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SUMMARY

Technologies for the fuel kernel preparation for HITGR by wet process have
been reviewed. Kernel with good sphericity, uniform size and chemical
composition can be prepared by wet process. Sol-gel preparation is based on
four major steps: (1) preparation of a sol or of a special solution(broth), (2)
gelation of droplets of sol or broth to give semi-rigid spheres, and (3)
washing and drying of gel droplets, (4) calcination and sintering of these
spheres to a high density. After sol drop is formed, gelation may be
accomplished by water extraction or ammonia gelation. Ammonia gelation can
be accomplished either externally, via ammonia gas and ammonium hydroxide
solution, or internally, via an added ammonia donor such as
hexamethylenetetramine. Review of general sol-gel process and of specific
process conditions in the three different processes have been conducted, to
establish the basic knowledge and to compare the advantages and

disadvantages of the processes.
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Table 1. Status of Development for HTGR

avr | Peach pgon [ FOUSE T TR | HTTR | HTR-10
bottom Vrain

Country | Germany | U.S.A. UK U.S.A. | Germany | Japan China
Test
period 1967-88 | 1967-74 | 1968-75| 1976-89 | 1986-89 | 1998- 2000-
Fuel type pebble tube tube prismatic pebble prismatic pebble

bed elements | elements bed bed

(Th,U)C,,
Fuel om0, | (thnes | vos | TRUCY | iy tyo, | vo, U0,
elements ThCs

U0,
Thermal
power 46 115 20 842 750 30 10
(MW)
Power
density 2.6 8.3 14 6.3 6 2.5 -
(MW/m™)
Helium
pressure 1 2.5 1 4.5 3.9 4 3
(MPa)
Inlet/
outlet | 270/950 | 377/750 | 350/750 | 405/784 | 270/750 | 395/950 | 300/900
temp.(C)
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Fig. 1. Types of Gel Processes.



Table. 2. Characteristics of Gel Processes

Characteri— Process
stics | (8] i W% V[9] Vi
Type of
) Internal Internal Internal External External External
gelation
) Agqueous
Sodium Metal salt |Metal Agueous |Agueous )
- ) ) solution
Feed to silicate solution + |alkoxides |sols sols i
Wi
gelation |+ acidic |HMTA and |in organic |(hydrous |(hydrous .
, o . ' organic
solution urea liquids oxides) oxides)
polymers
Slow | ) )
) ) ) Hydrolysis Reaction |Reaction
Gelation |[formation|Reactions Removal ) )
) - of metal with with
mechanism |of silicate |of HMTA ) of H20
alkoxides NH,OH NH,OH
gels
" Washing;
Difficult or ) Prepara-
Washing: | Prepara— | Thermal
trouble— ) tion )
Control of |Disposal Prepara— |tion of decom-
some ) 1 (or cost) | .
gelation of liquid tion of sol |sol; position
process of feed; ) )
wastes } Washing |of organic
steps Drying
polymer
Solutions
UO2(NOs)2
i drops of
Sodium —~HMTA- ThO2 sol
o , , UO2(NOs)2
silicate urea Si(OCzHs)s | ThO2 sol  [drops in .
. . . . : . —polyvinyl
Typical mixed with | solution in ethyl drops in  |NHs gas cohol
alcoho
example  |Al2(SO4)s— |drops alcohol 2-ethyl-1-|over .
) with NH3
H2SO4 into hot + H20 hexanol NH4OH
over
solution trichloro— solution
NH4OH
ethyene )
solution
UOs or )
Product ) SiOe ThO2 ThO2 UO2
. S|OZ_A|203 UOZ
composition glasses spheres spheres spheres
spheres
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Fig. 2. Application of Gel-Sphere Technology to Fuel Rod Fabrication.
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Fig. 3. Coated Fuel Particle.
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Fig. 4. Solubility of Uranium(VI) vs. NO3 /U Mole Ratio.
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Table 3. Typical Results of the Chemical Characterization of the UO2 Kernel
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Fig. 7. Simplified Flowsheet for External Chemical Gelation Process.
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2 8 B¢l HMTA #7Fst7u, (3) ADUN &< HMTA
=829t =5 HUtshe WS AT =e FUbske A2 akE wel 2
o]

M, 1 kg HMTA®] sl 05 L5 H7Fgo.

$Eol sk HMTAS ureadl & H]&= 075004 23714 thekstA W&ot
[30-33]. 28]y} HMTA F=7F vrom Ak 17 AAEo thA] FRo|=io s
Y= Ado] i, HMTA H%7F UF Zow ¢ zZ& =7)9 24 +71 ¥

BEe F5 AHo Ax %Xéoﬂ/ﬂ = A7F g E

2) 4 ¥y R A3

5 ~ 5C WAR FFEANS PIE o §3A RAFAR o] o]
A3t 2719 AHe WAAA F/18H FHGG 2L F7180 Sl
HMTAS B% %7} urea- ek o &9 39 Helg 2 w3 w2y uio

ol x o] AzlFrt Urear urea—formaldehyde iEAE A ste] HMTAS £33

Hrot uAFE A7 E5S FE 9%S A "k dae A7 F

£ 271 SaiA o FHR Fr18met 2ollA Aol E Bl A
Sphere-pac 8¢ 7}%% A= 3 7« A719] mAF7E Zasith AY

2 A7)+ 800 ~ 1500 mm, S = 7]+ 100 ~ 400 g, AL 22> 27]= 10 ~

70 m7} 8-

7h 2 a71e T Az
A z3t7] 913 KEMA &

1 g x
NME F/IGS ol §3tel FFEAL mATel TR TNRAVNA A

< 14%, Shell Ondira Oil No. 33(20%)¥}
el AWEAZA(0.02 vol%)E 7=l
=

1 WAgH. o] oz g4

O

i
i)
M
rlr
>,\1
o

g 95 gEEne] EEBAE 6 molth AAEES {7180 & Soizt
W ook 10 2 olle] AR 25 BAXE A A FHE Jepdo,

TEUAE sy e G718 deEe A el gl 7+E o
S 7] 98 nE=rt Zas)
ARk Agh Lo FwEA] gholol EHr] wjitol xﬂﬁy—iolu}. v 2 TCE

| 87ColAT 65 ~ 80T LEWSolA ALg5T,
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perchloroethylene®] H]H-2 121Celtt. + 74 f7] 8w 25 ddstal w1z
v A5 45 F Ao a2Ey FHAY A= TCECA
perchloroethylene> VAl FZ5E 47 3ol AAT 5 Q7] v FHo]
Ao, HF AAAEAA A4 FFEY 2dS> HEUA
ethylene®] @2 iAoz & WEE Zke Fo= IF
L7F 155 M o]/o] HojoF BAE = dASo] #F7]&m A
=t

F71 &l Z 85 ~ 95T ¢ silicone oilo] 291229 EIRoA AF&EAth Dow
corning DC-200-2 100 ¢S silicone oil® H]F©] 0.9, 90TCelA el HX=+= 36 cPo]
ok olef ol we HAxkv 9 HEE AT, SR ASAIZIT AA
EIRo A A AIgF vl Al4-2] Reynolds No.&= 10 olgt= &3 7 5= A
o2 ®asta At} Silicone oil®] G2 HFE A E] silicone oildl 23] 2

Qe Aol

W) S+ 2719 A Az

100 um AEo MAFE Axs7] 95 KEMAOAE BAlx-Z =
WAE7E AHEEAT 7] oA FAE S 8 Udor EAste]l 80
90C <] DOBANE PT12(aryl-substituted branched aliphatic hydrocarbons)?ll
ol E #AI=ES AMEStAE REHATE 40 m A= wAFE] A
Hi, =& 9 5 kg-UOyhrE Axg 4 Ut HHE718 A}
0 m= FAAZ 4 At} Paraffin oil®] =7 AAE v AF+7F 21732
NS THEF T8 7] widol paraffin oil2 AFESTE Q3 o wAFE

7] ARAE BE mFol BASAW AL &7 oF-fA wFol FAR

ofo
gL
)
e
N
_\EL
>

th) Ze A7) - Ax
10 ym 2719 YAES A7) Y8 KEMASI A= 3Hemulsion) 7]
= AFEstdth R8-S BAHE ATV H s AR =& HEE A
+ 0 ~ 5 T9 Freon 113 g§wjel Al wwkstir F4FAI T} Freons 40C=2 7HE
st 7o Aol Aozt o] E3ES 60T pH 959 dEYols= Hul H
Aol 45T Freons A7

2B A BN, AR GRE

Moo Qi

flo

RN

rlo
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REE AT FHE, AR, PAOY Fol ddol BF £
Sl Freon 113% AHEHORA 718002 AHste 24

=
o1} HMTA, urea, NH/NO32 AH, #Ax 9 AZqAe FAHS Iz &

Ao Al wEalE A, YA 95%E Al A 3FEHE Zlog® B
A T oetol A whg-akx eka dolgliE HMTAS Al % 95% olstz 4
Hrh A FHol 93] 34%= HMTAS A= HMTAZ Ast 34 Fo &€
dE Yoo}l formaldehydey}e] wEE-of ]3] AFAdE Aot}

2k Azt 2t ] AzxHE vATE EFYEE dHolt FHE FES
A7da71E zka Q7] Wi E& A =
NHANOs;, urea, HMTAE A H A 7]1A] Zgt) olest 52 Az &4 B}A
A gtde] AETh WY EREWE FES AAAVIE T8 AA ures,
HMTA, NHNOs&= {7 Al 2 #o,

KEMA sAelA = 40Tl 1 ~ 2 AR &< A E R oL E(pH=85)%
FF Z5S ol &t AFHH, {7 8vE AAS] & ANSGAE Hbe

ot NHLOH= Al H3t7] Aol 718 & AAsH7] A8 CCLE AH&38H7] %= gt

NILOH®] pH7F 85 o4& #4571 18] S2¢ Fol NILOHE A§dth 2
E2 AHY W AAG AEAL 2W5] A pH 2 | soF @
o2 FEY ARES T TelAl

Lol A AlHE= AS Tl of
v A F7F A E o] A R o AR galEA
CAIF e M = (conductivity) & SAHMA AlH ] WY =S A g
az1e]l 35 AHAL we v HF SolAe] HiF EE(channeling) & T2
& 60T, pH 9.6 R Yo}
AbEET AR Aoz RE 22 A7) HATE BEde e oyt 9

G nATFEA Y GHE ] W] A %o

L

rlo

i)
)
of
o)
kI
©
M
)
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4) A=
AHEE = mATFES F7IEA7INA oz RY 170T7HA A xght
AETAHAAE AHNT F8d vAFEe] Edol(tray) ol FolA =i o
s WE HxV)oA dzdch Axd FEL2 54%9 tadS 7HAH, 10 ~ 15
z A HATRY] FEES oF 1600
2o 8IS B0 ¥a 170ColA dF wob A
g3lo] F7]2 AAsE 2 7HA dx WYl o

H, Az FAgolM Tl A dvA gAAAM = ddo] T A =t

=<
o>
o
o,
2
>,
Lo
ol
b
o
[
i)
2
=

g AE= ofghe Yol 9l
Th 1973 Hoare] ojatd A {rlEAS AAS7] 98] 450T ] F 7917
o4 200 ~ 300C/hre] 7tE&E= stastal, SAE97I= Ay A 10 ~ 65 T
/min®] 7tEEER 1600C7HA 7Fd ekl 6 A3 &b sk dvt. 1y 1970d
T HuAe ostd, A& @AZE gla, F7IESTIAN dxd FES AF
N>-20% Ho #1714 1400C= 7k &3t

Az F, vATES No-Hy E37F2 917104 500C7HA] 7k &kaL, 1600C
o] Ny-Hy $d&971elA AZsth a4 U0t AlxE e 31s BR8] 9

A%FAAAE A= T BOTAA i TAE £AIR, o Ho FAAA

7=l AEHUA AAHL UOsE Feth $Hd2 1600T7HA No-He #4917

U(VDEERE ol g} UOsE <Hg3t AtstE &5 w5 & gl7] witd, 4 4
A £ 9% z271gdAA UAV)E o gttt Hojx UN
G R U0, &= W3el7] feir = Aoj= 5 @AY T85 AAF stH, o

1A o3 22 3 7FA A7 AT (1) UIV)+= Oy, nitrate, & 4F
stAlel o UVDE 2hstem £ 542 UIV)E EAsk= $2hweol 0.8 ©
sh2 Zraskd vwbdoh (2) A48 UOE 243t UOE AEA717] 94



(o3
L
o,
i
s
(el

t}. HNO3¢] amine FZ°| thal nitrate?] 37+ wxolA 2ol FAld
A HA EAE S5 AeiAe vF 3 7HA] Az e] x3HE o] Folof

gk (1) UdV)ell formic acidE #7184 ©

AstEE As a7

Ars AAsIA, 3) HATAHANAM ] 2= A7HE & zAStojof s F oW

A A A= AEFARGE A T A&l &olstth I

AL ALHFTAH AgetA e B3 dde 2HE 2do] golsiy, A W

K
S
X,
B~
°
(0]
2
I
T
M
o
N
2
2
4 OH
o2l
ftlo
N
O%
i
lo
fru
=X

o

Aolth, U0, wlAl+ A

T Add AgAT

1o,
&
i
Ol-ﬂ —1}\11
e

)
zx 2-ethyl-1-hexanol 3ol t]gt 7|4
stk At A7 200 me] U0, A5 Aol 2 g3}y,

1) & Azx
1 M9 urania =& Concentrated Urania Sol Preparation(CUSP & %)<
AFg3e] A FE G o] FAHAANE 1.0 ~ 1.4 M9 ZA urania 0] &v3+=

of olaf A AzZsA HEd, 7] urania & FAHANA 27EHAY 1A H

\

we ALdHAN, FAE =& Axs] A8 AEHAE 2719 G FE A
] FHUAE AAHAY HALSEATH3435] o] FHL 7]E AREHAL
e TARYG A Aoz dHAd 9oy, dukroz CUSP #4d 93 =
Aze AdAdol wi b §vlFE TN AArE urania SR AFE 7170
o At

Z Az NS 35 ~ 4 A AE AQFEY, nitrate’t A A T FE

)

Ejof s} wiel wjxl =Z7lell=

£
of
BN
o
Y

¢

telth & Az skl o
[e)

o gt} dE 5o A WA nitrate FEFS A AT nitrate FES F& HA
9Q0&e] Hasdta, 1A o HE FEmr Ade Hed dvsiyais &
AAAES NOs /U & v7F Ui golx A ok 28y Algte] Ui Zojxd 2
Lgh FEo] HAE A HAY Astrt dojuAl "t 23 & sotel &
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 =AEH, AdHow UIV)

7} U(VDE AL3}5

%k 3 Me|

o] 2w grjet & AW

Ll Tt

i

o] A

548 HNOsS 22 Ald e, o
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=

il
XV
i

X

™
o

=

o, &

1
T

1o], 814 HNOs

A A Bufoll 4ol EAH

T

bob

12}, 22} nitrate

°©

o 2 ~ 4% Ax FHw &

o

R

el Seh

ok
=k

il

T 8l

=

sk

HHor A

=

3 A =

o]

o] G Aol ¢

o3} = silica gele]vt
H

2) AT AlxE

N
R

Mo

CUSP

Z] o
T

1A U0, mlAlT-9] Alzol A Aol

RIS

]

=

z719] A

ARAZ Al

=

=

Aol A v AT

Z7]°] 3 molA 85 m%E =olH o™, 2-ethyl-1-hexanol 9

)

j
a-

oA 2-ethyl-1-

i

1=

Zlo

9
25 ~ 30ToIA 50 ~ 80C=E “F5A ATt CUSP ¢

hexanol 2

=2
=

5]

7144

=

Ko vz 2-ethyl-1-hexanol ]

2
A

w5 of 2

A =2
ot Y49 #dA 2-ethyl-1-hexanol

™

)
pyl

=3
"o

2 o

=
=

gieh. e
Axd 5

P
T

=

Azl wek W geba
»?—fﬂ—

1
T

tH, o W

1
. I
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°

Nz A7) R
=

=
=

[e)

9% =79}

L= AlZEe] whel W)
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b A==

]

SR A AT AR
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=
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3 Ax 9 a4

2-ethyl-1-hexanolel| )&= A A& AHAEH=Z ot Ax-424
TAL &y 2o AxTALS (1) 25 ~ 110T9 Ar 7F2EY 7o 1 ~ 2

AIZE E9E frAskaL, (2) 110 ~ 180°Ce] Ar+F3 719714 ¢F 4 AI7HE /4]

s T, (3) 180CMA Ar+FZE7I1 29712 1 A e A8t Az
2AFTHL (1) Ar 2917164 500C7k4 100C/hr2 7FE3kaL, (2) Ar #9117

A 500 ~ 1150C7HA] 300C/hr2 7FE s 2, (3) 1150C2] Ar+4% Hy &917]

TS5 AHEste 542 fFrlEEY AAE SAATNI] AF Ao, 24"
Toll gaTE doldls A WA Aot U0 1 g T AHSH = +35719

ofth, gag AANY] AL R FEIE g
al

ex SR N $FAFES U0 AN 28 A7 Fb Wrkehs
Aol Z9 EA4olA, 20T/ min ol 4e] F&F WroldE Fol P 74

U9 Atsh7t dojuvr] el 22" U0, +3YA= 100T olste] 37
71l A wEgAd o] Al gtk

Azt 223 A3 TR &% A FAE ARSI AxdE g
FH71e Ax71= 600-mle] o HZAW 7= Pyrexs 7he A AREET 27
= AP A7) o Fo AAH Y Ar v HI FF EdLARRES
FZ57] FF o] dAH Jut. 22 muffle furnaceol A Fvy =UUE
o]-§ate] Fast £97] £Ho] 7testEE Ho Utk

4) A3 8 Z24FA]
249 AT YEZEE E 4o YEATH AFEE =F9 WA
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Table

Column Demonstration Run

4. Size Distribution of UOs

Spheres Produced during Nonfluidized

Batch proportion, %, in each size range(um)

<125 125-149 | 149-177 | 177-210 | 210-250 >250
1 11.8 6.7 75.8 5.7 0.07 0.03
2 14.7 7.1 73.4 4.5 0.09 0.09
3 14.4 7.4 68.5 9.3 0.3 0.15

4 15.3 9.0 67.5 8.1 0.1 -
5 17.9 8.6 65.6 7.6 0.2 0.09

6 10.1 5.4 74.2 10.2 0.1 -
7 10.3 7.2 71.6 10.6 0.2 0.07

8 13.3 7.6 67.7 10.3 0.6 0.4

9 11.7 6.6 71.3 9.9 0.5 0.1

10 9.7 7.1 64.6 16.3 0.7 1.6

11 12.4 6.6 70.7 9.8 0.3 0.2

12 14.7 13.5 67.1 4.4 0.1 0.1

13 9.7 7.1 79.1 4.0 - -

14 10.8 19.1 55.9 13.3 0.8 0.1
Wetiztftl, o | 15424 | 10202 | 83562 | 1066.5 35.8 25.2
grazodotfotal 12.8 8.5 69.4 8.9 0.3 0.2

0.33 mmoli, £ FTFEEE 73 cm/mine® AEL 71elA gttt v8%E

zdstgd o, Az &3S oF 29 kg-UOy/day©] t}.

rﬂ
=)
=
-
Lo,
Y

100%; O/Ux= 2.003 ~ 2.005;

e g 2.

i}

= olgdkEe 97 ~

Y E(dma/dmin) = 1.02 ~ 1.03; g4 9 A 3

S 747y 24 ~ 60 ppm % 12 ~ 46 ppmo|Att. AELS VISR ol A7)
dol & Fglow, 7 Aol Aozl iAke] mEAA= o 10%E e
o Zd ohEAde v Aen, BUAe 8 ~ 400 mikg, Tk WEFE
cm’/ge WERAITh 1z 24" FEUA] SEM Mo F BY
= id 9 Eue] A%e ol & gk

HfEE AW olgdlt edel 54N $wE de glod, edEd
27 ~ 22%9°] EAol MAHYT. ol F EAL FURAVNANA AxE AR5
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o] A7IY FAE FA&7] H8 AEE AAYT] wiEelth
5= Adow gAE 2-ethyl-1-hexanol
|

o
= =
Azsts T4 dalA e ge dES

UTH TAE T

potential S =74 3slo] 2 .
(2) CUSP 34 ¢ds] 2474 FH= UdV)e s%7F 8% ~ 87% 1.0 ~
14 M9 U0, &5 Axst7] Ag 34 F4o|th H]i’@ gk gejeh
b 9}3‘11 Hi A ZE Agn] Al Aol 718

wjoll efztel f-ehw Edol v w2 HA dATHY, £ Az FEL 92

)
I
do
ot H
ol
i)
uito)
lo
Mo
2
o
b
-z
v
12

3 kg-UOy/day®] $2tHS "9 A

Ak ¢ Atk ZAR wZolA e EAVE AAAR HA AAL AL

o1 2-ethyl-1-hexanolx %4353 AE|2 Aa3sto] 7539t Span 80 oF
2

0.1 vol% ALk F7bste] & B vATE d& 5 Ao, 7Feed 96%

4

(4) =8 F3k A7) U0, "AlT-& Axst7] §13 CUSP Hlf&3 2 ¥
(3]

o
g7t glon, #ge] Aoyt dEdd AR o= HE FE&HTh {7 e
=43 & AUHAES A3 S
F TEFEAL 05 ~ 08 M [U], 50 ~ 300 kg/m* THFA, 5 ~ 10 kg/m’
Methocel, 0.2 ~ 1 M HNO; 402 FAEch THFAE £ ALE
Al 713, Aglte] E3S FH, A= do] 4o o] FAGEEE o2 RE X
&gttt

U0, MAlTE Fau Ar-4% 524 297164 200 ~ 300C/hre] 7Fd4=
1300 ~ 1350C7HA 7kdstar 1 Al A% fFA3A o] & x o] 96%0] Ad3)
T GAE S F dor, BVR%Y oEHUEE Ze dAE AV fsiA=

1600CE frAlsfoF .
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sk}, 182 gd2 15 g-Wisprofloc P& 2384 150 mlE "=, &4
ol ghRYolgo Ao w wWojryu, 1 AZE Fk A4Sl BR AlHT
T A Axge. AdxE mATE COz 9714 850T(50TC/hre] 7HE &
= 3 F, F2ES7IAM 100C/hr SRR 1450 T 74 22 gl

1 g-UOFy/ml 25mlell, 3.75 g Wisprofloc W, 10 ml formamide
5 kel HF 9 45 mlE WhE F o] ¥E 89S ¢EUolo] dxow W

otk golgls A wATE AN BHM A F geo] TR

KFA 342 33589 Az 98 PVAE A&t Ast &0 2 Ketones
ALt FEFEde] AR 502 kg/m’ U, 160 kg/m’ NH/NOs, 240 kg/m’
urea, 3 kg/m® AW EA A (Atlas G 1554), 25 kg/m’ PVAZ AU =49 <
TAES #19 AxzWHoAA PVAE AAL Wiel tigd A5 Tk
MEd wHow 15 M U, 1.1 kg urea/kg-U, 550 g-NHNO3/kg-UE Al-&3t=
WHelth o] &S JHESA ureals EAIA &4 HF pHE 36°o= =4
gt} A S gdE Yoo A A8 A7) al, 60T, 7 M NH/OH oA 10 ¥ &9t
A 713, EEelA Axd & 600 ~ 700TCo|A sFAaAl7]aL, 1800 ~ 2500TC
ol Al AAsH 200 ~ 300 me UO; PMAFE 45 4 Ut

HOBEG #+#49%2 UN, PVA, THFAE X33t H7HAEY 22 A9
s FAE AFEEIA 1000 ~ 2000 HA/mine] HE=2 HHS AAste] 0.2 ~
03 m Zole Yol 7tAFS THAIZ F FEYolgo A AsiA Y, ol &
ol yol=2 Al F 3}l isopropanolZ A7l F 80T HFoz Hdzx3ir)
Azxg vAlTE 300Ce] &7 7]lA shaskal 1700C a9l 71el M &4
gt 200 mm =719 UO, HIAlTE 45 F dom, oju o]8d=e] 95% A=
LER T
GA°lA UO; MAITE Alxst= HHS UN & A 9 AsiAE H7t
A Fm Yol A7l A
Aol A F=HHa 6 FAY FFrsg AdA AHF F 4
= FHstHA Eo] FEET olFHA AxH WA= wpo]lAR T} dxT] ol A
34 delE dxdd. dxd AT s 600C F53 whE7ldA shaistar,
< 1

1700C= 4423t o] vAl= 200 ~ 350 gm

il

rir
il
o
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o R Ast A
KEMA 45 AR&aiA o829 99%0l o=+ g 78 JA&
AzsAqtk CeF Cle] 2 10 ppm "RbolloH, 55 EEES AHEHESE
et wE 3 AR &9 F FESQ AT 340 ¢ UOyhrg &4 AR L.
™, Pettenoll = W& AldolA 500 kgl & 755 A
Julich®] KFAdl = dA2 AmE s Aol o8 /s
4L KEMA 434+ v& #3olA 4= /dsiddeh. UN &oel ureast
HMTAE 24 Fel= & vzt 2447 203 230 H== H7isigdn. o] &%
S Y74E olF-fA &S AFEEA 0T=E FA ¥ paraffin oll2 F Y gy,
AT E 25 EH NHINO;, urea, HMTA 55 AA3L7] 913l o2l Az F<t
NH,OH= A& 3}al petroleum etherE AF8-3A4 paraffin oilS Al # skt}. A3 9
rpA e A= CO7b EAI8HA] & E91710A Fastolof gt o= UVD
carbonate 2 el FA = Fst7] A

S 2
= T

Table 5. Pilot Plants of External Chemical Gelation Process

Process Site Kernel composition Capacity,

kg/day
SNAM San Donato Milanese UQO3, ThO., (Th,U)0O: 10
SNAM Casaccia, Rome, CNEN PuO;, (UPWO; 3
SNAM Springfields, BNFL UO; 20
KFA KFA, Julich ThO», (Th,U)O: 12
Harwell Harwell, Berks, AERE UO,, PuOs, (UPWO: 17
HOBEG HOBEG, Hanover UO,, ThO,, (Th,U)O, 18

NUKEM ThO,, (Th,U)O: 60-100
GA San Diago, Calif. ThO, 240
GA San Diago, Calif. U0, 24
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oA T0C7HA F71 & 710 Axe &, vATFES Ar-4% H,E =9
WA 1300C7HAl 7theta Fde B2 5 AR ek A o] dHew
AzE vAT Ao A7]= 100 ~ 900 w7k AxE 4 ow, HaHo=
750+50 gm, 0.7%2] thEA, o] EW e 99%E A& & du T A7 dA
=gy AAS AFEEA] 250 m 2719 AE w2 100 g UOy/hre] 52
Az 4 Ak o] WAT YAELS 1200 ~ 1700TCe] 4 E7]dA a9}

AT o] B W] 98%E zri= 21030 me] YAE Al
Karlsruheol A+ Z$&dH AF2dAE 100 ~ 1000 me UO, "A+=
=

sttt FE8H> 3 M ADUN &9 & n7}

BN
ok
Sl
30
iy

HMTAE AgFstAY, HMTA/urea”t 1.0Rt AW o] 4L Aty 38§
o2 paraffin oil-perchloroethylene &3rjoll #EAMA] 7] &gl o] H]F2 85
97ColA 145 veRTH

Azd vAT dAs LdS AAS7] el WA CCLel Al =38k, NHNO;,
urea, HMTA G& A|A3t7] 98] NHOH=Z Al ghe}, AT 3 7]%917] <l A
A Z2 AFoeR Axstd No-8% Hp w9174 300C/hr X2 1400TC 7k
Al 7kgste] 3 AIRE B9 Ao RN A W FdS FYPsrh o]2E R
99%7MA] A& o, Co FgF2 200 ppm W Tkolt) gk 1200C7HA] A4

o
el ol 2WES] 96 ~ 98%7HA AL & Ak,
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Table 6. Charactenistics of the Kemnel Fabncation by Internal Chemical Gellation

Transursnnam
BARC[34] CRKL[3T) KFA P——
kel materinl T, L0, 00, ipaT
gl precapitation iitemal iribesmind intecraad ankermal
aquemas sahadion of | agoeous sohdion of | squeous solution of | aqueoos sobabion of
hroth composiion varariy] mutrals, uzari nilrsts, uraryl rdlrabs, uranyl rolrake,
e, HMTA uzin, HMTA uren, HMTA uren, HMTA
crorpled Fommation - el oEEe twro-fhaid noezle
: ] ! ! Al i Paralfire odl —
gelstion medsum | sficone cdl at 5070 bt silicens ol Pareffen of at 9070 kit
! ; 2 M MH, DH schaticn 0.5 I HH OH petralem ether HH,OH solution
washing & aging amd Ol gohition and TOE | and HE,OH salstion and £,
air gt room teep.
drying air at 10070 -‘:_"h heat lamp wr at T0°C aof wacuuam elevaled
or 21 hrs
timp
caleinstion air al 3007 . ! '
! M, + 5% H, Ar+ 8% H,
i Ats00°c ab 600°C for 5 bre I
H, + 8% H, A7+ 3% Hy A+ 2% H, Hy+ 8% H,
e 2 1250°C for Shes | st 1550°C far 5 hes ot 1300°C ot 1400°C
S00-T00 pem
jiE (1.0l 4 M1
sigvmg 70-100 1em 350.5300 pm 1002300 pm
(0.7-08 M 1T
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Table 7. Characteristics of the Kemel Fabnication by External Chermical Gelation

SHAM[1E] Hearwell HUKEM HOBEG KEFA Brace[38] GA
keme! matesial U0, uo, uo, uo, uo, uo, U0,
gel precipatation external external external external external external external
hation of : : olution of
M‘ﬁ:ﬁ;ﬁ:jﬂ “en o aqueous solution of | agueous solution of | agueous solution of | aguecus solution of | egueous solution of ath::;ls m: i e? =
broth composition Methatel, T!-[F'ﬁ, uranyl nitrate, ufanyl rutiate, ufanyl rutrate, uanyl rutiate, uranyl niteate, complexing &
HNO, Dextran urea, THFA, PVA THFA, PVA urea, NH,NO,, PVA PVA asling ageri
droplet formation two-fluid nozzle wibrating nozzle vibrating nozzle wibrating nozzle wibrating nozzle vibrating nozzle
llaici adion air, NH, gas, air, NH, gas, air, WH, gas, aur, HHy gas, aur, MH, gas, air, MH, gos, air, MH, gns,
NH,OH solution NH,OH solution WH, OH golution HH,CH solution HH,OH rohstion HH,OH golution HH,OH solution
; . NH,OH solution HH,;OH solution : MH,OH solution |7 M NH,OH solution .
1 ter and aleahol
Washing ZOBOE | | 4 45°C and waker and water IO AHERE and isopropenal aran’c PRREpan ibeis e
; azeotropic o i A o :
deying distillation with CCl, room tempeaturs waruum at 100°C wacuam at 20°C air at 200.250°C atr at 100-120°C microweve
: 600°C in fuidized
calcination air at 450-600°C CO, at 850°C ait at 300°C ait at 300°C 600-700°C air at 500-600°C o d“;n:‘:u:*
; Ar+ 4% Hy
Ll - - - 4t 600°C - -
. . H- or Ar + 436 H a o Ar+ 4% H
2 2 u 1700°C
frYamg at 1300-1350°C i b e e o 1800.2500°C 2
sieving - - 200 jem 200-300 pm - 200-300 pwm




Table 8. Characteristics of the Kernel Fabrication in U.S. and Germany[39]

country u.s. Germany
kernel material HEU-UCO LEU-UO:
gel precipitation internal external

broth
composition

aqueous solution

of uranyl nitrate,
carbon-black, Tamol,
urea, HMTA

aqueous solution
of uranyl nitrate,
PVA and other

non-specified additives

droplet formation

vibrating nozzle

vibrating nozzle

ammonia gas and

gelation trichloroethylene ) ]
ammonia solution
) ammonia solution ammonia solution
washing )
and clean water and isopropanol
drying air at 60C air at 80C
calcination air at 350C air at 300C
reduction H, at 1600C N/A
sintering CO at 1800C H. at 1600-1700C
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Table 9. Characteristics of the Kernel Fabrication in Germany

Germany

Nuc. Technol.
42, 163(1979)[40]

Nuc. Technol.
45, 287(1979)[41]

kernel material

UoO:

natural ThOs,
(Th,U)O,

gel precipitation

external

external

broth
composition

aqueous solution
of uranyl nitrate,
urea, and NH4NO3

aqueous solution
of thorium and uranyl
nitrate, ammonia gas

droplet formation

vibrating nozzle

vibrating nozzle

gelation

air, ammonia gas and
ammonia solution

air, ammonia gas,
ammonia solution +
AM NHiNOs/L

washing and

washing 7TM/4
ammonia solution
and aging in 7TM/L

water + 196 ammonia

aging In ammonia solution soly#ion
at 60C (30 min)

drvin 180C in wet condition 250C in wet air

ying (10 min) (10 min)
calcination none none

) H, or Ar/H» .

reduction at 600-700°C H, or Ar/H> at 500C
sintering H, or Ar/H, at 1400C H> or Ar/H; at 1400C
sieving 200 pm 500 um
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Table 10. Characteristics of the Kernel Fabrication in China

J. Nuc. Sci. Technol.

J. Nuc. Sci. Technol.

China 41(9), 943(2004)[4] 37(9), 802(2000)[5]
kernel material 17%6-U0O» LEU-UO,
gel precipitation total total

broth
composition

aqueous solution
of uranyl nitrate,
urea, 4-HF, PVA
and HMTA

aqueous solution
of uranyl nitrate,
urea, 4-HF, PVA
and HMTA

droplet formation

vibrating nozzle

vibrating nozzle

gelation

air, ammonia gas and
ammonia solution

air, ammonia gas and
ammonia solution

washing and

ammonia solution
aging at 50C and

ammonia solution

aging washing

drying vacuum N/A
calcination air at 500C air at 500C
reduction Ho at 600-700C Hy at 900C
sintering H, at 1500C H, at 1550C
sieving 450-550 um 450-550 um
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Table 11. Characteristics of the Kernel Fabrication in Japan

Japan

J. Nuc. Mater.
254, 14(1998)[42]

kernel material

[S[0)

gel precipitation

internal

broth
composition

aqueous solution
of uranyl nitrate,
urea, HMTA

droplet formation

gelation

air, 0.bM ammonia
solution

washing and

aging in 0.5M/4
ammonia solution
at 60-80°C (10 min)
and 0.1M/£ NH4NOs

aging solution at 60-80T
(05-1 h)
washing in 0.5M/4
ammonia solution
evaporation at room
drying temp. and 130T in a
dryer(2 h)
calcination none
reduction -
sintering Ar/4%H; at 1300T
sieving 200 pm
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