205
and UBOB ‘
reason for so many different compositions is easy oxidation charac-

are oxides of uranium which have already been reported.The

teristics of"UOE in air. It has also been reported that U0, takes
oxygen into its structure up to a composition UOE.BO (see figure
2.5). The stuructures of oxide compositions are dependent on tempe-
rature; the oxide above 500 O¢ is UBDSand intermediate oxide iH# U3O7
while U308 being an orthorhombic stﬁgctured black powder is formed
from U404 by oxidation at about 400 00(7). g3os,however,begins to
C-600"C and turns into U0,

in between the temperatures of 11500 C and 14000 C. At higher tem-

lose oxygen at temperatures above 550

peratures U02 presents the stable phase,



2.2 ,CHEMICAL PROPERTIES OF U0,

The most important chemical property in the fuel element is the
equilibrium pressure of oxygen in the gas phase. Oxygen potential
of the fuel is the measure of the existence of metal cladding oxi- |
dation. Oxidation probability increases the effective thickness
of the cladding. Since the cladding is tried to be made as thin as
possible so as to reduce parasitic neutron absorbsion and core size,
using thick-wall cladding to prevent oxidation hazard will result in
a negative effect on reactor economlcs.

An overriding advantage of UO2 as fuel is 1ts good compatibility
with cladding and coolant materials. Roth stainless-steel and zir-
caloy are suitable as cladding materials for UO2 fuel.

OC , U0, does not react

2
with stainless steel. Even at higher temperatures stainless steel is

Stainless-steel: At temperatures ¢ 1400

_gsuitable as cladding material.
N Zirconium—UO2 reacts with zirconium alloys at high temperatures.A
series of diffusion zones at fuel-cladding interface are observed.

The thickness of diffusion zones increases with time (see figure 2.6)
Zircsloy-2 : UO2 reacts with zircaloy-2 less rapidly than un-
alloyed Zr. ' '

Aluminium : UO, reacts with Al. at 600
tively Slow>at this temperature with UO2 grains larger than 49#‘Re-

OC.The reaction is rela-

action produets are UAlﬁ, bAl4 and Al203 .
M9,Nb,Ta,Tungsten : UO2 shows good compatlblllty with these up
to their melting points.
‘ Carbon : U02 in the'powder form reacts with C at temperatures
as low as 1400 0
Hydrogen : UO2 does not react with hydrogen at temperatures up

Ce U02 or UZCB are the products.

to its melting point.

Silicon : In the temperature range 1900 0

O 2100 ~C, UO2 reacts
with silicon and forms USiB. ‘

Acids ¢ U0, 1s soluvble in HNOB, not in HCl. The reaction pro-
duct of UOz»with HF is UF4.

Bases $ U02 does not react with NaOH solutions but is soluble
in sodium peroxide forming Na2U04.

Coclants = : The fuel materials inside cladding are not in direct
contact with reactar coclants,however, it is conceivable that during
an 3001dent fuel might come into contact with coolant. Therefore it
'is necassary to know the response of U02 to coolant materials,

Water : UO2 does not react with H20 at temperatures below 300

0 . . . ,
C and no reaction is expected at higher temperatures. Sintered or

-6~
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cold pressed U02 pe“leto in degassed water (mneutral or at high P. H)
shows extreme Stablllty. :

Gaseous coolants : He is most common geseous coolant. UO2 showsg
good compatibility with He similar to nitrogen . U02, on the other
hand,picks up oxygen from COZ'

Liquit metal coolants-; UO2 in sintered form does not react with -
liquid metals.

Organic coolants : UO2 is cbmpatible with organic materials.,

~2.3. THERMODYNAMIC PROPERTIES OF UO2
Uranium dioxide at ordinary temperatures in air is thermodynami-
cally stable . Thermodynamic properties of uranium oxides are given
in table 2.3. Partial molat entropy and enthalpy of oxygen in ura-
nium dioxide and temperature dependence of enthalpy are given in fi-
gures 2.7, 2. 8,2.9 respectlvely. |

Table 2.3 Thermodynamic Properties of U02 (4)

Oxide ~ Foog (Kcal) Hygg(Keal) 5987(Kc§1)
U0 , -123 -129 -21
1/2 U0, -123.3 -129.6 -21.2
1/8 U0, -100.5 . - =106.7 -20.8

2.4, MECHANICAL PROPERTIES OF UO,
lhe isotermal elastic moduli of polycrystalline stoichiometric UO2
at 25 C are as follows and given in flgure 2.10. i
E-2.19x 108 kN / m (Young's modulus)
¢ =8.14x 100 W/ o
Polycristalline U02 is a brittle material under normal condltlons,

(Shear modulus)

fhat is , at temperatures less then about one-half the melting point

and in the absence of radiation. Brittleness means little capacity ‘
for p1aSulc deformation.In case of UO2 ,at sufficiently high tempara-
tures measurable amounts of plastic deformation before failure occcurs.

It is observed from f;gure 2,11 that the brittle-to-ductile transiti-

0

on tempﬂrabure happens to be at »1200 “C.The temperature range bet-

ween 1200-1400 OC is the region of semlbrlttle behaviour and at tem-

0

peratures ‘above 1400 ~C U02 experiences considerable ductility.
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Chapter 3 '
3. URANIUM ORES AND DEPOSITS
3.1. URANIUM IN THE EARTH‘S CRUST
The earth's crust contains about 3 x 10—4‘% of uranium(8)(2-4 ppm)
(9). High grade deposits of uranium are scarce (6). Uranium is usual-
ly found in conjunction with other commerciélly valuable minerals.
The uranium content in igneous rocks changes according to the 8102
content while the mean uranium content in sedimentary rocks is about
1.3-3.1 x 10—4 %. Uranium occurrence in igneous rocks are in %he fol-
lowing basic forms: |
1. Uranivm minerals,
2.Isomorphic conversion,
3.Cation exchange state,
4.Adsorption on the surface and along the cracks inside mine-
rals, ' o
5.Uranium dissolved. in liquid inclusions,
6 .Uranium dissolved in an intergrarular liquid.
Studies made for determining the uranium content in ignerous rocks
are summarized in table 3.1.
Natural waters; namely ocean,lake and river waters contain uranium

element at following concentrations: o 6
Ocean waters: 0.3 x 10 5 -10_ 3 g/1.
Lake waters: 3 x lO ~10~ 2 g/l.
River waters: 3x 1078 -10 g/l

Teble 3.1 Mean Uranium Content in Igneous Rocks (8).
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Table 3.2 Main Urenium Minersls (8-10).

The chief uranium pay ores occur in nature as oxide

MINERAL COMPOSITION COLOUR REMARKS
Primaxry Rlack Massive or crystalline mineral;
minarals: . found in veins,pegmatites and dis-
Ureninite Uranium (fgzgizg’ seminated in sedimantary rocks.Ura-
i Jrant %rownishs nium content is 46.5-88.2 %,cubic
. in system,hardness is 5.06-7.6,
specific weight is 7.6-10.8
Pitchblen- | Uranium Black Uranium content:52.3-76.5 %.
de oxide (grayish Specific weight: 4.8- 7.7
greenish3 Hardness : 4.0- 6.29
Coffinite Uranium Black Finely disseminated in sandstone§
silicate often initimately mixed with urani-
nite and carbonaceous material.Ura-
nium content is 45-67 %.Specific
weight:5,1.Hardness is 5-6 and its
system is tetragonal.
Secondary Occurs in scattered deposits for-
minerals: ming irregular lenses in sandstone
s beds. Frequently asscciated with
g;:?ii&hm Canary fossil logs and bones. Uranium con-
Carnotite Vansdate yellow |tent is about 51.7 %.
‘ N Specific weight : 4.46
Hardness s 2
‘ -System : Rhombic
Tyuyamuni- Calcium Greenish Most often formed in fractures in
te Uranium yellow |limestone or dolomite.Also found
Veanadate e with carnotite.Uranium content is
44.,5-52.4 % .
Specific weight : 3.31-4.35
Herdness : 1-2
_ System : Rhombic
Brannerite Titanate Yellowish |Uranium content :27.5-43.6 %.
Green Specific weight : 4.5~ 5.43
' Hardness : 4.5- 5.5.
v System : Monoclinic.
Davidite Titanate Cinnamoén Uranium content % 27.5 -43.6 %
; ) Specific weight : 4.5 - 5.43
Hardness ’ : 6
System ¢ Cubic.
3.2. URANIUM  MINERALS

and silicate

" end as complex salts with potassium,phosphorus,vanadium,copper and cal-

cium.The principal ursnium minerals,their composition and properties

are shovn in table 3.2. As it is observed,minerals are divided into twc

groups,namely,primary and secondary minerals.Most important ones

are

ureninite,pitchblende and coffinite.The first two are uranium oxides

11~



while the composition of coffinite is uranium silicate.

3.3. URANIUM DEPOSITS

Uranium minerals are deposited in earth's crust at different con-
centrations, Uranium deposits are originally divided into two class-
es. The first class is "Endbgenous" deposits which are connected wi-
th magmatic processes. "Exogenous " class is the second and formed
in connection with accumulation of deposits,metamorphism and the ac-
tion of sub-surface waters.There can be some types of deposits out
of these two classes. Known uranium pay deposits are divided into 14
types by D.Ya.Surazhkii (see table 3.3). The types given occupy dif-
ferent places according to the resources and the amount of uranium
obtained in ores. The comparison of deposits is summarized in table
3.4. As can be seen from this table,gold-uranium and uranium-thorium
ores in ancient conglomerates play the dominating role in westerm
territories. Pegmatites,however,occupy the last place. Origin and
formation of mineral deposits can easily be observed from fig. 3.1l.

3.4.'TECHNOLOGICAL GRADES OF
URANIUM ORE

Technological grades of uranium ores are determined by the follo-
wing criteria;

1. Uranium mineralisation: Due to its nature, uranium mineraliza-
“tion is explained in three classes. ‘

i, Primary ores which contein uranium > 75% of total amount
and uranium is in the form of endogenous minerals unaffec-~
ted or affected by oxidation.

ii. Secondary ores containing exogenous uranium minersls.,

iii. Mixed ores having both endogenous and exogenous uranium mi-
nerals in & mixed form.Uranium content in each mineral gro-
up is between 75-25% of total metal content. '

Concentration capacity of the ore highly depends on oxidation

level of the mineral. The lower the oxidation of the ores the better
they undergo the concentration process,

2. Contrast : Contrast characteristic of uranium ores is determi-
ned by the degree of non-uniformity of the metal content in the wmi-
neral lump.which plays an important role in radiometric concentrati-
' on. ' '

i, Contrasted ores having extremely low metal content and 10
times higher uranium content in the whole mined ore mass.
ii. Slightly contrasted ocres having metal content comparatiVe}y

12~



Table.3.3. Scheme of Classification of Uranium Pay Deposits (8).

GROUP

DEPOSITS

CLASS TYPE
A. T PEGMATITE |1. Granite pegmatites occuring in veins or
| as columnar substances with uraninite
ENDOGENOUS AND and/or complex oxides of urenium,tanta-
DEPOSITS PEGMATOIDS lum,niobium,titanium and others.

2. Pegmatoid veins with iron-and uranium
titanates.

3, Zones of magnatised rocks with urenite.

44 .Uranium ,uranium-nickel-cobalt-bismuth-

II.HYBROTHER- silver,uranium-semimetal and other veins
MAL formed in open cavities.

DEPOSITS 5e Uranium,iron—uranium,Copper—uranium and
other lasmellar deposites,formed by meta-
somatosis of lateral rocks.

6. Uranium,uranium-molybdenum snd other co-
lumnar deposits and veilns formed by fil-
ling of open cavities and by metasomato—

“gis of lateral rocks.
7. Black shales containing uranium,
B. III.SYNGENE- |8. Phosphorites containing uranium.
EXOGENOUS TIC 9;,giizsago?giégin%igian;um,Wlth bone resi-S
DEPOSITS - ° - s
DEPOSITS TN MARINE 10.Marine sandstones containing uraniull.
DEPOSITS
’ _— ll.Uranium,coPper~uranium,uranium—vanadium
IV“E%?;E“’ ond other lameller and lenticular depo-
| - iy i i dstones conglomerates
INFILIRATION)| ~— Sits in coars® S8FCE congle ;
DEPO$ITS o z?g other:rooks,chlefly of fluvial orl-
CONTLNETAL 12 .Lamellar urenium deposits in caustic
DEPOSITS S
bioliths.
V METAMORP~ |[l13.Lamellar gold-uranium and uranium tho-

HIC rium deposits in pre-paleozolk conglo-

DEPOSITS merates.

Ce | VI.ANCIENT 14,Lamellar gold-uraniuvm and uranium tho-
EXOGENOUS METAMORPHI- rium depositss in pre-paleozoik congloe-
pgposTTs | SED ALLUVIAL merates.

more than that of group 2.

iiie
tent.
3, Size of Aggregates and Grains :
i.
ii. Intermediate ores 3
iii, Fine-grained ores :

Coarse-grained ores:Diemeter is less than 3

Slightly contrasted ores with relatively uniform metal con-

Following groups are considered.

MM e
O¢1~3¢O M .
0007“001 I’ﬁl’ﬂ.
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iv. Disperse ores : 0.07 - 0.005 mm.
The degree of crushing is determined by the size of aggregates and :
grains of uranium minerals, |
4, Chemical Composition : The methods used to separate uranium
from its ores containing nonfmetallic'ccnstituents vary according
to the type of non-metallic participénts. Following groups, there-
fore,are mentioned.
i. Silicate ores,
ii. Carbonate ores,
iii. Iron oxide ores,
iv. Sulphide ores,
v. Caustic biolith ores,
vi. Phosphate ores.

5., The Content of Basic Metal: According to the catent of beasic

metal,four grades are observed. o
i, Grade 1 ores (uranium content > 3%)
ii. Grade 2 ores (1.0-3.0 %),
iii. Grade 3 ores (0.1-1.0 %),
iv. Grade 4 ores (0.05-0.1%).
3,5. WORLD URANIUM RESOURCES AND PRODUCTION
The largest sources of uranium accumulate at certain regions ( gi-
ven in table 3.5) in the United States , Canada , South Africa ,
France, and Australia (12). ,

When the urenium resources of countries are swmmarized,resources
are put into three gfoups; namely ,the Reosonable Assured resources,
the Estimated Additional resources and Speculative resources. The
former indicates the uranium resources which are found in well known
mineral resources and can be obtained by today's technoclogy at a
reasoneble price. The estimated Additional resources means the ura-
nivm expected in the extension of well-explored regions due to the-
_if geological formation.The last class,however,includes uranium re-
sources expected to be found in the world but have not been discove-
red yet, The table 3.6 illustrates the recent data on the Reasonably
Assured end the Estimated Additional uranium resources of some count-
Cries,. V s
1 The main uranium production,till the beginning of commercial nuc--
lear power production,was made for military purposes.Inilg959,.a peak
annual production of 34200 tU was resched while the production in
1966 was only 14700 tU.The world uranium production between 1972

end 1975 did not show reasonable increase and annual production was



Teble 2.4 Some Lzta as to the
_Genetic Ores (8).
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reported as 19000 20000t Slnce thbn increase in uranlum'prodvct¢on

has continiued and reasched w 36500t in 1979. On the other hand the

maximum production capasities of countries (see table 3.7) deserve

consideration, U.S.A Canﬂda, South Africa and Namibia have the lar-
gest production capabllltles in 1882, In future,homever Australia

and Niger show great expectatlons.
Taeble 3.5 The Largest Rescurces of Uranium

COUNTRY | - REGION
U.S.A Colarado,Utah,Arizona,New Mexico 7
Canada Blind River,Great Bear Lake,
x North of Lake Alhabasca
The Rep.South Wit-Watersrand (S South Transvaal,
Africa | Orange Free State)
France Central plateau(Autun Limousin,
, Lascaux)
Eusﬁralia Rum Jungle,Mary Kathleen,
. Queensland

. b AR



Table 3.0, Bxploration, Production, Kesources and Prcduction
Capability (13). i
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Chapter 4
4, EXPLORATION

Urenium exploration, like other mineral explorations, requiees
money, time, and qualified personnel. An advaniage for uranium explo-
ration is the rsdiation property. Since uranium emits gamma radia-
tion,it can easily be detected from a considerable distance. Using
this fact, radiometric exploration techniques have been developed
(14). Exploration programmeé very depending upon the differences in
geological properties of the site and objectives of the programme
(15). That's why there is no standard expleration procedure. Howe=-
ver, the sequences given in table 4.1 aresuggested. It can be obser-
ved from the table thet uranium exploration program is carried th-
rough a combination of geologic, radicretric, geochemical, geophy-
sical, geobotanical and engineering techiiques.

| 4.1. RADIQMETRIC SURVEYS

Radiometric surveys are the most useful techniques. To measure
specific gamma-ray activity is the working principle of radiometiric
surveys. Instruments mounted in aircraft and automobiles have been
used ta detect radiocactive anomalies. In radiometric exploration s-
tudies, a marked increase in radioactivity indicates where further
work should be done. |

The main radiometric surveys are classified as Aerial, Surfece
and Subsurface surveys. 7

i. Aerial Radiometric Surveys :

Exploration studies of large areas are started by aserial radio-
metric surveys., Insiruments used in gsirborne surveying (see Fig.4.1)
must be highly sensitive gammasray detectors to locate snomalous con=
centrations of radioactivity at an air distance determined by air-
craft safety. After radiocaciive anomalies are detectéd, they are re-
corded, Then, the information is plotted on maps. Spectral data ob-
tained is evaluated and used for further explorations.

ii.Surface Radiometric Surveys @

Surface radiometric surveys are performed by the use of portable,
hand~-held or jeep-mounted radioactivity detection equipment, prin-
cipally scintillometers, spectrometers and Geiger Counters. Disco-
very of uranium deposits depends on high gamma detection efficienc~
ies, high count rates and low stavisiical fluctuations of such ins%-
ruments., Scintillometers wﬁich are the mecst frequently used counters
are installed in vehicles for measuring ganma~rays emitted by U,Th,
K in rocks. Thefield spectrometer also permits the determination of



Pable 4.1, Uranium Exploration Sequence (14)

I. Planning Stage

1I. Reconnaissance Stage (Low density)

Areas of unknown potential ( > 5000 sz)
Scale of map : 1:250000 to 1:100000
Photogeologicel interpratation
Reconnaissance geology
Radiometric survey:
(Gross-count, ¥ -ray spectrometry)
Airborne,carborne ' o
Geochemical survey:(0.1-1 sample/km )
Heavy mineral,lake sediment,stream
Sediment,water :
{ <> Area of no interes?

111, Follow-up Stage(Intermediate density)

Areas of interest(200-2000 km-)
Scale of map :1:50000 to 1:25000
Photogeological interpratation
Geological mapping
Radiometric survey: '
Airborne(close-space),carborne,ggound

Geochemical survey:(2-10 samples/km®)

- Stream sediment,water,soil,soil—g%s *
Large-space drilling( 1 hole/ 2-5 km“ )

4 —3= Insignificant anomalies
_ (Filed)
1V, Detailed Stage (HEigh density)

Significant snomalies (2-20km”)
Scale of map : 1:10000 to 1:1000
Geological mapping,prospecting,trenching
Ground radiometric survey
Electromagnetic survey (VLF) or othégs
Geochemical survey® (7100 sample /km )
Soil,soil-gas,rock sampling o .
Systematic drilling (1 hole /km”)

% —s= Talse asnomalies(Filed)

F. Bxploration Development Stage

Prospects -

Detailed mapping , trenching
Close-grid diilling

Mineralogical end petrographic study

i == Uneccnomic mineral
¥ Oeourvence (Filed)

CRE DEPOSIT

= for sendstone-type deposit



.gamma radiation having the particular energy. This leads to the deter-
mination of U,Th and K concentrations. To provide rapid'indiéation of
elemental concentrations in mineral, redioisofope x-~ray fluorescence
analysers have also been used (16).

iii. Subsurface Badiometric Surveys

After merial and surface radiometric surveys if further eXploratiu
ons_are wanted, subsurface studies are conducted, In fact, actual de-
lination of ore bodies is a matter of subsurface development. Subsur-—
face rgdiometric ftechniques include gamma-ray and neutron logging of
exploratory drill holes and,measuréments of redon contént of gases is-
suing from soils, springs and drill holes. 50 to 80% of the total cost
of an exploration programme is for drilling processes.

In borehole radiometric logging method, a gemma-ray detector is lo-
wered into a hole, then detectfed ancmalies are recorded rapidly. Radi-
cisoctope x~ray fiuorescenceiborehole probes are now being developed
for‘determining mineral concentrations at depth in an ore body. Fig.
4.2 illustirates studies in Pakistan,

The working principle of radon surveys, however, depends on detec-
ting the radiation emitted by uranium decay products. Emanometers, in
other words, radon monitors, are mostly used. These instruments de-
tect radon, thoriuvm and their immediate decay preduct concentrations,
The advantage of radon survey is the capability of detecting uranium
at depths of 5 to 50 metres. ’

4,2. GEOCHEMICAL SURVEYS

After radioactive anomalies are detected, the problem now arises
as to how the hidden uranium ore deposits are to be found (17). This
problem has been solved by the application of geochemical technigues,

i, Preliminary Investigations :

Preliminary investigations consider the comparison between a regi-
on with other regions having similar geoclogical and climatic conditi-~
ons. Mineralization type of the region is obtained.

ii, Low-density Sampling Surveys (scale 1:250000-1:25000) s

Teking O0.1-2 samples per kmz indicates low-density surveys., This
method is used to eliminate the regions which are not favourable be-
fore precise delimeation. - ' , "

iii. Intermediate~density Sampling Surveys (scale 1520000-1;5@90@):

2 indicate intermediatefdensity sampling

Paking 10-20 samples per km
surveys., Origin of surface anomalies are determined in the regions
selected by the use of low-density sempling surveys. On the other hand;

gsediment samples of water and streams are ltaken, Spring waters are
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: vsampled and geological information of snomalous zones is obtained. Then
g proper method for further studies is determined in this intermedia-
- te phase.

iv. High-density Sampling Surveys (scale 1:50000-1:500)

This is accomplished by increasing the sampling to 200 samples per
kmz.'The objective of this phase is to distinquish economic mineralir
zation from uneconomic Oﬁes; A square sampling grid having intervals
of 10m.~50m. is suitable at this phase. '

4.3, QTHER TECHNIQUES

i. Geophysical Surveys o

These techniques include natural pdtential, seismic reflection and
refraction and magnetic, electrical resistivity methods. These are u-
sed atvdetailed explaration phases. The working principle of surface
resistivity, for instance, is transmission and distribution of elect-
ric currents in the ground. Studies of surface resistivity is used for
drilling programmes. & new technigue depending upon thermal anomalies
of geologicel formations including uranium have promised great expec-
tations (18).

.iie Remote Sensing 3

Remote sensing techniques are only an indirect method for uranium
vexpluration. These are used for obtaining geological and tectonic in-
formation on a réginal scale. Multispectral reflactance data obtain-
ed from satellite or aircraft and thermal-infrared images are examp-
les of remote sensinge ‘
' 33i. Botanical Prospecting 3

Botanical prospecting methods are dependent upon the accumulation
and absorption of metals by plants growing over metalliferous deposits
' The trunk, branches and leaves of plants are examined to get radiatior
trace (19). |

iv. Hydrogeochemical Prospecting :

Radicactive materials brought up by water or gases &are examined in
hydrochemical prospecting. Underground ursnium deposits can be deter-

mined by finding the spring of water or gases under consideration.



Chapter 5
5. MINING
5.1. MINING TECHNIQUES

Mining is the process of getting the ores or minersl mixtures rrom
earth's crust by sequences of operations. By considering tne ore dep-
th, deposit size, ore grade, ground conditions, surface topography
etc., optimum mining system for a certain deposit is determined.

The size of uranium ore deposits indicates tne ore production per
day which varies irom less tnan BQ‘tons ‘co,qAOOUOIE tons. Uranium is p-
roduced either by unaerground or open-pit operations, Figure 5.l and
5.2 illustrates the Usamu Utsumi Open-pit'uranium mine in Brazil and
an underground uranium mine in the Vendée region of France, respectii-
vely. Some underground mines are at depths of L000m., and even deeper
whereas some are less than 3Um., below the ground, Conversely, while
some underground mines are 3Um. below the surrace, some open-pit mi-
nes operate at a depth or 150m.. Figure 5.3 can give en 1idea about a
deep open~pit mine.

Underground methods are appliea 10 the large ore bodies which are
worked trom vertical or inclined shafts and resuit in high grade ore
production (20). By open-pit mining in importance recently, the grade
of the ore, however, can be controlled by selective mining end blend-
ing. Slnce the uranium ores occur in a different geological type of
setting, every type of mining technique has been used. Let us look at
some of the uranium mining techniques used in the U. S.A and Canada.

In the United States, the mining lndustry centers are placed in ©
Colorado, Utah, New Mexico, Wyoming and Arizona and there are more
than 500 individual mines (19), able 5.1 summarizes the deposits in
the United States. For the first type of deposits, room-end-pillar,
long wall-retreat and panel mining techniques are employed. Figure 5.
4 jillustrates the long-wall-retreat mining'metnodo The shallow carno-
tite deposits are operated more conveniently by adits driven on the
ore hoxrizone.

In Canada three types of mining methods are used., These are open-
pit, wnderground mining with track haulage and irackless mining. Yhe
open-pit method is only employed in Gunnar mine (see Fig.5.5.). Here
the ore is blasted out of the pit-wall aud taken out of the pit up a
spiral roadway (22). Int the Blind Hiver region in Canada trscked and
trackless undergroundmining methods are applied. Trackless {ransport
is used where the ore beds are inclined at less than 20‘; trecked t-

ansport for greater inclinations (22},

® . - e o . . ‘ 47~ 3 IaTa
At KosSsine 6ren-pit wine in Namibia (20)
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Table 5.1, Principle Categories of Uranium Deposits in U.S

(19,22

URANIUM DEPOSITS

CATEGORY

SITE

l.Extensive deep-regular

Big Indian Wash (Utah)

West Water canyon sandstones of
the Grants-Ambrossia Lake dist-
ricts‘(New Mexico)

2.5hallow~irregular

Salt wash Formation (Colorado)
White Canyon (Utuh)

3.Extensive-Shallow
(open-pit mined)

L
o
o8

03]

Gas Hills (Wyoming)
Grants (New Mexico)
Cameion Area (Arizona)

-2 -



5.2+ RADIOLOGICAL SAFETY IN UMAII I MINES

Mining began in the Erz mountains o7 Sexcny in the fifteenth cent-
ury (<3). Copper, iron and silver were the first mined minerals., In
the later part of the century, pitchblende mining were began. As ear-
ly as 1879 Harting and Hesse published their first paper as a result
of their pathologic-histological studies on 20 deceased miners (24),
Far more than 50% of all cases showed malignant changes of the res-
piratory tract, called by the authors "lymphosarcometa" 3 later on
they were correctly diagnosed by Arnstein (1913) as "primary carcino-
mata of the lung" (24), Many investigations and reports followed this
study. As a result, official authorities were interecsted in solving
this problem and started intensified investigations in this field.

In early times, the actual reasons for miner's deaths were unknown,
because the mine#s reslatives mostly refused autopsy. Then, it was fir
st observed that special health hazard - were associated with urani-
mining (25), , _

The external radiation hazard and chemical toxicity are the types
of uranium hazards.

Uranium emits elpha and gemma radiations and its principal rzdio-
active decay products listed in table 5.2 emit alpha, beta and gamma
radiations. Alpha, beta and gamma rsdiations present a considerable
health hazard. They cause tissue demage by ionizetion within the body
Since the alpha particles cause;lérge number of icnizations per unit
length of path, slpha emitfers cause the grestest inhelation hazard.,
The'radiologioal hazards in the uranium mines are due to radon and s-
hort-lived radon decay products j namely Po-218, Pb-214, Bi-214 and
Po-214 and also due to the long-lived U-238 and U-235 's decay produc
ts 3 namely, U-234,Th-230, Re-z26 and Po-210. Radon, Rn-2:2, has a
half-life of 3.82 days and is an inert gas which cen easily pass into
end out of lungs with minimal uptake by the respiratory system, Radon
daughters are solid and travel on dust particles in the air. Signifi-
cant radon concentrations occur near ore storage bins and crushing
and grinding circuits. Since radium, Re-226, having a half-iife of
106X103 years is the precursor of radon, if it is removed from urani-
um, the gemma. I'a diation is prevenued. It has to be added that radium
is much serious hagard in nrcnlum extraciion as not only is its acti-
vity blgh but it tends to beceme fixed in the bones, reh1a01ng calci-
um, end the new;mum permitted level is only 3x107 fﬁccm -2 equivelent
to only 3x107 jﬁpm -3 (27). The recommended meximum permitted concent-
rations of radon is BXIOm%gcm“B
ion on Radiological Protection (ICRP) the dose limitstion

in air (27). According to Internati-

.
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"'Table 5.2, Principal Radioactive Decay Products of
Natural Uranium (26),
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is determined by considering the exposure to external radiation, to
radon daughters and to ore dust, Following combination formula has
been obtained by ICRP :

o o™
% & RoD Zop /1 (28)
50mSv 0.02J 1.3 Bq/h/1

‘where HE: Exposure to external radiation, expressed in effeciive do-
se equivalent (mSv) (1 mSv-_O.lrem).

e
E’%:lD: Exposure to radon daughters, expressed in joules (peten-
Rz

ial energy released by the inhaled radicactive elements).

ot

el

sxposure to ore dust (other then radon daughters),expres-

&

4.

sed in Becquerel-hour per litre.
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The denominaters are the corresponding annual limits,

The chemical toxicity of uvranium in soluble form is concentrated
in the kidney which sustain the most serious damage., The toxicity of
insoluble uranium is less hazardous since it leaves the blood rapidly
and excreted in the urine.

For the safety of workers in uranium mines, ventilation of the con-
taminated air by powerful fans is the primary precaution (29). The
mechanical ventilation system is composed of primary and suxiliary
ventilation., The primary mechanical ventilation used for diluting the
radon and its daughter concentrations in the mine air moves the dilu-
ted air out of the mine by means of large fans located at the surface,
Auxilliery systems distribute air from the mein air courses to loca-
tions underground by means of smell fans and flexible ducts (28). Fig.
5.6 illustrates a polyethylene duct used for ventilation in Canadian
uranium mines. Since radon is soluble in water, water must be preven-
ted from entering into the working ereas.

Personal hygiene, respiratory protection and periodic medical exa-
minations should be required of all personnel in contact with uranium

concentrates.

Fig.5.6. 20.in 10m polyethylene duct used
» for ventilation of develcped headings
lqo)
\ S ]
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Chapter 6

: 6. MILLING
In generel,when & metal is mined as an ore or mineral mixture,

undesired waste minerals are also found as mixed and interground
with the valvable ore., The process defined as separating a metal-
liferous mineral from gangue is called "CONCENTRATION" or " miL-

LING",

Uranium Mineral

¥

Crush
and
Grind

]

Physical Conoentration

, Y
Leaching
Y
refa 1. Alk31i L.
[} : - |
Filter or
thickener
v ¥
Solvent ion exchan- ion exchange
Extraction ge static tluidized
| ¥
¥
Precipitation
Filter
¥
Uranium ore
concentrate
 Dryer
. ¥

Drum for shipment

Fig.6.l. Urenium +illing &teps (31,.
Urenium milling process starts from ore exg€avation and goes up
to purification stage. Figure 6.1. summarizes the milling steps.

Different processes used for the same purpose are ghserved in each
step. A uranium milling plant chooses one path among these proces-

(e.g.see.fig, 6.2). Table.6.1 shows the relative importance of

w
D
[}

different processes used in uranium ore processing.

ot
£
(9]
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f.1 OCRE DRESSLNG

B
Ore dressing is the first stage of uranium milling that is & ura-
nium concentration process. the essential operation in the uranium
ore dressing includes physical seperation of uranium mineral from
the undesired non uranic ores(32).Mineral dressing operations gene-
‘rally do not involve changes in tne physical or chemical identities
of the minerals separated, Keducing the bulk of material which will
rass to chemical treatment and. the recovery of other cre constituen-
ts are the main aspects of mineral dressing.
The methods used for the uranium concentration and extraction
from inert gangue %ary with the grade of the ore. 'he separation of
the high-grade minerals is easy since they can pe hand picked or sor-
ted by radioactive detection., ror this purpose picker beit is & much
more elaborate way. ln this method,wnile ore pieces travel on a con-
veyor belt,an available Geiger or Scintillation counter cperates a
kicker mechanism and then tThe kicker mechsnism pushes the piece asi-
de into a bin. Yhe low grade i.e poorer minerals are found as dis-
persed in rock.lhe poorer minerals contain mainiy non-uranic ores
na other metals.These kinds or minerals are not amenable to radio-
activity sorting method.Therefore the low grade ores sre crushed and
ground to small pieces to get a good response for further separation

processes.

6.1.1, CRUSHING

The ore is extracted at the mines as large lumps of rock., Ore
lumps are treated in a sifter.Then the larger lumps of rock remain
on the sifter.The sizes of lumps remeining on the sifter have to
be reduced so as to separate the desired mineral easily. Obtaining
the finest size product frdm the crude through successive reduction
steps is a matter of crushing.l crushing operation,a mechanical for-
ce is applied to large size particles in order to break them apart.
Typicel pressure breakers include jaw,gyratory,cone,gyrosphere crus-
hers and roller mills, ‘ ,

The crushing and sampling processes are done in a plant which is
not approached during operation,Crushing machines,sizing apparatus,
storage, feeding-transport means,sampling-control devices are present. 
in the plant in a suitable manner.All these are designed in such a
way thet excavated rocks happen to be products at determined sizes,
rates and time.Due to radium and argon,ventilation of the plant is
also important and reguires using powerful fans;
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i, BsCEIVING URNLT

The function of receiving unit starts after ores are excavated
es lerge lumps of rock and ends by putting the lumps into the pri-
mary crusher.All transfer means are included in the receiving unit.
Excavated material from the minig site is transferred by means of
cars,trucxs or ships in contziners.There is a storage ahead of pri-
mary crushing designed to prevent the flow interrupting.For opera-
ting the crusher eificiently some means of reguleting the flow to
the machine are reguired.A feeder with push-botitomssiasrt-stop cont-
rol under the supervision of the primary crusher tander can be used
for feeding purpose,

ii. PRIMARY CRuUSHING UNLT

Primary crushing unit is composed of a single'crushing machine,
Jaw and gyratory crushers for herd rocks and single roll crusher
for soffer rocks are used. Crusher having large receiving opening
is prerered to tazke any lump easily.

iii. SECONDARY CRUSHING uR1T s

secondary cfusning unit comprises an integrasted combinatiocn oi
crushing mechines, screening,distributing,storage,ieeding,separating
and trz nsnorting means,Cone type crushers for hard rocks and hammer
mills for soft rocns are ubea.keediﬁg LnllOrmliy is essential.Use
of & bin results in uniform meximum loading of the secondary crus-
hers. A sizing guard on the product is used il the secondary crus-
hing unit is also the final unlu,§¢reen1ng is done by vibrating
screens in the concentrating mill éither to quard the proeduct or
for scalping.Bxtrsneous wasteg: have to be removed, For instence,
magnets are used to remove iron pieces if present.Crushed rocks are
transported throughout a crushing plant by belt conveyors.

iv., FINE CRUSHING UNLT : '

Fine crushing unit preseﬁfs a number of prcblems more complica-
ted then the initial units.here the crushing machines have lower
capamity,are more sensitive 10 size,minerological character,mo-
isture and feed rate variations,Storage in the §g§m of surge bins
is offereda to ensure constant ieced rates. The product is quarded

ore irequently.Crusher type is chosen ‘according to the maximum
size of. product and tonnage.bcreenlng always done by vibrating
screens.
V. STORAGE :
Storage otr crushing-plant product is the link between the crus-

ning plant and the feollowing stage.By the way the siorage acts as
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& surge vin to deliver as a uniform 24-nr tlow to theAmili and a
mixing device for averaging the minerologicel character of dif-
ferent mined feeds.'he storage also serves as a distributor to
grinding units,

6.1.2 SCREENING

Sizing is a physical separation process in which a mixture of
groins,having different sizes is divided into groups of the same
size.Passing under-sized particles through the apertures and re-
jecting the oversized particle i1s the fundamental function of sc-
reening.lne particles are brought to the'openings for screening.
‘In practice,particles to be sized are crowded.lhey arrive at the
apertures at considerable velocity and in a direction nearly pa-
rallel to the screen plane.

6.1.3. GRINDING

The product in the crushing plant is so coarse that chemical
‘treatment of the ore reguires much time and acid.The product has
to be ground into & powder.Powdering op pulverizing by the use
of pressure end sbrasion is called"Grinding".

'auerla's are ground either wet or dry,Physical cheracteris-
tics,corrosive eTieot,uendcncy t0 pack or stick in the grinding
zone,shape,size,range,relative economic efficiency of the opera-
tion,climactic conditions,availebility of water supply,nuisance
and safety factors are the primary ractors aetermlnlng the wet
or dry grinding.

Grinaing is done mostly by rod mills and pall mitls.Bal mills
ere especially used ror wet grinding and wOIK with a combination
0i a classiricator witnin a closea cycle.hkoa mills ensure the fi-
nest and uniform grinding ana &re inciuded in a closed cycle with
a rake or spiral classifier.Classifiers remove the finer material
and paés it on to the next stage but coarser material is returned.
Grinding:is classified according to maximum grain size,namely co-
arse, intermediate and fine grinding. ‘

the uvranium ores are usually ground to 0.30-1mm before acid le-

aching and to 0.15-0.20mm before carbonate. leaching(8),

6.1.4 CLASSIFICATION
Classification also called sorting is a process in which a mass
and different specific gravities 1is
£luid.The fluid which may be in motion

3
(]
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of grains having mixed Si
allowed to °eTT‘e through
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dressing,wet classification is used to separate sands,long' range
sands cOntaining grains of either different specific grevities or
those with same specific gravities into a number of short range
grades.In a mill,classification's aim is to utlllae one or both of
the above product characterisiics.

Lcecording to flow direction,there are two kinds of classifiers;
namely,horizontal-current classifiers and vertical-current classi-

fiers.The latter is also known &s hydraulic classifiers.

6.1.5 GRAVITY CCNCENTRATLION

A meuhod of separating grains of minerals huvvnc different spe-
cific gravities is gravity concentration.lnly the richest pichblen-
de ores are susceptible to cocentration by gravity methods (26).1ln
‘graV1ty concentration process,the response of grains of different
specific gravities to the gravity and one or more other forces are
taken into consideration.The other tforce is usually the resisteance
to downward penetration offered by either a gas or liquid or a par-
ticulate solid.The rluid properties utilized are viscosity and den-
sity while the forces are buoyancy and upward pulse.,iln other gra-
vity processses the moving rluid impulse is applied to the vertical
action line of gravity and the friction between grains.In all gra-
vity processes, a sizing element works in a closea cycle to separat
different siZed particles.Speciric gravities ot the minerals,vis-
cosity end plasticity of tne separating medium,and mecnanical met-
hods available are the important criteria for deciding the king

of separation.

6.1.6 FLOTATION

Flotation method amoung other physical concentration methods se-
ems to be more'appiicable and promising for uranium preconcentrati-
on. In the ore pfezaration,iiotationkis used to separste some mine-
rals within the ore from others by the use of surface tension pro-
pertyeMTneralo heavier than weter surface due T0 $hig property.Sur-
face tension depends on wettability since wettable grawns CQn not
tloat.When air is blown into a pulp,i.e a mixture of fine CrOLpd
ore with water,some mineral greins hang on to the air bhbles and
rise up while the others do not show the same itrend.A mineralized.

~fecam happens on the surface.Using some chemical agents ,surfade

tension of minerals could be controlled.kach mineral has a certain
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in h it can he flozfed.train sizes of minerals for
lotation are required to be smaller than 100-150 microns.

6.2, LEACHING

Physical separation of the ursnium mineral from its ores is fol-
lowed by chemical separation processes.These make the uranium con-
centration more of a chemical engineering problem. |

In genersl,the tirst step in chemical concentration is to dissol-
've uranium out of its ores by chemicals,which 1s known as " LEAC-
HING " (33). Leaching could be acid leach or alkaline leach accor-
ding to leaching reagents used.Leaching could also be agitation
leach or percclation leach according to the method used for contac-
ting the solid material with leach solution.lLesching is mainly a
diffusion prooess;lt is proportional to dissolution rate, reagent
concentration,temperature,solid'surface area and the rate or dif-

fusion from liguid into solid suriace.

6.2.1., ACID LEACHING

Many uranium minerals, especially hign silica ores are dissolived
out of their ores through acid leaching.l'he most widely used acid
is sulpnuric acid ﬂ2504 5t atmospheric pressure and room temperatu-
re.sulphuric acid amoung other acids is cheaper,less corrosive and
easily available.lt reacts with uranium bearing ore ana yields ura-’
nil sulfate QUUQSO4) or cbmplex uranil sulfate anions [U02(804)5]f4‘

Hexavalent uranium,i.e U(V1) is more readily soluole in acid ‘
and alksline solutions than tetravalent ursnium.Admitting this
tact ,ores with tetravalent uranium need to be treated with an oxi-
dizing agent so as to obtain hexavalent uraniuvm.0xidants used in
acid leaching coculd be manganese dioxide,sodium chlorate,nitric a-
cid and the agitation air.lron,on the other hand,is used as a ca-
talyzereTemperature,acid.strength and fine grinding increase the
amount of uranium dissolved and the rate of dissolution.If the
amount of acid-consuming compounds in the original\ore is decre-
ased and the pH of the ieaching solution proviced is greater than
1.8, the consumption of the leaching acid may be reduced.When ion
exchengecor solvent extraction is preferred for further processes,
leaching acid can be reused.Acid leaching process is cazxiied out
in stainless steel or rubber lined vessels.figure ©.3 shows a iy~
pical:.scheme of acid lLeaching ores at Cenadian plants.

38



Cre

VY (360 mfons ; 025 %0)
2 C/v,_sh'ng sAages
. : - 20
P
v
CErvacly
A2 SE, Tt Oy

.AégﬂfQ?? cauk v

,@U/am/m by =57
V¥

s _Sf?::"‘«::a%on

i
i ) -{
Sana (gish! F0_30 3 ) f s
‘\ﬁ!&:fé’f :
[?Z)
T e iy 7 At s o

'

Ve =, ==,
3 r&cfg Cl2FSE s ,@éj@/‘f g;q 7 L_@A/élfx_z"'.s

g.Scmd . (=000 miy;, Cnprnesitly 07 ofts® )
DT, f"?;’&e,u } !
WO, + HND, Resin
S ¥ ié NN, # Ny (/:,;5-:23)
mgze [ 4

:Qfscs;/" n(f’Qa’””’)

|

Solition Lesio

,l

o e

AN 2 73/[.0

i

/0/‘:_62.&:;/;0/'74;“« Lman LS

lfﬁ:&ﬁ oy Fare

/:,3,7,7@,4:4; /2’;235 <) o

U {chenica &faé‘ﬁ?!”‘cﬁ/of)

(60 % )

Fig.6.3 Typical flowsheet of acid teaching of uranium with

Absorbtion extraction from solutions (Quirke,
Nordic and others,Canada (8), '



0.2.2 ALKALINEG LEACHING
acid consuming uranium ores,especially high carbonacecus ores
are processed through alxaline leacning (34).i1ne leacning agent isgy
a mixture of sodium. carbonate Na2003 and sodium bicarbonzte NaHCO

. 3°
These are effective at 700

—90O under 100 psi pressure.,Reaction re-
(04,7

324370

374 is

‘used as an oxidant.To prevent the precipitation of uranium as diura-

sults in the formation of soluble uranium carbonste anion UO

KMnO4 or air in conjunction with copper ammonium ion Cu(NH

nate,bicarbonate is added.

Alkaline ieaching has more selective solvent ability for uranium
then the acid reagents.But yields with alkaline leach are lower than
acid one.

Alkeline leaching process is carried out in mild steel equipment
which is cheaper.

6.2.3 AGITATION AND PrRCOLATION LEACHING

In the agitation leaching ,whole amount of solid materisls is sus-
pended in a liquid.Agitation leach is applied on finely ground pulps
coming from weilgrinding.It is suitable for continuous processing but
liquid-sclid sepsration has to be incorporated,

In the percolation leaching,the lixiviants are percolated through
a fixed ore bed.The percolation leach is effective for coarser solid

feed and delivers a filtewed pregnant solution.

| it should be noted that agitation and percolation leaches present
different features.Comparison of these two methods is Shown in table
6.2, | |

Agitation and percolation leaches are mostly used in combination
with each other.That being the case,coarse ground ores respond to
percolation leach while finely ground ores to agltation lezch,
Therefore , this results in no loss of uranium in leach solutions.

Table 6.2 Comparison oi Agitation and Percolation Leaches(9)

Agitation Percolation
Capital cost high Low
Urinding cost high low
Water cosumption high low
Reagent consumption low high
Pregnant solution grade low high
retention time short long
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0+ URAFLUNM sXURACTLION FRUM LDEACH SULUTLIOKS

Beside non-uranic ions,the leach liquor obtained includes relati-
vely large and small solid particies.Tne large solid particles have
good response 0 riltration while smaller perticles are rirst trea-
tediby & flocculating agent and then filtered(35).To;previde the
removal of solid residue,conventional rotary filtration or thicke-
ning equipment is used.

Three different processés,however,are used for removing the ura-
nium ions from the leach liquor,These arejnamely precipitetion,ion
exchange and solvent extraction,

6.3.1 PRECIPITAT 10N
The direct precipitation of uranium in leach liquors was the ear-
liest method used.Today,however,it is not used very often,The preci-
pitation method is mostly used for alkali carbonate leach liguors

£

ather than acid ones.Acid leach liquors are initially processed by

}..g

ion exchange or solvent extraction and then reacted with NaOh,Nﬁ3 s
or Mgl to precipitate diurenate.

Uranium in the alikelil carbonate leach liquors precipitates at a
certain pH value in the form of phosphates,oxides,arsenates,etc.The
pt of the solution in phosphate precipitation ,for instance, is
between 0,9-0,2 (9).Leach soiutions conteining uranium at high con-
centraticns could also be treated with hydrogen peroxide so that
uranium precipitates as UO4.2H20.

To obtain & pure precipitate,leach solution must nave & slime
content as Low as possible since 1mpurities tend to precipitate to-

gether,

_ 6.3.2 I0N EXCHANGE '

‘Lhe proééss of ion exchenge coming into common use is used for
the adsorption of uranium from leach solutions by resins.Generally
in an ion exchange process, ions attached to the functional groups
of the resin are replaced by other ions from the leach solution,.

Hesing could be either cation exchange resins or anion exchange
resins.i'he anion exchange resins contain —NHQ T=NH or = N groups
while cationities contain —Uﬁ,~CUOh,—303H groups.'ihe ion exchange
(adsorpsion) capacity,chemical stibility and the stapility of com-
pounds which are formed by the ions absorbed by the resin are im-~
portant characteristics of ion exchange resins,

The ion exchange process 1s extensively used with acid leach
liguors.Alkaliine leach iiguors,hcwevér,have little application at
present although the use with elsnaline leach liguors is periectly

Al



feasible, ’

Ditferent types of anion and cation exchange resins are used for
~uranium ebsorbtion trom sulphate solutions (8G-1 carbox (yl cationita,
AN-2F anionite,KDE —i0p anionite,etc).The pH value and non-uranic
ions have an important efirect on the absorption- cupa01ty oI resin,
The presence of phoshates,arsenates yfluorides,and oxalates can le-
ad to a considerablie decrease in absorprtion capacity(s). Copper,
divalent iron,aluminum and mangenese are absorbed in smaller quan-
tities than uranium.Certain materials within leach liguors such as
cobalt-cyanite moiybdenum titanium,and thiocyanate poison the resin
by biockage 01 the functional -groups,

The ion exchange process is periormed in Two ways.lne resin par-
“ticles elther rorm a static oed through,whicn leach liguor..flows or
resin in pulp process (RIP) is used.In the RIP process, resin beads
are filled into a number of perforated cubes and then these cubes
are immersed in a leach liquor tank.During this time cubes zre os-
cillated and resin beads adsorb uranium.

Uranium hes to be desorpted from the resin used.To provide ura-
nium desorption,the resin is regenerated by acids such as sulphu-
ricynitric,or hydrochloric.Then uranium is precipitated by ammonis
or alzali.

6.3.3. SOLVENT EXTRACTION
The solvent extraction is an important method applied to leach

liqu
ep

O

rs to separate uranium.The solvent extraction is =lso used for
<

atiy

[¢2]

ar Zr from Hf,Th from rere earths,U,Pu and fission products

3
0%

from SPent fuel (36).1he working principle of the solvent extraction
method lies in the fact that the constituents of a solution are not
soluble ih the same organic Sqlvent.That is,one or more of the cons-
tituents of a solution sre ‘soluble in an organic solvent whereas ot-
hers are not. The organic solvents used are immiscible with water
and the solutionyto be extracted.(37). In the solvent extraction
process,the organic solvent comes into contact with aqueous soluti-
on end the constituents of aquecus solution being start to change
their phases from agueous to organic phase.Solvent extrs ction,
therefore is a diffusion and is characterized by distribution coef-
ficient b as R
Concentration of component in crganic phase vy

D= -

Concentration of component in aqueous phase X

Temperature , the nature of the solvent,and the compesition of

the agueous and orgenic phases afiect the distribition coef fficient,

Ca



Ubserving & single solvent-extruction stege,given in figure 6.4.a,

gi
the material balance on the extrectable component is written as fol-
lows :
Pz.= Fx + By
where ¥ &F ere flow rates of aqueous feed and organic solvent,res-
pectively. ‘
Using D=y/x ,y could be written as

¥ Dez

1 + Eu/#
Then,rraction extracted, JD wilil be

Ey Du/¢
Jﬁ fz 14D/

From this equality ,the ratio of solvent(y) to reed () required

B F
F D(l:ﬁ)

is tound to be

One can see thad, an infinite amount of solvent (&) is needed for
complete extrection of the desired component.Intinite amount of sol-
vent nhas no meaning in practice.Complete extraction with a finite
amount of solvent could be expected by the use of multistage coun-
ter currenﬁ cascade (Fig.b.4eb).ln the multistage extraction Ext-
ract(Urganic) plays the role of Solvent(Urgenic) and Residue (Aqu~
eous) plays the role of Feed (Aqueous) for the next-coming stages.
the whole system is mentioned under the name o Extraction section.
Since the organic ana agqueous phases flow in the opposite directi-
ons,the term counter current is used, _

The solvent finally obtained from the éxtracting section conta-
ins both the organic solvent and the desired component.The component
is re -extracted from organic phase into agueous phase in order to
leave the organic solvent alcne for, re-use.This process 1s carri-
ed out in another section callied "Stripping Section™ .Figure.6.5
illustrates such solvent extraction flow sheet with re-cycle of
solvent.buring the extraction of desired component,some undesired
species also Qucceed in passing %o orgsnic phase.In order to get
rid of the undesired components,a new section which will be called
"Scrubbing Section ™ is required.In case of uranium , undesired

components are neutron-absorbing impurities.Scrubbing section
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enables the separavion of more than one extractable component depen-

ding upon the existence of difrerent distribution coefricients

(Di/Bj 1) of the constituents.lhis xind of operation,however, is

called rractionsl ixtraction.A flow sheet containing a scrubbing

section is siven in Iigure 6.6 where each sec¢tion is made up of

those shown in figure (6.4.a)

solvent used,solvent extraction pro-

ANMPEX,DAPKX, BLUKEX and Mixed

many stages such as
According TO the orgenic
cesses take different names such as

Solvent Process,ln the AMEX process,an amin is used as organic

sclvent,wnich han a uranium extraction capacity of 3-5 gr UBOﬁ/lt‘

4 % BHrPA (ai-2 ethyl-negzil phosphoric acid),4% TBP (Tri-pbutylphos-

pnate) and 92% kerosene solution is used in the DAPEX process.

However,tne organic phase of mixed solvent process is composed
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0f 3.5-4.5% tri-elsllamin,0.25-1.7% EHPA and U.(5-1.4% HDFA (Hep~
tadesel pnosphoric acid),BLUsX process haes a different procedure
since AMEX ar UAP©EX process is applied to urenium solutions obta-
ined from the use of anion exchange resin.rUREX is another extrac-—
tion process applied far the separation of pu,U and tission pro-
ducts,where 18P in kerosene is used as an extractant. '

The extraction of an inorgenic compound is affected by the pre-
senge of salting agents,oxidizing or reducing agents and complex-
torming enions. '

'he solvent extraction applied es continuvous-multistage operation
yields some advantages over the ion exchenge.Solvent extraction 1s
appliéable ©0 large amountis,has great U extractabllity and requires
less capital { 38).

A flowsheet being an example for extraction purirication of nitric
acid cesgorption sclutions 1s shown 1n Iigure b.( ,where sy 11 kero—
sene 15 used as extractant and process is carried out in packed co-
lumns and in mixer-settlers (see.fig.6.8), '
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T« PURIFICATION

Neutron economy is of outmost importance for the nuclear reacti-
on maintenance in a reactor.Weutron absorbing admixtures must ne-
cessarily be reduced for the successful course of a figsiongychain
reaction,.,The content of individual elements with a high neutron cap-
ture cross-section in the urenium must not Bxceed the order of 1077
.or 10“b % (8)e. The permigsible content of admizxtures can be found
in the data provided by the Llnternetionzl Atomic bknergy Agency
,(IzA.E.A for short) at Vienna.lhe dats is swmmarized in table T.l.
The most harmful impurities are ones having high absorption cross
fsectionssand their tolerzble amounts are given in table T7.2. The
overall hazard coefficient for uranium which is also determined by
LA, E.Agmust not exceed 0.25%.

Tsble (.1 Permicsible Content of Admix

tures
in Uranium According to Rzta of IT.A.E.A,
(8).
Content
ADMIXTURE parts per
) million(max) W-%
Aluminum 20 O. OUCb
Boron - Q.2 2x10 -5
Cadmium 0.2 2x10
Garben 600 0.06
Chromium 25 0.002Y
Cobalt 3] 0,002y
Iron 150 0.0415
Nickel 80 0.008
Nitregen 100 0.010
siticon dioxide 30 0.003
Siicon : 40 0.004

Table ‘(.2 Amount of Impurities in Natural
HYranium at ¥hich Heutron Absorp-
sion is O. }ébof Heutron Absorp-

tion by (26)

o v m O@Oprlon cross Atoms
ELONENS ection (2200 m/ | per million

sec) (barns) Atoms
Hare earths:
Samarium ©,200 0.8
rurepium 4,500 1.1
odolinium 44,000 0.1
Uysprosiuvm 1,100 4.5




Considering the atomic energy standeriz,the urenium concenirate
obtained through physicai and chemical concentrations mentioned in
the previocus chapter is not pure enough.rypical composition oir che-
micel concentrabes of uranium ores produced st difierent concentra-
tion plents are round in table (.3.1% is conceivable thai further
purification has to be adapted to these relatively impure chemical
concentrates even though the process causes great difficulties in
production technolegy (37).Conseguently,purification process starts
with vranium mixed oxide or salts of the uranate type so as to get
the high quelity uranium metal,

furification methods are divided into two main groups.The iirs
group includes precipitation methods Wﬁere as second group includes
extraction methods.The purification process applied in & plant can
be compcsed of one or both of these methods. Lbsorption methods are

not trequently used in the pu vritication stage.

Tele PRECIPITATION HEIHODS

Precipitation methods were the most favouraple methods used in
nuclear industry and still is important since it is simple and do-
es not necessialte expensive reagents,?recipit&tion methods include
crystallisation,carbonate,oxalate and other puriiication methods(37)

The working principle oI crystallizetion method is based on the
tect that uranyl nitrete has difierent solubllities in water atl

ex

~atures (see f ige7.1).ln this method,iirst of all,
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urenium ore concentrates are dissolved in ni itric acid.the insolub-
le resique is filtered from the ursnvl nitrete solution beiore the
solution is evaporated up to saturation,lhere are soluble residues
dissolving likxe uranium and they too evaporste.Aiter evaooration,
cooling is adopted.Using the fact mentioned abov ‘e uranium nitra
crystials precipitete and are taken ott by riltration.Hence impuri—
ties separate out. ‘
Crystallization‘process made up of dissolving, evaporating and
cooling is repeated up to the stage of the pure salt.rine crystals
obteined by rapid cooling are preferred.Since ursenyl nitrate cean
form compounds with alksli meial nitrates and smmonia,the presen
ce of alkali metals in the initial concentrate is not desired.ln
case of the action or elkali metal and sa:monium carbonates on ura-
nyl groups, wihe method of carboncie purification comes into play.
Carbonate puriiicotion method is one of the most important

purificetion methoas,In this method yinitially the uranium ore

concenirate is treated with sulphuric or hydrochloric acid and

!
neated.Then a hot solution of sodium or ammonium carbonste is zdded.
Uranium passes into the solution whife the majority of admixtures

remgin in the mother liguid.Small amounts of iron ,aluminum,manganc—

?

se,yttrium,scandium,boron,phocsphorus,vanadium end arsenic aamixtu-
res and their compounds also pass into the solution.iherefore ,ura-—
nium needas to be separ ated from the solution by precipitation again.
;Elther by salting-out under tne action oIl an aliali metal or ammqnla
carpocnates or py poiling the solution,uraniwm 1s precipitated.rigure
[e2 shows the most typical scheme used at Port Hope in Cansda.

In corder to obtain uranium dioxide and ursnium tetrafluoride,ura-
nium Conceﬂtr tes in the form of mixed oxide are subjected to some
processes,@xalate purification permits the mixed oxide.The oxalate
purification method has two types.In the first,uranium is obtained
es U(1V) oxalete precipitate while in the second type UOAC2U .SH 0
(uranium oxalafe) is precipitated.In uranivm (IV) oxzlate method
the concentrate is dissolved in hydrocnloric acid in a rubber-lined
reactor with continuous m1Xnngovor 100kg concentrate,3001 of acid

omposed of water and 37% hydrochloric acid is uch.éne
hexavalent uranivam is reduced to the
znd filtered.The oxalic acid
0]

te
at 80-907C after a primer of U(C, 04)

. _; . . A4 v 3
is added to obtain & coarsely cry qt&li¢ne precipnitate.After the

_B1.
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- other hand

precipitete is filtered and washed,it is trezted with a saturated
ammonium oxalate solution,Uranium forms a CO’ple compound (NH, )
[U(0204)4] by passing into the solution.lmpurities remaining in
the mother liquir are filtered-off.when hydrochloric acid:. is ad-
ded tc the solution,ammonium uranc-oxalate compound forms uranium
(LV) oxalate which will be calcined to the oxides.By the use of

.::..

4-3

uranium (IV) oxalate method iron,manganase,vanadium, chronium, phos-
phorus,silicon,nickel,boron,the alkall -earth metals and alkali
metels are separated.High reagent consumption.the difficulty of
treating concentrates with a high concent of phosphorus, nitrate
end arsenic sal%s and the requirement of rubber-lined apparatus
constitute the main disadvantages.ln one type of oxalate method,
the avove disadventages are eliminated.In this type ,the concent-

0]

rates are calcined at (00-8007C and dissolved in Ditric acid.ure-

nium passes into the solution and forms UOZ(NU Then, crushed

3)2.

oxalic ucid is added to the uranyl nitrate solution with continu-
ous mixing at room temperature .1t can be added that oxalic acid
consumption is reduced by a factor of two.

milar 0 the second version oxalute method,uranium can be pre-
itated from nitrate solutions by hydrcgen peroxide.ln tne indust-

e method is usually applied in connection with otaer

methods since the starting concentrate must be fairly pure.In France
and Belgium,for instance,percxide method 1s applied after the ext-
raction method used for uranyl nitrate purification.An important
property of the peroxide method of purification is being a ragid

process carried out in the cold.

Te2¢ EXTRACTION METHCDS
Y"he working principle of the exiraction method used for purify-<
ing uranium is the sarevas it is mentioned in the previous chapter.
Extraction methods of Durliylng uraenium expresses some advantages

over pracipﬂtaJlon and ebsorption methods(35).8ince most of admix-

tures precip te together with the uranium,extiraction puriiication

i
results in the purer concentrate than that of precipitatiOH.On' the
precipitation is long, and complicaled process whereas
extraction can be carried out sutometically.It. cen also be noted
that the ex trmctants are cheaper than resins in absorption methods,
4he extraction methods of purifying uranium dbpend upon the
foet that uranyl nitrate is extracted in a pure state from agueous

3

solutions by diethylether,methyl isobutyl kelonme,and tributyl

~53-~



pnosphate (TEP for snuet ) .50, for this reason,ursnium concentrates
e treated with nitric acid to get uranyl nitrate solution.

ln the United States and recently in fremch process IBp is used
as extracter.TBr is & typical complex ether insoiuble in water and
a colourless,viscous chemically stable fluid.At room temperature,
it is non-volatile ana non-combustible.Since the density of TBP
is very close to the adensity of water,it is diluted mostly with
Kerosene which is a complex petroleum aistillsate.

As it can be followed irom the flow sheet given in figure 7.3,
when impure uranium concentirate is dissolved in nitric acid,uranyl
nitrate 1s cobizained.Urany!l nitrate is sent to the uranium extrac-
tion column and mixed with a solution of WEP in kerosene,lhen,TBP
complex UOZ(NOj.)Z in gerosene 1s obtsined,which is back-extracted
with water in the stripping section.In order to remove the traces of
admixiures,kerosene solution is washed with dilute nitric acid in
scrubbing section before it is sent to the siripping section.tri-
nally the purified uranium is czlcined to UOj‘StainiessésteeL
pulse columns are used in this process.

in The British process,however,uranyl nitrate is obtained Irom
the dissolution oi uranium peroxide in nitric acid after uranium |
is precipiteted as U04bby hydrogen peroxide(39/.lhe exiracted 1is
diethyl ether.lhe purified uranium is precipitated as ammonium

diurenate by ammonium hydroxide,

_BAL
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Unapter 8
8. CONVERSION AND ENR{CHMENT

e 7 -
J /‘gi’f;nm‘mn Reaction with F,
] o] editig] ] et
S o 1 WA BE 7| 4
—— —
s Leduction wiith
calesnatin | GC o T 19
A Y, %@? U metal

Figes.l., Uranium @onversion dperation (2o).

uranium peroxide UV ,uranyl nitrate U0 LA04) 0RO, ammonium aiv-

ranate (Nh4)2§207 and uraniuvm trioxide J03 are the final products
obtained as a result of diiferent purification methods mentioned

in the previous chapter.ln crder to get enriched UOz,the principle
intermediate products;r alely ;suranium dioxide JOz,tpt fluoride UF4

end hexafluoride UR, are necessarily be obtained.Conversion steps
[48

are shown in figure 8.1 ,where UU3 is Known as "Orsnge Cxide"™ U0,
15

as "Brown Oxide"™ and UJ4 “"Green Salth,

Bele CON?WRSTUN METHODS TO UOZ,UF4 AND U¥g
8.1.1, CONVERSION TO U02
Uranium dioxide is produced by reduction of the UO3 cbtained by
calcining either uranium peroxide or ammonium diuranate or uranyl
‘nitrate.The widespread production of U02 is from uranyl niirate so-
lution. ,
Under industrial conditions urenium content in the uranyl nitrate

solution varies from 90 to 280 g/l.Uranium dioxide is produced th-

ges
itrate solution is evaporated at 120- LAOOC The pro-
ainless~steel vertical tubular condensers
Thermal decomposition of the solution
( ”—HhO given in figure.(.l.

ut ln batca snd continuous units which
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4. PPN , 4ot 1

tube heated by electrici tg( ). The urenyl nitrate solution is fcd
. + . K] N : .. ~ .

nto the continuous process apjaratus see 1ig.8.2).With a Jjet at

8
d in the centre
apparatus.lhere is a porous di phfagm pleced at the base through

winich hot air is supplied under pr ure.then the atomised drops

are converied to U()3 particles. UO rticles fsll
get discharged,

CO
H
c:+
|.I
=
wm e~
o
<+
o
=]
I,.l
0
[0
o}
)

int
the side under pressure,the
. =

to the bottom and

The foliowing step is the reduction of U(.)j to U0, by hydrogen,
This process is carried out in batch or continuous units.For the
batch reduction,mostly a horizontal stainless-steel tube is used.,
for the continuous UU3 reduction,either moving layer reactor or
flvidised bed reactor or reactor with material transport by vibra-
tion is used.ln all zones of the reactor the optimum UO3 reduction
temperature is beOCeThe fluidised bed reactor consistscof two
vertical stainless-steel tubes having heating and cooling systems.,
in the tirst tube,a partial reauction occcurs and the product pas-
ses into vthe second tube for the completion of reduction.'ihe ura-
nium content of U0, is 87.9% .

A s
/

s el & S

#ig.8.2. Apparatus for denitration according
to tluidised bed method (8).

59~
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Uranium tetrafluoride,which is & green crysislline substance,

prod

rst 3=

methcods are the bagic
Hyvdroflu

[

seous hydz
hydrofiuor

2

cne under the other
The UO, enters the
from tuke by
» particles ,ca
‘'he vibraiion me

i
uced from U02 by the use of different methods curried out in tize
AYa

Fig.5.3. biagram of nvdroxluorlrabwon Unit (8).

yv" plant.(34). dydroflucrination,vibration and fluidised bed

industrial methods,

worinstion is the fluorinetion of uranium dioxide by ga-
rogen fluoride.the continuous process apparaztus for the
ination of Eug,is sheoewn in fig.8.3. As can be seen from

iu
the diagram,the reactor consists of three horizontal tubes placed
le

and heated by elecirical resistance furnaces,
reactor in a horizontal worm feceder and passes

means of hCilel worms.oSince the waste gasses,contain

bon filters =re used,
thod is also a continuous process carried out im

the fluaerination udit made up of two horizontal tubes HF from the

top of the evaperator is pumped into the unit through a rotemeter

bed method 1s given

apparatus for fluorination of U02

while HPF is fed upward from

¥nich automatically controls the delivery,

in tigure 8.4.This apparatus consisls o thr
eparated by porous diaphragms. uO powder is
the b ottomﬁhs u02p0w~

sges ,it reacts graduslly with LF.

Lower st

ntries,diftferent types of fluorinsiion methods
U.S.A ,hydrerluorination is used at the Weldcn

method end Iluidised bed iluo ation in the

[
—_—3S—-
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gaseous diffusion nl

United singdom Atomic Energy Autncrity,UE4 is cbhbtained batch wise

from ammoenium diuranate.At the new works at Spiring fields this is
ised bed method,

At the Bouche® VWorks of the french Atomic Inergy Gommission,UF,

accomplished by the fluid

.1s obtained batchwise rrom UU4.
ducticn of ﬁF4 by the Belgian process can be followed
from the figure 8.,5.lhere,ammonium bifluoride MH4HF2 is vused in-

stead of

Fig.¥8.5 Production of UF4 by thne Belgian process (26
~59-



Bele2, CONVERSLON I0o UEb

The Importance of uranium hezefluoride UF6 comes from the fact
thet it is the only volatite uranium compound at ordinary temperatu-
res.the moqt important properties ot Ur6 are summarized in Yable 8.1.
Uranium hexaziuovlde was discovered by Kutff and Heinzeimsn in 1909(26) .

Todeay UF6 1s produced py the fluorination ot Jr in & continuous
process tarough the fol Low1ng stages: i, UUj in fluldisea bed units
is reduced %0 UOZ by hydrogen;. ii. UU2 is ;1uorinated to UE4
HF with warm mixing in reactors ana 11i. UF4 is fluorinatea to ur,

by dry

Flucrinetion is carried out in the apparatus which is a moneis metal
cyiinder,(see 1ig.8.6.). ‘

Y

‘apie 8.1 Physical ana Ynermodynemic Propervies o1 UF6 (S)e

Triple point 64,052°C at 1134 mm hHg
Point of sublime=tion 56.4 °C at., 760 mm kg
Density:solid 5.06 g/cm3 at 20.7°C
Liquid 3.674 g/cm” at 65.1*C
Heat of sublimation - 11.495 Kcal/mol at 64.01°C
Heat of fusion 4,588 Kcal/mol at 64,01°C
Heat of vaporisation 6,907 Kcal/mocl at 64.01°C
Heat of formation 516 Kcal/mol for UF6(solid)
Heat of sol%g%gg in 390 900 cal/g/deg &t 25°C
Critical pressure 45, ?tﬁ
Cr1L7631 temperature 23 O

U o

b
fde
0




Spiral water coolor is placed arcund the cylinder Using four jJjets,
fluorine is fed into the resctor containing solid UF4 particle
The fluorination product contoins about 75 % LP6" 11s is passed
through water-cooled tubes.To collect the solid particles, the
product is also passed th nrough cyclones and fed into a cooling
trap and a condenser, Here the Ufb chenges its state from gaseous
into solid.After the accunulation of a sufficient amount of so-
1id product it is remelted and taken into a contsiner .

This method is used in the "Dupont Csrbide Corp cqu*ca" . "Padu~
ke",and"Union Carbide Nuclear Co" plants .(8)

since technically, the compression of UFg up to high pressures
is very difficult,the ex traction of UF Fe from the system meeds to

f

be ormed by another method.in the absorption method,first of
all ,gmssecus UF6 is _aqurbcd by an inert diluent (e. C8 lb)
and secondly UFb is separated by iractional QTQLWLluthﬁ By obta-

ining Egsobro product is attalned since volztile admixtures are

eliminated during UFQ conversion end non-volatiles during UFb.('B)

Be2 ENRICHwENY

ranium concentration in the eatrh's crust is =zbout
e nd only about 0.7 percent of that is made up of dajb
tope of uranium which 1s fissicnable by thermai rneutrons,
g7

ors utilizing the hcavy ater or graphite as. mcderator

can use nalural urenium as fuel .However the fuel charged to light

ey

water modeP“bJr reactors which are the most common tx e of nuclesr

*Ci

reQCbo“s operating in the world todey have to contsin more than 0.7
% U 235 usuelly in the range o1 2-4 %. The fuel thus co:
re U 235 than netural uranium is celled Yinriched Fue
the milling, purification and conversion processes the isvtopic,
ratic of U 235 to UE‘S does not change ,isotope sepersiion is nee-
cessarily cone so as to enrich the fuel in U .

Gaseous diffnsion and the gas centri

widely veed methods for U™-"7-l separat




cules flew through tuv walls more willi ¥y then heav
This phenomenon is known as “effus1on”,if the binary ges mixture
is confined in a chamber as shown in 1 igure 8.7 and there is a po-

(=%

rous berrier placed at the middle,the gas in A flows through the

(b)

usion Chember shown schematically

grem of the pa Sszge of a molecule through
ore in a very thin borrier (40).
o

rij—geae’{ 8o

11

passages due to molecular eifusion.the ges pressure is held at a

U
nd p'in B. For the diffusion process p" is v
1

level p" in 4 & X equi-
red to be markedly higher than p'.The order of megnitude of p’ is
choosen such that molecular mean free patvh 9 is long in accordan-
ce with the pore mean diameter d(see Table 8.2).As a result of mo-

omes richer in the light component wihereas

¢
is depleted in it.1% is conceivavle that se-

he gas stoying in
peration attained in & single s e 15 nci adeguate,

o . o O
Pable 8.2 Mean rrce Patns (e07F

H

viscosi Lty , Mean Iree path
GAS centipoise | Inches x10%|microns
Hydrogen 0.0087 4.7 0.12
Helivm _ 0.0193 (o4 U.19
Methane U.0108 2.0 0.05
Nitrogen Q.01 3 2.5 0.C6
~Carbon dioxide 0.Cl44 1.7 0.04
Uranivm hexatfluoride 0.0200 0.8 0.02
ere = = STPLIIL DR PSRN T — )
A number of stages,th ore,need to be used,All siages observed
is arrangea in a counter-current cascace as shown

1/2
wp T T where ¥ molecular welghts
2 5 i 2 - '-.«;1 1 ¢
— v - A+

gi)fii—ws or q, = LEyTees of 1light snd heavy component.
- el [ ny L -

: i U 30}

sil * 2 L



A nundred years &gu,the i50uope sepearailio

v

]

Uk

C]

sion wag discovered by Graham (26).'the fact thaet separation factor

being proportional to The square roots of the molecular weights
of dirrerent gas molecules was shown by Maxwell (26).

Foiched
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Loariher

figure.8.8.b Gascous diffusion e2scade(10)

A gaseous diffusion plant consists of a cascade of thousands of
s, high-~compression-~ratio pumps,fine-grazined diffusion membra-
lers and requires to operate at subatmospheric pressure.All

o
these regquirements meke gaseous diffusion very expensive.But for
s

. 235 . L
large-scale U 2 separation,it is preferable.
Gaseous diffusion plants which were mostly used for military pur-

e
poses are in the follcwing countries.The United States (Osk Ridge,
Tenness

e?
hurst), Fra

8.2.2. NASS DLFFUSION

GIPinary ges mixture
A .
T Y T Lisepara
B v ~f-oeparating agent
Fig.8.97Principle of mass-diffusion separation
showvm schematically (40).

b4



o €5 use ul the phenomen
fect separation,lifferent molecules
a i

gas mixture has different ivities in another substance kno:

5

S Separating sgent.when the gaseous mixture is confined in a sys
tem divided into two by a membrane like in figure 8.,9,1it comes in-
o contact with the separating agent placed in 5. Cften,the separa-
ing agents are condenssble vapors so as 1o easily sep;rate the s
t from the gas component difrusing in A snd E parts are under
the same pressure.tas mixture in Ayiocstly the gas component having
greater difiusion ceefficient D.,flows through the porcus barrier,
> reater than U ythe gas passing into part B is cenrich-
o

& D
ed in the ccomponent of 1owcr molecular welght in time.Since thne
a

gas components sre mixed with the separating agent ,they are freed
by condens OH(GL) Ihe separation foctor in mass diffusion can
be expressed by diifusion coefficients of light and heavy components

Qg+ e
DL+D2
To establish a comparison with the-gas-diffusion process, g, can al
be given as
L M, - iy . QO L
0
‘52 + l-:ll MO+ (l“’ii«rmg)/Z

lecular weight of sepsrating d”en
1 cess is carried out either in an individu-
e of stages or in a mass-diffusion column.
'pe was developed origanally by Hertz (260),which is gi-
ly in figure 8.10. Since the separztion obtained
ingle stage is very small,a number o1 slages are arranged in
e of stages (see.fig.8.11).inother type

nedict to provise & greater degree of se-
]

paration than 1is ¢ for a single mass-diffusion stage(26}),

When figure 8.12 is observed,it is scen thst sepsrating agent in

the innermost chamber is cherged over the l@ngth of the column in-
. c
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8.,2.3 THBERMAL DIFFUSLON

n the process of diffusion ¢of a gaseous mixture ,d
+

4

rents created by a temperature grodient are used for
purpose.Assume that a binary mixture is cofined in a co

shown in figure., 8.13 divided with a porous barrier.when the tempe-
ratures TA and T, are different ,the gas ficws from the cold part to
e hot.Since the ilow is inversely proportional to the sguare root

o

of the molecular weight more of the lighter component flows to the

not part.dence the gas flowing through the membrane to the hot part
T 1

1ight component.The elementary separsation iactor

wherey x',x" are 1ight component's mole ¥raction at ho
wall,respectively; X is the mean value; Hlis 1i
ta diryusive molar velccitys §¥is the mean value



diffusion constanty 4',0" are the teunperctures of hot and coid well,
respectively.Although the therms!l daiffusion effect wes discovered

in 1911 by Enskog irom the kinetic.,Theory of gases,it was confirmed
experimentally by Chepmen in 1917 (26),

Fige.8.1l3 Schematic disgram of the thermal diff, process(40)

But it still stayed a scientific curiccity untit Ciasius anda Dickel

Q

eveloped their thermet diffusion coilumn in 1938 (2).the thermal gif
£

=y

usion column is illustrated schematicelly in

i—-"
2

ig.8.14. As 11 can ea-
1y be underszooasﬁ ght 1sotope concentrates near the inner(not) cy-
index which is &s closce as possible to fhe cold surrace, The opera-
tion pressure 1is near atmoespheric pressure, In the therpat diffusi
the degree o1 separation aittzined is much smelier than that of other

diifusion processes.

Be2oede GAS CENTRIFUGE
tne t1 known centriiugel force per univ volume
which 18 directiy propcrticﬂai to the mess the componentS,Llt 1s
e

ineviteble thnat a component heving greater mass then the other i1s
8]

pushed asiae by & stronger centriiugal Ic

the lignt one.This pnenomenon is the working principle oi the gas

centrifuge isotope separation method.when & binary mixture is con-
fined i cylinder rotating zbout its axis with & high angular ve-
0

n a o] 1
city (see fig.8.15) the light and heavy components tend to sepa-
ght

stream will move near the center whereas the heavier one
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Teble 8.4 Comparison of Separation Pactors (26).

lsotopes UZBb U238

SEPARATTON METHOD

rking Substences | Sej

Ga seous diffusion

ur ‘ 1.,0042

min.power) 6
less diifusion UR = G 1.0022
i e o ("1lo *
(min.power)
Tpnermel diffusicon UFb 9
(min.power)
Gas centrifuge® UPg 1.026
A{min length)
% peripheral velocity 25,100 cm/sec, o
e most striking feature of isovope-separation plenits is the
lerge number of identical pieces of equipment due to low separa-
& P p
tive duty of the individual uvnivs.Ainother fasture of these pients
is the reguirement of a long time 1o reach a stesdy preduction,To
ive an idea,it can be said thatl start up times are of the order
f 50 to 100 days .knormous electricity consumpiion is of course
ancther important ienﬂ‘re of isofope separction plents.Therefore
the thermodynamic efficiency of these processes is very low.
Alloys of f1;CUsand 5 are chief meterials used in construction
cf the cemponents coming into contact with UF6 (37)., "eflon is used



, a
9. Unk PABHICATION TECENIQUES OUF U, SHAPSS

Nuclear reaciors for commercial power production cre mostly fed
by either netural or enriched urenium dioxide.bnriched uranium re-
actors are meinly of three types; namely,?*esurized Water Reactors
Water Reactors (BwR) and Advanced Gas Reactors {AgR)
ian heavy Water Reactors (CANDU) and some Gas Cooled:
G.C.R)use natural uranium,

(
vide powders being either natursl or enriched is nee-
a icient ceramic activity tvo stars the machiﬂing.
re producticn of cercmic-grade UU2 powders pricr to the fab-

n of pOz into epes is required,

Jele PREPARATION OF CERAMIC - GRADE UU, PUWDERS
Llthough there is a variety of other methods,two mein large-sca-
-l

riazl p“eparation methiods have been used,According to these

methodg,ceramlic-grade na a2l uu ana enriched UO are produced
from uranyl nitrate and uranium hexativoride,respectively.

As 1t is mentioned in chapter S,uranyl nitrate is the most sui~-

teble pure compound 1o produce natural ureniwun dioxice powder.After
T

@]
4
jos)

09

m
[
2
5
foi
Wl
<t
ol
]
ot
n
c
-

]

timately 1 1o 29“
ting the required particle sizes.

Ihe st&cti?g_materiai for enrichea UU, powder 1s obviously Uy
enriched in Uajbgthe schematics of proauction recute for enriched
~’02 powder is shown in rigure Y.l.The process siaris witn tne contact
ot Uﬂb with ANH, and steam according to the following reacticon.

aUfg + 2uH ¢ THO ——3 (WH,) 0,07 + 12 HF ;
where (I )ZU”U" 18 the 81.C nium dlUiahJLe (ADU) which precipita-
<
1

tes as a yellow precipitate .Then the ADU is trensierred irom the
precipltavion T2nk in which Uﬂb is held at s Lemperature of well




i
-
Fossmmner

P VUV Y
§
h

i

’“3

-
!
Ny

QN\\
h\“\w ,
T
S

,—}/?'aé’ f/ ClrFY

t
jres s i T ]
b K !
ﬁ_? ¥
!
1 .
i .

s
s

p
P2
14

/

L

% [ g; tion
i e e
o ! ey r()ff‘i}"
f E
/ |

,ﬁ
;

-y

Pig.9.1, Flow sheet for the menufacture of cerzmic-grude uranium

dioxide (2)

veloped for obtaining UOQ from urésln this method.uF6 in gaseous
; ; ( ; : 2O~ :

phase is brought into contuct with steam atv 1307C znd then with
hydrogen and steam in the ratio 2:1 at 50°C (8) follows:

This and & Variety of other uwethods including hydrogen reducticn

of UOq nd UBOS , oxidetion of uranium metel have be gstudied on
an por mental scele,but none of them has been pul into large-scale

production.

C'.)

U0, powders for ceramic use should have a very fine perticle size.
. individual parulcTCS of U0, varies depending on the

f the higher oxide and the reduction temperzture.

<2

o
tion temperature increase resultis in the larger si-
c t

_S
©
C

n can easily be observed from Iigux

tion.The narticle si
o)

e is important when
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“Cerazmic U0, tuel elements cre febrd ooted ; £ nni
eramic u02 tuel eiements cre fabriceted by = number of techni-
gues such as; cold pressing and sintering,hot pressing ,c

o0 s C

der extrusion,vibratory compaction,swaging and hot exirusio

9.2.1 COLD PRESSLNG AND SINTERING
tfhe most widely used svechnique for the febrication of U0, is the
cola pressing fallowed by sintering of ceramic- -grade U 2 powders,

Tne process is as 10llows.The powder is first trezted with an orga-
nic binder such as polyvinil glcohol (PVA) in order to get the free-

Tlowing granules.A lubricent,such as hydrogenated vegetable-oil lub-

_

e N R Eop - : s 3 2
ricant (sterotex),zinc stearate or stearic scid ;18 alsc blended in
Lhe memd o £ o s s . . -
the powder.ifter blending,the bastch is trensierred to = ccarse mesh
screen and given & preliminary drying at 70% (2).

e 27 e htea 3 s Life

Grenulated UU, obtsined by forcing the dried batch trough a fi-

b
T mesh sieve is fed into the pressing ap

ne paraius.’ne press is do-
uble-acting,that is ,both upper and lower punch move to éxert equ-
al pressure

on the powder from top to bottom.lts punch faces are
e out of tungsten carbide.The compacts are

€
t ol

pressed o b0 to &5 per cent of their theoretical density(37). Le-
b d

fore being sintered ,the compacts are hested in a rlowing CU, at-
mosphere &t $00°C for 2 hours (43) to remove the binder and lubrie -
ent.Pellets which ere sintered partly during dewaxing are fed in-
0

wum-wound hydrogen atmosphere iurnace and sintered,

I...l.

len
sintering Operation is performed in dry hydrogen atwoophére n
N e of 1bOO~L7bOOG (3).he density of the
to a great extent on temperature,pzrticle
e powder,compacting pressure and time,
Figure Y. indicates the efrects of these variables on product.
Some data summarizing the sintering capacity of JO powders ob-
tained by ditterent methods are shown in table 9,1.Un sintering
non-stoichiometric ursniuvm dioxide in & nitrogen atuwocsphere,high
amic densities were obtained at a sintering temperature of

‘tects of diiiferent aimosphe

@]
o~
P
(

St
-

b

51
vreniwn dioxide is obvious when the data on table y.Z2

toichiometric vraniuvm dioxide 1

9]

i
n

- i 37 T - -+ b y v Y7
ved,.wnen tThe non-

£
th

sphere at the same femperature,

Q

0o
ric U0, can be rvecovered.Sintered uranium dioxide csn be machine
t

ox [

the suricce cracks

e

ES S ey oo -
th a tungsten car-
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Jeded HUL  PREESSING

fne pressing results i1n compacivion of powaer since tne appliea
iorce coumpresses itne mat el surrounding the pores by slip defor-
mation .Pressing at leOOQ in induction-heated graphite dies =&t
8500 psi has procduced compacts 95 % of theoretical density(2) #i-
gure 9.6 compzres the 10 m e hot pressing churccteristics of
both American UOZ and British Uf2‘13 with cold pressed and sinte-
red U0, 13 It is easy to sece thet the maximum dcnu*ty of 10.25
g/cc of the British oxide is approsched at 1400 C and above 1800
°¢ the density agzin incresses slighty to 10.55 g/cc (4).

oince the hot pressing eliminstes the shrinkage of the objects
on sintering,it is used to produce long rods,plates end other ob-
Jects with accurate sizes.But tnis method is rarely considered
owing to the fact that the recciion between the grephite die and
the surface of compact causes differential densification.

xide
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Yedo4 V1BHATORY CONMPACTLON

In the VLJTdtOTy compaction technique,ceren 1ic-grade Uuzpowders

ere placed 1n a tubular jeciket unit and subjected to & vibrational

Vibrations can be produced by either an c¢cctrodyndwlc shaxer
or & pneumzilic vibrator (see fig,9.7).The tube in which blended
fuel is placed Serves as covering for the fuel.,%he fuel material
1s added slowly and initially vibrated at low levels (less than

leration),while the vibration frequency range from 500

1
to 4000 cycles per sec is traversed rapidly(2).4ccelerations up to

e
1led(10).%0%al time required to Losd snd densify an 8.f% rod is
¢ 2).U0,, powder in stzinless-steel jecket can be impac-
200°C in & high -velocity impact muchine(Dynpek).
of theoretical density is obtesined.

e amesor sy

SERT—

rneumnatic compacti
fuel units (
%




JedeD

'aging can be cold or hot swaging.lhis metn

cting UOZ powder in tubes by hammeri 18 . HL

o
pa rst o
de U02 powCers are clad with stainless- steel,zircoloy snd aiumnini-
11 n ‘
h

uim alioys successiully.ln fact ;canning the ur
T

cperation is an important advantsge of this tec nigue .,
By cold end hot swaging methods powaer densities achieved are
listed in table 9.9 and Y.6 according te verious clodding materiels

and swaging temperatures.lt must be added thet
of powder, the metal sheet deforms only slight

ness increases,The weall tnioxnégs, elong

and cold swaged fuel rods as a function

£

of Uranium
Var¢ous

Table Y6
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C.Z:0. HUY  EYTRUSION

Het eftru51on represents an interesting tecnnical accomplish~
ment besiaes a promise Ior low-cost high-gue 11ty ceramic fuel ele-
ments o Hot exirusion method is composed of tollow ing steps.

Urenium dtoﬁ‘de end clsdding maverial which could be tantalum,

mOlbecﬁum,alfC&lOy and stainless-steel are hected separstely.lhe=-

ir heating temperatures are opbviously different since high tempe-

ratures give surilcient plasticity to tuel whereas canning materi-
m

1
al can not bear the seme temperatures.wWhen tne plestic equivalen-

e
cy 1s obtained between UUZ and cled,co-extrusion is applied,ln or-
der To supply the adeguate strength to clzdding material ja heavy

h
>essarily provided outside of it.lhis
nitric acia application.'the iuvel
aeneivy o1 yy-100 % o1 tTneorericel,
a uniform outher surfsce,but the clad

) s
‘dinner sgurface is rough and has acn-uniform wsll thickness.

1
e y 0 e
bolla casting is obtained in the plesier and taken out for drying
end sintering.
"Wibratory Compacticn®™ can be conmnccted with sweging or isosta-
tic pressing to get a dense product and clad having less damage.




aspect of U02 manufacturing due to the

nium diozide 1s one of the heavy metal compounds be-
on Since uranium oxide is & radiocctive com-

harmiful if inhsled.During UO2 febrication adequate

lon and recovery procedures sre of vitel importance

ing the health of the workers.,
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UCHTON POSSI BILITLES OF TURKEY
On kay 3,1955,the wWhite House announced the approvel of a propo-
sed agreement between the governments of the Republic of Turkey end

the United states for coope ion in the field of research in the
peaceful uses of atomlc energy (44).ln Turkey on June 10,1955 ,Pea-

ceful Uses of Atomic lLnergy Agfe ment was approved by the law o,
0864 ,and luter moditied by the law io.31l( on July 17,1961 (44).
The Turkish Atomic Energy Commission (TAFA) was esteblisned by
0.6821 on September 4,1956,snd wes attached to the Frime
kigis-er's Uffice TABK on iarch 6,1958 decided to establish a 1KV
o , Y "

Kiguk Cekmece,lstanbul,

S

carch resctor
al and (ekmece Nuklear

C
Oopened,ithe center inclu-

10,1, URANLIUM DEPOSITS IN YURKE

studies of uranium exploration and research in Wurkey is under
the responsibllity of inerzl Resesrch and Ixploration Institute
which is called HYA for short.ln 1935,87A was founded by M, emal
Atatlirk with the law Ho, 804, As 8 result of reorgenization in L2957,
Hedicactive and Rare HMefals Technology Servicés were also prought
under the ausy A A,

Uraniferous deposits in Turkey according to the first results ob-

1

tained end reported fall mainly into three groups (44),
it ot crystallization of secondery ura-

o
H
®
0
I~

i. OUre appearing as

nium minerals,




‘hese are composzed ot = coondayar

i A €
28 Leta-zuthnite and sutunite which ere mzinly composed of
es.Since kasar uranium ores sre di sgeminated in neo-
ciments,its grade varies from 0.052 to 0,0L % U Ugld>).
Serve in the feintitas locstion is assummed %o be an
on of the Kasar ores,The thicrinesg of the ore being

cund ana having a lense shupe is ebout 1.5-3 metres.

il. Tagharmen ores:In Tashearman conglomerate and tuffite or

e which is g p;cspﬁ:ze winerst,Yasherman

s
res are aisseminzted in Tine sediments ."he grade of the
o

served, Ursinum beds
are in local Fukili Tormation conteining tufr ,gypsun,pyrite and
sznastone layers,Tt is poor in wurenium content 0,029 % U 08 (45).
3. Aydin-Kogarli-iucuk

- P e s
The crystaliizsii

o
- Menderes massif,"he grode

e
KTA report are as follow
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vea waters contein about 2.3 ppb urenium (49). 'Uranium in the
scluble don complexes,The

tant ion ccmplex is tricarbonatoursnilate by which 98 per cent of

total urenium in sea woaters is included.bBleck sea does not show dif-

m
®
3
]
®

P

[
O

N

.

ferent characteristics in this
Black sea sediments alsgo base of Black sea
~hes a depth of 2000 m,and an asrea of 150000 im~(51).5lack sea se-

6f 1 m,deep contasins

o ; n 51)
entist E.T Degens:e.7 million tonz of urenium s1(46) Jranium
in Hlack fea sediments was formed by microorzanisms in HZS medium,
Carrying out the scdiments and extracting urenium cfficiently
constitute the initial problems to be surmounted.lt can be said

that vronium production  Irom Elack Sea sediments witl not  be

cientists on Atluntis 1T, en American ship,

s
hat Black sea waters reaches iarmersa seéa &t & rate of 6100-
1 T

On tue
cations wne
from world seas end prepared
o

one of the loczti

m £2liack sea ceonizin
e

C uu_ﬂg)

3
H
T

m content are taken into cons" is easily

u 1
said that 5.6 tons of uranium in a day posses ©
r 10

Jnder the light of apove concepts,tabl 1 summerizing the ie-
avures of & possible plunt has been preparcd.ixpected cost of lkg
of uraniuwm producea in this plant is cbout 93 $k: ccording to 1979




o
pus

Teble 10.1 Bxpected LYechnological Charccteristics of sn Uranium

Production Plant to be Cons
(49).

nsiructed on Istanbul strait.

Frocuction caps

o
Q
-
ot
&<

1.4 tU/day
g 280 million m>/

o
ot
[0}
R

fmount of sea wed

us

[4¥]

surface reguired lOb m©

pccl number 60

volume 4.2 x Lob mj
flow rate in pool 2 m/hr

e .2 X 104 t

ontent in the séz wster o pub
o RS, i S—
Yemirkopri dom is located =% the region between GSrde €s,Denirci,
Selenail end Hula.itv hes been determined that the most important

e placed at the same regi'h 1t
has also been known tThat uranium is one of The mobile elements.
¢ the water samples tsken from
u t,15ppb ureniumn (4Y) hes
been found.Since 3c1 V”Oprﬁ-ﬁam passes aproximstely (00 miliion m
ith an etfficiency
-

e
The energy equiva lont
drazl energy obtain

of this amcunt of
c e

n be greater than the hy d

.

¢ &cid producvion is 400,000 tons

; : A o e RN P e 1 . SR S
phate reserves inclusive of the prospective

reos S 0f T-21.5%% EZOb,and the
cmount of is 0.02-0.002 % (44),

~86~



acid

produ

1m Tk

e,
tarited in l9sn.Then thne produ
1, (s80 tons LAY /year{@b “h

duciion 1rom Turrey’s owi

noric &cia-1s 8{ Joswniie the effi

tio
‘ne smount urenium ending up in
ci
is about 93%.lt can be concluded %

ency of uranium gsin from
hzt vrenium gain as a by-
ct of phosphoric acid production in Turkzey constitutes an
tent reserve (see teble 10,.2)
Fable 10.2 Fossible Uranium Production
from PEO_ in Turxey (46),

YEAR ton UBOB -
average

1979 01

1880 109

1981 125

1582 133

1€8 125

193 135

1585 182

1986 201

1987 and future 213

Toundaltions work with 60 % cepacity

hv techtenic movements of carth's crust
1 4 5 { = ~ 3 4+ g -
such that petroleum changes its place and I.lows 1InTto The cracss
Pae 3 U W LRI R P i R W S e R 3



of rocks.ln Turkey,asphalitite resources

s

(T
[éA]
o
gt
3]
i-
¢
£
<

ons,which contuin 100 ppm urenium,
Some important metallic minersls contsin uranium as impurity.iwo
minerals express this property in Turkey.'he first minerszl is thori-

um end rare esrith metals found in Eskigehir-Beylikshir recion,which
4

,u

(40) .Second mineral,although found,in smzll qu
£0.73 % Cu snd 0.195 % U,0, (50) in Ugsk-rakila
-

eble 10, 3 tnalysis of TLignite Ashes (50),

REGLON . U308 )
Afgin-Elbistan rere
Beypazarl 0,0010-0,0025-(.0040
Bursa @ Orananeli-Burnu 0.,0060

Crhaneli 0.0040~0,0090
Keleg-bavutlar 0.0010
| 0,000
1y 0,903
mélrne-Pemirnanli 0.0025
Golbagi v s0010-0,0020
Brzucun-Hinis | 00420
. Kitshya-Seyitdmer 0.0013
Tekirdag~Saray 0.0050
soma :BEL 00,0110
B2 : 0.0120
Siirt-Jirneak 0.0200

10,3, URANIUM BEXPLORAYLLON LW YURKEY
wffective vrenium exploration efforts in Turkey started after 1957.
At the beginning MTA car ried the expleoration projects in cooperation
with some countries .M1he purpose of these studies was 1o

nersonnel about modern exploration technigues as well 25 to explore
t

anadien Aerc Services Litd ,Uttowa,

A A . T “= { fTor mouoneti ~ra vadd = —
Cansda snd MTA on Jenuary 11,1960 for muéﬂptlg end raediomeiric alrbor
ne sxnloration covering sn area of 140000 km~ numely the Aeg?dqgthe
Central Anatolia,snd fagt Tourcs regions(44).Reports snd contovr maps
were completed in Decembe L1960,
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