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SUMMARY

I. Project Title

Development of High-Level Waste Solidification Technology

II. Objectives and Importance of the Project

Spent fuels would be reused as energy sources through proper
processing rather than be disposed of directly. This would
enhance volume reduction effect and disposal safety if we handle
only high level radioactive wastes generated from spent fuel
processing facilities. High-level waste, which is high in
radioactivity and emits heat, should be stabilized with highly
leach-resistant and thermally stable solidification agents. In this
view point, it is necessary to develop solidification matrices which
possess superior mechanical properties and high leach resistance
for longer time. At the same time, development of solidification
process which can manufacture homogeneous final waste forms

and has higher durability (corrosion resistant) is required.

III. Scope and Contents of the Project

1. Characterization of radwastes arising from nuclear fuel cycle

- Survey on the amount and characteristics of high-level wastes



that can be generated at KAERI site.

2. Development of vitrification technology
- Manufacture of lab-scale vitrification unit

- Study on the glass melting characteristics with high frequency

induction melter and simulated waste glasses

3. Research on manufacture and assessment of borosilicate glass
- Characteristics of and test methods for borosilicate glass
- Manufacture and characterization of base-glasses made with

used HEPA filter media and additives

4. Basic research on the fabrication of candidate ceramic matrices

- State-of-the-art on the Synroc (Synthetic rock) solidification
technology

- Fabrication of Synroc precursor by self-sustaining combustion

method and characterization

IV. Results and Proposal for Application

1. Research results

1) Characterization of radwastes arising from nuclear fuel cycle
- High-level wastes from DUPIC fuel cycle
- High-level wastes from production of Fission—-moly

- High-level wastes from spent fuel analysis laboratory



2) Development of vitrification technology

- Borosilicate glass has been accepted as a good matrix for
the solidification of high-level wastes and widely used. In
this research a lab-scale high frequency induction melting
unit with cold crucible was manufactured to handle
simulated waste glass. Different amounts of titanium,
stainless steel, and iron were added into the simulated
glass powder to investigate their effects on the glass
melting time. .

3) Research on manufacture and assessment of borosilicate glass

- Survey on the glass characteristics, test methods, leaching
phenomena and its interpretation, and compositions of
borosilicate glasses for HLW vitrification was made.

- Matrices manufactured with used HEPA filter media and
some additives were identified as amorphous borosilicate
glasses by XRD analysis. Leach tests (PCT-B method)
were conducted to see the applicability of fabricated
matrices as vitrification agents. The optimal base-glass
matrix will be determined after further experiments and
analysis with more glasses.

4) Basic research on the fabrication of candidate ceramic matrix

- Synroc is considered as one of the most promising
candidate waste forms for HLW solidification. The state-
of-the—art on the synthesis of Synroc material was done.

- Perovskite, which 1s a component of Synroc, was
fabricated by a self-sustaining combustion method. The
synthesized powders showed different characteristics

depending on the type, amount and composition of



combustion fuel used.

2. Proposal for application

Researches conducted in this year contains only the results of
survey on and evaluation of various solidification processes and
matrices.  Continuous and sufficient supports are needed to
establish HLW solidification techniques. These include through
understanding of HLW wastes and glass structure, the
characterization of waste glass and melt, quality control and
assurance of the waste glass and vitrification process, and
development of advanced solidification technologies including

fabrication of Synroc.

_10...
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>
a)

2

£ (Metallic precipitates)
: Mo, Tc, Ru, Rh, Ag, Cd, In, Sn, Sb, Te
- 2&E I AE (Ceramic precipitated oxides)
: Rb, Cs, Ba, Zr, Nb, Mo, Te
- HAs £34H3HE (Oxides dissolved in the fuel)
1 Sr, Zr, Nb, Y, La, Ce, Pr, Nd, Pm, Sm
olE Z RGP EC] FTAHAR ZAME Abshe-gEuiel

Qe HFY AE AR, BYIInE dBe QA ML FE

ou ® 1-19149 Zo] HFHAA Yehlr| = gt

- 3aAd drG PAE (Volatile fission products) : Kr, Xe, Br, 1
L
A=}

A

g

Table 1-1. Chemical states of radionuclides in spent fuel and

estimation of their fractional release during

OREOX process 1 of 2
Residual Chemical state|Chemical state of| Thermal | Fractional
i
elements in irradiated | volatile species data release, Remarks
m
oxide fuelll] by AIROX (c)® %
Xenon E Xe gas 100
Neodymium A -
Zirconium B - 10.0
Molibdenum G - ~73 1750C, H:
Cesium D Cs:0 400 d 100
Cs202 650 b
Cs 678 b
CsBr 1300 b
Cerium A -
Ruthenium G RuQq4 108 d 100
RuQy(?7) T27-1227 v

_24_




2 of 2

Residual Chemical state|Chemical state of} Thermal |Fractional
clements in irradiated | volatile species data release, Remarks
oxide fuelll] | by AIROX (o %
Barium B BaO. 800 b 10.0
Palladium G -
Lanthanum A - 10.0
Praseodymium A -
Strontium B -
Technetium G - ~25.1 1750C, H
Samarium A -
Tellurium F Te 1390 b _ 0.015
Yttrium A -
Krypton Kr gas 100
Rubidium Rbz0O 400 d ?
Rb2O: 1011 d
RbO; 1157 d
Rb 638 b
Rhodium G ~
Iodine C I 100
Europium A - ~14.0 2000C, Ha
Prometium A -
Niobium 10.0 1800°C
Antimony 11.3 10_50_t’
Vitrify

[1] A : oxides which dissolve in host matrix
B : Oxides which can dissolve to a limit extent in the fuel and also form
separate phases

QamEHg 0

: single phase halide solution
: Cs1-xRbxBri~sIy and compounds analogous to (Csi-xRbx)2(Y1-yAny)Os
: elemental state
: Single phase chalcogenide solution ... (Csi-xRbx)2Se1-yTey
! Usually single phase alloy, sometime two phase. Some Mo can oxidize to

MoO; & also form a compound analogous to CszMoQ4-(Csi-xRbx)MoQ4

21b:

boiling, d : decomposition, v :

..25..
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QA HF Pl 7IAsHA . wWEHA dds8 F Aste LAY
Aol satd et 259 EH SA wE vF ARV 2HHE
B, o]Ag SAEL FHA9 £94719 A2kl w NsA A
o mEtA AF7A ZER 9 A8E T4 A& U3} B
T AF FE BY FFFHS FolA vE E 1-13 2L
€ %e e F A% 2EY AR ASFHERERY 939
AEL H1 ExdA KA A, HEEE, 23] £97], AH
3, AMEFAge] FF R A&k, HAs AW 79 T 2
%L W=

2,
!

r{o

—r
r e ol
e Hr oox

(2

1) 7} (heat-up) ¥ Y Z(cool-down) &xol 23 g
714 2 dZ4EE zold o3 ddsd X2 FHY Axrt
gz g FAHE Fhol o7l AUIA Y. ol F
- ol AAYAALel EAEt e LA HALYFTES] FE TEZ o)
57] g2 FELEES) FEF g FA Ao

2) =9 9%
Z7)] ZAAE 57T AR L50A Adgs= FA3] 2A8A
A BEYA 277 2pm AES] BLS FAsA Pk o)HF W3}
E #4589 FAYA AlolE waEy 27t AT UOE U0 2

- 27 ~



AgAgozH dojus frh. olsh o] Aslge Zvtel upehA
Aste 23 PFoz UO,Rolzlzre By FASo By u
gsol o e YRS HAsA "ok zEY 1227~1427C AT
LM E 249 FF7t U gu U0 B S B3t 2o
Aol ot Ao sty WA ojwe] Ik A7lE 10km
=2 527Ce A% Bud A A, §9W 1400T o4 LxolM U0,
E AR 4¢ AHA B £ AMS ZE HHZ WA g9
LE7t ZA g we F43 2=s JAsA gk ol B A4
AE AR YAZ (grain boundary)el ZAFTHE 43tA171A Hol JA}A}
olo] J|Z2 EASE WARNASR FAFFL o)V)A R ¥& T
22 903/ HEE Juy AFo F&Fo| ZksiA Bk oYW
o2 ORNL® Hot Testd 7% 13003 1400CeolAM 9] F&F go] &=
o= Uehtm Qedl, olRL U W3l = YA AAUE Alolg
A% oFslel oA BR2YA LA A2 FHo| F7he dgo
dojd Aoz ik

T I A -4

oX

—_—

o

- RATAHL AEFHAEE TV FToAMY Aste} F4 E®

= GASELE o] &F Fdo] WEHA HEZ Z 97 & A}
548 BAY "arl A o3 £47] AolA 9%

€ A Ay Sl % geFe Wi, gz BA

Az =719 W3 Fe o8] JEhtE Roz Bt X7 ZEd

BEe Alm 4%l Y@ AST A3 BATAHE g 5

Y
u
Lo
=

')I:
Azol ostd, &7 FAA HLAY AF9 FEEL FART 48 =4

e #3577 FoAA B 8 2 g& Ho F3 Ao
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4 N G
YA NFY 2 AYe] AEHE AHY FF, AAE, 29
Sol mebd AP BAES ety 2ol B & 7] WE 1 &
£ olo] wWa} WHaA Hrh EW AL AW} BAW Y 23, =
S%as gy, A9L A AN Sl AANE AY A9 B
& Folz molm Aot
B8 e AAE ZE FEUFEL
Bt watmz 2Ysadd BHEE W
234 FANE AL Aol EASE FEAHEY A7)
Watm olo] meh 2astetge Wizt dojuth TAEE 4HY 34

SHET HLHE WA F1U0l ke AoEol Ages rEI
At oW FHAAE HUASEL §33A7 dskd Fo RN
e eI} ol Mg U@ aaw—m ARE "ess Hed o

£ % %39 ol ushi.

. Sed 9Fe TAsE
1) FHE A58 £H7E

AHEFHAg Y] A8t AFTEFT FHES AstEA7IAA
g SFEQL A FHERUONLE EAZE FFo] AF Aoz
dejd glo, 500C ol EdAMe 433 B¢
B Eo] YRGS o] FEHE(RUO)SE Hol A4FdEH XA 27(]— ..4
LEAY, 5 AYGR Bh oAt FEHE FEUE JF = T W)
€3 A2=E d4dEd. oFd wrAFe FHES 227t ATl
ot wje] SEFHAY WiZIA Mg 9 A FHAH 1 o3
"3‘—8‘% A 8tA17]17] g ZIA A7 EXM B AT GEA N AA =]}

g F8 U EF2 FHx Jdg. dA FHES -7 f8 8§
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o

| d7H3 = Bl 34E |4 3F3e 54E olgdtEs 2=
3’&‘?344- T 71A9 o]£%(dew point) °o]idolA HjstAx g %z}
AE AHEste EEAeor IYPse Wy adEln ol F&ol2E
ZWEFAR o|§3td BT AT FHFYE FHIZ WEAIE 345}751?1
3 wgez FEE F

7H g3 A0 X 9y :

LY RFUHES $% =& F33 o]erBSo I3 wrH=
Y HE £ Y. LETHRL ALFYAR APHE =& A
ZduloA AHEET Qe FHEF EAZAZA HE2 RRAA R
AAHA Hed T FHERuO)C 257t BojAe] we #ulo
$EHE AL ofaA "o FHAE olgse] FHFLS XIY
ASe A 257 EF% AGAA 59 FLUESFE s o
&4 olAdA LHHojok @t} ojy FE FEwE FIAFL F2
o e go| won, o ¥FFAAE 4ol F
Zogel W ¥PEE0 AR Fa¥n 283 34 HeEe Ho
AT Ao Fog AAE FYHIIE . Newby 59 43723
2 grade 40 silica gel® EASHTY w712%F B+Ed ugd AN
=9 4%3011*% FEP AL BAF3 oy, o8 AEsy g3
AR FRAFAN TAY = e AL Sof g Ao AT $3
sojor & 74014 olgl Ze TAL BT} AA AWEY e 2t}

f“l

o[n

—

(1) €= 7u)# (thermal gradient tube, TGT)
AlEFdAdg AGETAHANA LA 2EH #HA AAT
2 AEHE HA2ERFT 7R Y Yol AF dEvE, oe
Fdlwo] AAHI HEelY. F 3XFAHLE FH AAHE LA
HEo] £x7F Eo{do we dY e 477 T $FHE AL
o)Zie] As e o]AsFHE (RuO)o2 B JtH?. gury
2 TR AR &F, FAHE A3 FH S HABNY FAY FH

LS

o
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Eolu, 29 stdE2 yHd $&5He 4% 39S 711 Z2AIHE
el 7| = 3o} olH ¥ FEH|F FFELS A29A49 FAYIH] md
Ao AARAY F 71A e E ZA Hed oA AFEEY Holgt A
e Astde g o] &, AAHSFEHI ERuO:)T AMFEHEH E (RuOs)
S o3 Aoz FAHIT ). E $H2Exd o FFPEY SR
¥3}7 E&u), oo @3 Holdoway' ™o 2d27E= & 1-29 2o}

Table 1-2. Nature of the ruthenium dioxide

Temperature of .
deposition, C Nature of deposit
> 600 Small blue tetragonal crystals
560 » Groups of smaller crystals
520 Isolated groups of small crystals
480 Larger twinned crystals
440 Isolated multi crystals
400 Clusters of needles
< 400 Black amorphous deposits
A EAH o2 Ry AAHE FHEINFEY &5, FFALLS 3
TeEe 74 &, ¥ASE, 24, 7%, 283 $5HY 2%, &

R 2 AAARY NHA F2 5 49 W5 4L 2] WE of
g 01837 YAAE APl A AT 4o A ojo} B}

2) 48714
HAuF7] T4 "°ﬂ/\1 A%kel Eld A8 BAFE isF
HEe e dEstde] £& 45e vehle ALE ¢34 o
Kelin §'79¢ m&FAA %*Eﬁ}t FHEe IALTEALFG A
g 483 st A7 FAAC i 4P d3, A=A
5T, 60% RH., AFAIZ 0.3x)0A4 dgstde] dAHA L AF4AF
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o AHE £ e obF 7% FAAZR ArHHUReH, £ T
d 371F9 AMIEFEES A7t do A2 JHEE o] HHY,
I 382 998% o ddE LHEIYY. (B 1-3 FA=x) ol ALgd A
AstAe S8EA @3 3, TeE Ud, 2F $¢ T8 I A
o2 Uegt

Table 1-3. Ruthenium removal from calciner off-gas with

Davison’s silica gels

Off Gas Time through -
. D.F. from Grade 40 Silica Gel
Silica Gel, Hr
0 4,2822
4 8,2125
8 12,7539
12 16,2426
16 20,803
20 24,998
24 28979
28 32,311
32 36,58
36 40,183

* Sorbent temperature = Averaged 80C, Sorbent height = 26 inches
Superficial vapor velocity = 0.4 ft/sec, Mesh size = ~ 12-40

Newby &< 7tadAAA LdAsts FHEASEY THE A3 o
2 Feje] destde] i 4F 23 HF F2 45E 2 Davison
Grade 409 ¥ EXSE S & 1-49% Zo] Uz it ol 4y
SEE ofF FAT WFEA H7IAY oled (BFEHAME 80T

b ootd)Rt g ¥ 2=V HAH2Eojy, I ol 2xdAE A
ATl FAH3] FAaFEE (F 14 #F=F) AA A &= ut
dee W3zt ol yElhd ¢ ok
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Table 1-4. Effect of column temperature on the sorption of
ruthenium from calciner off-gas

Sorbent Off-gas Time through DF.
Temperature, T Silica Gel, Hr

0-1 343

80 1-2 107

2-3 214

0-1 86

100 1-2 41

2-3 35

* (Gel type = Grade 40 Silica Gel, Sorbent height = 26 inches
Superficial vapor velocity = 04 ft/sec, Mesh size = ~ 12-40

(3) Ag g 23F 4 (HZO-1)

FE&Ado2HE FHEL aFJHoZ AAY & gJon, AL
AME olF AAF Ao A Ye ANNZIF FHE-olHLA
4 (Zirconium oxide hydrate-dithionite) ®l7]1A S FHEAAN=E
FHFeln AAFTE R FAG. FASE A 2EFS] FVAHAZEA
AZM AlgHo=2 A= 200 mesh ©]8Fe] HZO-1& 90T A AZA|
2 os 7AF FHEY =3 48 2FH A2 g T3 FHo] o}
F Fgon (¥ 1-5 =), 487H4A3E 28 120T dAE 2 A%l
WSk ekgtth. ey 180T ol ol AE 2437t dojum wj7)A <
2271 o]&F ] 80T ol3tZ U & A Alolas} HE=R mAETE

YR}33te] Agslojof slE 5o JfAdel o F RAoT Az

Table 1-5. Ruthenium removal from calciner off-gas with HZO-1

Off-gas Time through HZO-1, hr D.F.
0-4 190,000
4- 575 30,000

* sorbent temperature = avg. 80, sorbent height = 26 inches
sorbent size = 20 to 50 mesh, superficial vapor velocity = 0.4 ft/sec
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(4) 71t E=A?

FHE9 EJYAZ Mordenites®} Chabazites 59 A &0l
7F AHEE & QT olE2 EF #i7]Alel i <A TFE FH
Y AHES Aoy, B 1-6 oA Zo] ¥ DF. &g JeEl
t}. Corning/Ate} Porous Glass No. 79302 ZAilo 2 BE 3dgE 7|
AF9 FHES 24-60~t0]l9] DF. o2 X3t Styrene-divinyl
benzened EAE & Frlo|LudFAE FHFE AAREL ofF FSt
o BF-F w7 A ) IABEA Rt AT o 1 A g FA
31X %3t ¥bH Copper sulfide o] 2n 32 b £do QM= F
< AR E Ry FATH

-2

Table 1-6. Ruthenium removal from calciner off-gas with zeolites

Molecular Sieves Vendor Superficial Vapor | Ruthenium
Velocity, ft/sec DF.
Zeolon-900 (Na+form) Norton Co. 0.7 6 - 63
Zeolon-900 (H+form) Norton Co. 07 - 10 - 70
Zeolon-900 (H+form) Norton Co. 0.7 3 - 170
Zeolon-900 (H+form) Norton Co. 0.4 12 - 103
AW-300 Union Carbide 0.7 2-19
AW-500 Union Carbide 0.7 5-150
* sorbent temperature = 80T, sorbent height = 26 inches

sorbent size = 1/16 inches long pellet, run duration = 3 hours

) ZolEF S o] &3 AU Y
Zd)E o] &3 FHEY TIAYL LAl Fujd o) &
Huree doA TAA AEZ Wil BEI|TE o)L Aoz 2
Bl E4tal 8o Fulgde Azste dol T +£F BHHET FUHst
o2 Az wet ADASF7 Frhske Aol AT
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VujisicE' ¥ o5 AastAde] RuOs F3L 9@ 28 §5
o] olyet thrtel Fdol Lo o o] doju} H3Fo] viH o F
He Aoz Adystn gt AMSFZHES QA Ao EFo=
%9 FHFol Bolu Ao o3 dgsAR Ry &P Ao i
2. 23y AEFEEel F2Y MerckAlel P4 AysiAg
50%-H2S04 &o] ©712 A7} 01% o3t SHET £a=A. o
@4 RuOse AE7tdd gstdes FFgE Reg FRHAY. ol
3 BANA FElFol AYFAd FHHE wes)TE A £
2 trle F&ol&S5d 93 RuOst dAE RuG:E F4HE Rez
Azkg £ Qed ol sHAo] Bgsitd trle FHolLoe s ©x
2 e EFAT FL FHYEL Y Aoz 94 ¥ F ok
NewbyS' 2 &= ¢Fujy, 3 A3ES 9714 TAZFZA R
Ay Ao ostd, BB THEYTH WANAFT BB Y A
3} So] YEFL BAFD Yok T FAFHE LS TL(300C o]4H)
A AgE £ glen, B2AME Aol FHA %7 wEe OREOX
FARol AHgstE Ro] 7M.

(1) AF3}3E(Hematite)

AwrA o g AFAEL 350~550TC 2=H9oAN aHzxeos F
Hed T8, =JAAE7E dias] AT Aoz LA At ®
1-72} 1-8014 B nupel Zo], 300C oAl e DF.gkol ®std 20
0CeA FA% #a 2SS Jela itk 400 CTolA FHES =3
"%t Ferric Oxide® $FAts} AMgdoz HYsAE 6% vl FHEF
T 2o, 300CAA XY FHES 0.5MY A8 Nl A 20%
ARt £E2HE ¢ AT FHE 2= Aoz et

gty A F AR AP AR NS YW E7
Al meRHFHAMNE ANl A 274 ¥ A2t T S Ax
Fe 242 AZAT. T o8 A48 ANAE FRA 4

—35...



tezled & TAN dAE YA 20& FHEokF @ Aotk

Table 1-7. Ruthenium removal from calciner off-gas with ferric oxide

Off-gas Time through Ferric Oxide, hr D.F.
0-4 126
4 -8 141
8 - 12 - 208
12 - 16 221
16 - 20 140
20 - 24 . 125
24 - 28 163
28 - 32 204
32 - 36 183
36 - 40 246

* sorbent temperature = 400C, sorbent height = 16 inches

sorbent size = 6 -20 mesh, superficial vapor velocity = 0.4 ft/sec

Table 1-8. Effect of sorbent temperature on the sorption of

ruthenium by ferric oxide

Sorbent Temperature, | Off-gas Time through DF.
T Ferric Oxide, Hr
200 0-1 : 2.2
1-2 2.3
0-1 467
300 1-2 377
2-3 320
0-1 503
550 1-2 571
2-3 829
* sorbent height = 26 inches, sorbent size = 6 - 20 mesh,

superficial vapor velocity = 0.4 ft/sec
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(2) ¢Hot &F vy H-151(Alcoa Alumina H-151)

RuOs dia] o}F F& FHAZ d8A Je A& 22
HE EA87] Qo wizlA AATA HFH AHEs7] AsiME A
7bso] Basdttt olgg A& S5 A% 0.1% Fe035 33t
TAE dAI7NE e gZot ¢Fry H-1518 RuOs £33 9
P IREAE A%t 2 Hed A4Sk &Fh 4F vy H-151
7¥Zol AYstn Mo 2 AASIE n2oM d4HA HoE=
o os FiFHol AAA Faste et HH @ A
ZHA D Joh FAAE 23] FUAY AF B ALEC X8 ¢
I &Foiv H-1518 §3Ad53 22 =h3dA9 deigbdd g
& ¥uste F 1-90] e

oft  oft

kd

4 ot

A

Ko e
o

ot
D
o

Table 1-9. Adsorption of RuO4 with various Alcoa alumina H-151

Impregnent C (mg/m*| Qo (mg) R (%) Qi (mg)
Alcoa Alumina H-151 6.0 1.67 1.2 1.61
CrCls 72 2.66 444 1.46
K2Cr207 10.2 3.03 21.8 2.34
NazCrOq 4.0 1.85 22.3 1.38
CoCl2 2.8 1.04 39.6 0.58
Co(NO3)2 0.9 0.34 99.9 0.00
10.0 0.50 99.9 0.00
9.7 0.97 99.9 0.00
Blue Silica Gel 9.7 1.45 98.5 0.00
94 1.65 98.2 0.00
10.2 2.04 98.0 0.00
10.0 2.92 97.3 0.00

* gorbent temperature = 22 ~ 25T, retention time = 0.3 sec
relative humidity =60 £ 5% 4

* C ! concentration of RuQO4 in the air stream
Qo and Qi : generated and non-adsorbed amount of RuQa, respectively
R ! retention of RuO4 by the test bed
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o] Eol 93t mgRA] &Fol &Fry H-1512 1%9] Fe:038 Tt
33 QAT RuOy FHAAZANY Fee FA & Aoz Jeyton,
A7 A3 Co(NOs)2 FX € ¢Ho} &Fnvf H-151°] £ TIPS
& HYF3 e o] FIE RuOyrt 23 #dAlel & RuO2 AR
gdol Hed ol wAEE 4avt JIAE RuOss L& A

o2 A4HY, Co(NOs)Zt A8 ¢3ol ¢F vy H-151°] 3tx
AE NOsol29] A543 Fegs) AstE0Y A FeEs J4
39 RuOs8 <ol 2 dojuy] oz Az d

(3) EFE &3 E

Kim'?e =] A4 #Hgg Agata 7ta2e wr|A2 2
AdEE FHES AA}Y] A3t BaCOs%t FexOs, TiOz, MnO; 5 &
£43t 23 o]E9 EFE g THEFEY FANTH FALUE
4t ol AlgE FEHEFEESLS E43F A BaFe0s BaTiO;,
BaMnOs %59 33&EE A3 e A2 EMIAY. FHoHE
FHES FEAIER 22T < FHAANN 2, 9Yd S5 E
3%l BsCOs%t 550CHA 91% AEY AMAZLES YIS 2,
g2 EZE5L 8% "y AAZES Y. a8y olEs 3
et ALEE 39, BaCOs-FexOsE 450~750T oA 95~96% A|AR&
<, BaCO3-TiO:= 650TAA 95%, BaCOs3-MnO;x 550~750°C ol Al
9% AEY ¥ AAEELS JeHUAY. E o5 FEAFS A
A3}, BaCOs-FeO3& 550Tel A 60213 o] Al IAdA 95% o4
ol AAEEE A3 UNe, Vg EFEE 550T o] dolA 24
A7 B 95% ©)de] AAEES FAST olgA FHES §F
AR FFAE F2dMEY 1100C 7+ TG-DTA 49X T4
7F dojuA] ot RHEFOl FHA Fo olF IAY FHE EA =
AL 2 e
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2) Alg e 23 Je

e

AEEHAPE F WA APdert =3 AEA EHFd v 3]

HuF &&o] ZHE A9 #yFo] Mgolth. mEtA Alge AF

:&}—‘:— s F83o Adstx] EHAZ Aluminosilicates(AlSiO,,

AlSiz0Os, AlSisO12), Phosphate (Zr(POs)3), Titanates (BaAlzTisOss,

AlxTig-xO15), AZTFoEE <13 ¥gx8] ©4 (Pyrolytic-carbon-coated
zeolite) 5©] Aol sk}

MEge EYste TPAS) BS54 TJL Fo 54 49 9
gt WA AlgS EFHI Cs-aluminosilicates (CsAlSiOs4, CsAlSizOs
(pollucite), CsAlSisOp)5 9 AZx, &5 L AA X A3 AFE9]
285 o] gpr}l8ol0ILR)

Komarneni$t Roy'®& ©& aluminosilicates] ¥ls)4 AdH oz
AslE pollucite(CsAlSizOs) 7t Mg A3 EA2A Fsivtz XA
v} 91om pollucitex aluminosilicates®} A& ¢ ¥ ¥-&(hydrothermal
reaction)o] &JsiA ZAAS E £ orn=E JMF 9o R A
FEAF] 71 B2 Age 2AHE AA 7HF AAA Ar2 F
A5 3 gep® 110

713 3 Gallagher® McCarthy 5'7'P2 aluminosilicate”} 4412 ¢
o] Z14ez RE Agg AHRFHog AASY 4T fiter2EN JtsA
& A8 eH, Mukeriigt Kayal P& A&l t& off-scrubber2 A
metakaoling #| 3t o}

AF7tA e AT 2HE EYE & JIFAEFE *}%—‘Fi‘i"qi«l At 3t 3}
Ao A 3o] o)== Cs09 aluminosilicateste] o4 3}shutg-2 o}
=3 2.

Cs20(g) + ALOzxSiO2 -——--———- — 2 CsAlSiOq(s)
Cs20(g) + ALOx4SIOy -———---—- — 2 CsAlSizOs(s)
Cs20(g) + AlO3SiOz ———---- — 2 CsAlSisOia(s)
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Kaolinite [kaolin] clay & 500C o|AdolA E4A17]H “metakaolin”&
N =4, o]+ 90C7A = AEBAHF IR o= Z Cs getter2A Y&
2l oA A8 HFAE 7HRIR oh[34]

ALSiOs(OH)y ————--- —  "Al0%Si0;" + 2 H20

kaolinite metakaolin

Metakaolin 600TC o]ddlA A27t=A] FrjA&stgE34 933+
CsAlSiOs«S FAsled o©d 2348 ZALES 47 fsiME €49
o FoJ3of 3lH 1150TC ol/delA Ago]l &4HE Eai7l dF dojd
¥ gy e Ae g3vx dgAcEE IHwEst o It
ALSiH7} 1:29) AZEL FHA wkgd we) u$3te] polluciteE A
3l=d pollucites THE Al FuixdgAlolEd nvlety WIEA o]
oxzima AzA ALSI S 122 = Aol =Y. Pyrophylites
ol21g ALSi HE Ze &% HEFESQ wdH, montmorillonite
ALSiv7F A9 12018 dgrix] BEES e 9urEed HEF ot

FH 02 RoyE! e CsZraPOys LBAZHES] &%80] 0.2g/m’d
o] & e, ol CsAlSixOs9t CsAlSisOr 1M 9 g3} vlxd A
E=HJ AT Cs doped BaAlTicO EOe 2 AYS B2t Cs doped
BaAl;TigO1s9+ coated zeolite L 3lAe] &L VX7 Alg9 ol
9 e gdo] Qi

2. Fission Moly A4HA 25 nEHAH71E

7} Mo-999] B4+&%

g A A WA FHAZ Fo] AMEHE Tc-9me 3717}
Arera] #7) w&o] AlEd A AX 715 d Tce-99m 24 7] (generator)
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o] &35t Mo-998 BE] AZ3o AL3tm Ul Mo-992] A Ak
(ny) ¥&3 ()& o] &3 F71A Wo] Aed o9 54&
Fetd E 1-10% 2o A} H AP E Mo-999 uvALE
=& fission molyE€ A& s 19983@ A A7A A Mo-99 A
Age g,

= o |

L

[

Table 1-10. Characteristics of Mo-99 according to the

production methods

] (n,f)
& = (n,Y) o L1 B~k
Fission Moly
1. 271 FAy) 3] A& g2 e
2. ¥4E4d ¢ HAH(24%) =+=| High enriched U
T5dol= F%(98%) Mo-98| 75 & &
T5 £
3. X8 A 7+ A 5 3
4, =] BHFA el &7 8
5. 8 AA A 5 %
6. Mo-99 Hj¥kA}% & (1~10) =< (~10% -(n,¥) Mot
(Ci/g) (n,f) Moly4]
1/000~1/10000
~-Folol FE T
7. R’'WA A/ S F LRl VAN Aurzr 7l /o &
8. ARWMEY Tc-POm| 7H54 7t %
generator A|ZE
9. Geld Tc-99m 7t5 7t 5 (2d¥y
generator AZ& I8 Zafs)
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. ALY 71 Ee] A

(nf) ¥F-§ 22 Mo-99& AAH3t7] 98l 22 2y EHo|
A2 ZALEO] TA3E HAREY HAFTA WA EFL Mo-99
AN dF2 HAAHAI el dol YA Bk HIE FHEEHAME
Mo & FAA HEHE H7IE(HNFEY o H7IEFH Mo ©]99] 3
FE2 A7 3sFS XY ; 1F:NE OQRE Ao FEHE
2 2 #H71EY @t AA #9718 #E F g $8% FE s
o aytel ®3 &N wjEEE w7)AF 1-131, Xe-133 28
1 AAY] B2 AAEHE NOx7ta Foln FrHoz vgdes 22
= EF&FA, NOx FF¥9, Mo-99 AAHA F2 237120t
Mo-99 E&FAAA MEHs LAEHTIEY T/ 2 TS 4
Hud # 1-113 2t}

dHoR 93% T Fdwel W HAAXNE & 1-12¢ ZoH o] #
2 &7 (@A =E AA) HFA bty FE3] 1z Hol

ofgt & ot}

dg

H

U BAREHZIE A 3y

ol Zo] 71A, HA R AL FHE TYstE I HIE
o] dAA)AY HF X WEE st ¥ 1-133 Zvh IAFH A
YollA A= FAHES AANEA HALHZES AF AL A9 FAFe
932 B 5 Ao $A FAL AEed Sl AFHoZE AT WA
HZ1 o] A Fo] HL& FAo AY 7HeAdol ¥& Aoln It 2
H7Eed daiMe 7HEH HF EFS A Solz A, A& 3
of AHTA Aol AR FEE s Ao FasT
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Table 1-11. Radioactive wastes generated from
Fission—-moly production

2 A F
24
F A _ (¥4 3 18(0% UALx
HoNE
= 93% EU 20% EU 20% EU
- 3 . 3 . 3 .
24 717 714|  1-131 1.281X10° Ci| 6.594X10° Ci | 7.35X10° Ci
(& A: Xe-133  4390X10° Ci|5135X10° Ci | 5.436X10° Ci
A NOx 0.17 mol 0.74 mol
3A]|zircaloy tube
SUS 1150 g 130 g
NaxUz07 370 g
A = wrApek S ¢ 9 ¢ 165 ¢
Mo 2.896X10°Ci | 2.9944X10°Ci | 3.1700X10°Ci
% 1EY =A: 24 Z2A:
o UO2ANO3)z | UQO2ANO3)2 NaAlO;
Sk HNO; 5 | HNO; § | NeOH =
#H 7] &)
24| alumina 30 g 300 g -
o] 2 grH] - - 300 g
x| = T4 65 ¢ 65 ¢ 55 ¢
zz9 =4 ZA: =4
(2,35} UO2(NOs)2 | UOxNQs), | NaNOs
A HNO;, HNOs, AINO;);
w71 2) BO% BO% HNO: 5
24| alumina 200 g 200 g 200 g
15% Ag |21¥ I-131 lg lg lg
Modenite 1.281X10° Ci | 6.504X10° Ci | 7.35X10° Ci
NOESF | {5 |94 01 ¢ 03 ¢ 55 ¢
(FsA | Hdy
4AN-NaOH)
*7]& : lbatch
UO: 20% EU (U: 2626 g) %= 93% EU (U: 609 g)
UAlxy 20% EU (U : 278 g)
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Table 1-12. Criticality of U-235

& = S A I HAYA X

£ 0.35 0.82
A= (k

d%F (kg) = 10 _ 22.8
— ) 12.7 13.8
FHAEAA (cm) Za 6.9 7.9
A () 48 6.3
& (g/¢) 10.8 12.1

Table 1-13. Treatment of radioactive wastes generated from

Fission—-moly production

H 71 & A 2 Wy H] il
TR . — _
-NOx NaOHell &% . FFA T?]Z'} o &)
131 Ag-modenitedl] &2} -?—7]1—?F g3} %2_8_
oz | RHRA A% A 9=
. %%%%‘3? -?rELT’_?} T 3}A| 3- -
U 2EF 2953 2 -U g 4IAA
el st -U B3 AALE B
1 2A Agu el 3% 23
* NOx Fddg | AFAIZA 3 71E8 WA HNE

- 71k FaA | HAA/GAH R BF| AEALE o
A 3

3. A FYAREA oA FAGE LEAATIE

7b ZAE AY 84A T4 HIE
ARAZAA AaFo|AY AaFd TE T o AF7 AL
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e TAAAL FEHA skl sk PAE ANA Aok
W vy AABezE AEF HARY S FEI HegA 2
¥ A4oE A=2 JAREL ADHIL 1 FEY YARGFARL
229 UO)E ol 8v7 So= BASHIIE st ov 24 &
Ax Hr1ge &3 2o,

1) A8 A¥A F+RAEF
AR 2o o7t ARE JAFAE olFo =44 nA=HY
238l ALgFoe AFAZ SNk AFHIT ok wEFA ZANE AE
gAGNA AE d8F o 5EF APE Fu T wWelE d JF
Ao FAREE H/IEZ TAE F . I7dxE A A5 JAFA 9
top end pieces 7717} RS o] 4AY AT ZAF ALY F
Zo AZ Fo Aok

2) Q8% A9A HAFHE 7287
PWR 3dgel dA8%L 380mmZ ©|FdA wldsd ZHA}
(NDT) 258 Z2A" 299 45 A¥US g7 H8te ¥de AS
H F3dee R2r)sr #A5A o 223 UHR dAds5E L
BAAFe "Holg 98 ZAo] 600mm7t HA HGste AFLI) B
312 o <ttt ol HA] B2 A A Ao o|FA T
Al F287]e AGA BEIAA 2HAHS AFL7]d @)z,

3) A7 AUE 2ASD Ak we) P27

dnl4 2R AstdE AW gule] fndel G2z gE
2 BARRR S ARE 240) §olstm Avkrt FHE ) FA] $
5o WA TAHIA o]E BAFIA e Wol WAFES AntE 3
£ ol AR YARe) I¥It R2sZ ATt AR o
A AGA 2HA mEAAL £716] geiR
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U she A e g
AFAA g Yk WAY HYBELS ORE (95% AE)o|
Aol A ALFANFEZ Q7oA TAHE Hr2e I FYs @
o zdd 2AE AP fA2RE o)dd AAR (10 gols/d) &
AEE 2R 9T Ssist APF A= Ay Y7 2o}
2EAA71ER Aelsteiop Bk oW LAY F e AVEL T
3 2t

[

[

1) 1A #71E
AlE%F a8 s & W &EHA g A dHoeE Ag=2
AAHA e YA A7 Algo] Ed HAL 1L §Fe FAFA
A FEEo] vlojAd = 45 AT ALY o7 59 1A ¥
7180l EoUE HlolAE HEHA FEE Mo FolAA ZALE A
2 9AA 2HQds 79 golin.

2) AA #H7F
FAA FdHRol FLFANERE A FIE SFA
A HrE2 Z2AHEEH A7) HE F9E A HAbE
gz 2 F97F 2o o] AA HIIEL 500ml EEoE
EvolEst whikd Yol A uPsEy. wAE @ FYAEd T
A HNEFS FA QAL &7 Goj3H.

oL
)
L

. s7le 2A

ZAF AYAA (34 2 SuE) N 2AEE Arge
9 110 YEY R 2 2udds 700 gob Agae] A,
AANAE 5ERo] 2AAYLH HFLPANAE RAZ 1do] F=
BT THEY. 22 ALF ¥A=E DUPIC 59 mmu SEER
ggo] Fus) ol2ojFTW FF 2AY & At =PFE HHATG
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Figure 1-1. Schematic of stainless steel waste reservoir used

at post-irradiation examination facility
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Al 2d 73 -7 AL

1. FEstae Qgr?

HE718 AT A dAF S0 JEE Jtsta oA ol Rats 4
A & AR WY 2EVH Aoste Ae & F e o @Y
W7l A A3 Y AL dAF IHE ALY IAF (F
, ‘FE&AY 60Hz)o wet mASHA Hol I A3 AY Fo 3|zHE
Al & (hysteresis loss)o] At F, F =3 F(induction current)]
3ol Foiewrd dide dHR(eddy current)e AZA e A

T £Xo] A7 o] &Ho dE AAFH H&ES JFEATIA "
7}, sl 2=E @Al &4 (hysteresis loss)

23 2-19] vdehte AN 29 Fe =
O'] 0] i%oﬂ JT—HJ_ ﬁ%(ﬁ%’@%) il'% %‘?ﬂt}.ﬂ ’5‘}—}1}-_ j—‘—ﬁ@ o’l .:g.é,k_

o)) &oE= RS (magnetic flux)e] A7)

“'lr ‘rorE;“i‘rEri:

A H / work Coil

- e e o]
—— — -

-j;

-

ZYAF,

y 1

SN

work
FPHHA\ @t Es 2A)
} \ io] 2% A9 ¢,

W igel og A 4,
(a) (b)

Figure 2-1. Principles of induction heating
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B o] F&A7L e Zo]l AAAeld 29 2-29 Zo] 2 A&
AFe wH(RF)o dsjA S HHA L F4EE -, o] o2
7t EEMte Aol F5 32HPA L &40 & AL Yededg 4

FHoge g e Yoz T £ g

Py = 7f Bua'® V [W] (2-1)
714 7 3 2EHFHANE AF '
f: F3< [Hz]
Bm : UAEYE [wh/m’]
V@ BAAE [m’]
T'

B

[

Y

/ H

Figure 2-2. Hysterisis loop -

S| 2HEAA Al g e AGAY A we SdEH BF w9
BASoEe WA ZEI Zo] 77t e AAS A vt oy, #
=Y AfdAE L33 g7 & Wel stEer] 44 a8y
A7t 3 e AAAE, dut¥o R {EJIEw s HrEA|VE ¥
714y HAZE wER g A7 B3, ASUYEE 1 wh/m’

(10,000 gaus) REE W$ Arg, A48 F2&L2 2, g3Hq = 7
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o E AR RIS S 10 KHz o402 Eol®, 234 AFo
s F7sE SRR S4%0 WA 2 HE AaHPAs &
de Ao BANE A BE el 2L HAYAL Ao B
AT 2EE A 78T A/MEY 4oz Adstd 3 2dA

{7 BEE ZY Fo FAA FE5A e, WA 2xAA

2, 54 A 71HZo] do
FEAF i 7t B2 Hed o
&3 o] 3 (section area) ZH§
o

Hol EAhe v} go| HH

Ix _ Io e—(x/p) ef(X/D) (2_2)

o, L ZEAA SAHLE FEA xm HolMe HAF A

L : 9453 549 B4y A7, A

P: AFge T49Y e 2 Zaste Ao, m (e AAUFY D)

olg1g FAE UetdE LS AR EIHEH(skin effect)zt T

3 nEg fEIIEe Eoltt. o] AL o} &dA e HEAY
(¥4, quenching) °|2tE7F AEHe &4 T 55 & "ol AH
HE Holg. 2A(1-2)9 P AF 3 HAFY A5 ol(penetration depth)
g A g A FAStE ukeh Zo] AR HEAE p, AYFE
(/A o[Q2 - cm], F3 | [Hzlol SsiX A= RAolth. F,
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P = Jv——m = 58|25 (ml (2-3)
A% 2 AFY PIYUE UWRY, ETUORRE PAxe Holz
2 wdel 90%AAZ BAREZ, A§ANNE DFRAFY BEI)
EURE o AFWele RAK FFH dku AFAE Ak
29 2-3& RE7HEe] AEHE GEAD FEA oF, VA B BT
Aol el Foissl ARPolge] BAZ T Aol
O o : A7te A &, AeoAe) B (273 AN E QoA @
e} go] AEHEALE AANEE 4,=10002 1)
Po =102 - cm, g, = 100, P=16/ f* [mm]
O vd : A718EHFE 730CE RS 44, dS 7Mg95o e2HY
o] E(austenite) Z32 o2 W3F A

0o =100p 2 - cm, gr = 1, P=500/"% [mm]

. _ _ . 1/2
O Z(F8): po=172 -cm g =1, P=65/" [mm]
10 -
\'*-\_\ —.~.Gamma lron
.\.\_\ —— Cupper
N R Alpha Iron
E Tl
E 1 e
£ s
b AR
o .
o
o
c
1=
=
£
© 01
o
a
0.01 . .
0.1 1 10 100 1000

Frequency, kHz

Figure 2-3. Relationship between frequency and penetration depth
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BE nFFbelq ol AHgEo e FRETE £ = 400 kHz, 200
kHz, 100 z, 20 kHz, 10 kHz ¥ 3 kHz$} Zo] dAHA AL AF
o7t Fahso) Wrdel wule sme AR Fs Aol Fejy
sthes AL Usdth og 4 F35E 90T AFE AGE F(E)
o YFPolE 19 2-39) vd WAz ToW T ¥ 2-1 A

Table 2-1. Penetration depth to hot v-iron with applied frequency

F % % 35 2ol
400 kHz 0.8 mm
200 kHz 1.1 mm
100 kHz 1.6 mm

20 kHz 3.4 mm
10 kHz 50 mm
3 kHz 85 mm -

2) 24
AF &4 AFdAA T F@FA YA AEAd AR
A 8+&A (Ohmic loss =+ Joule's loss) o]t}

Fogrt v FE5AY yEI AE F9E Aol 44 AL
e 29 2-49 Zol 4% F5AY 72 dHAA ¥AF r[m]] EelA
FA dre) 4GRS B, T £ UFY A& dEE B [wh/m]
olgtil &9, Az JIHY e &,

— . aB _
e = 1/ dt tv] (2-4)

E Az F 3ge 4ol 1em]d A R AFE o [2 -ml2 31

_ _2nr _
R = gl Q] ' (2-5)
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HAF i
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~a,

/)

Figure 2-4. Heating of cylindrical metal body

2] o & A(reactance)E& FA|5t3A

fetq Q7HARA)Y dYe

e _ 2drdB _
dp = 2R = 1’2(dr) ( )2 27rr
7 dr ( )2

RAE 1 =

0914 r = a [m]7hA] L& AAE HESE o] 4% 2]

ImZe] TAstE dHo] FAG. F,

B= pou:H-= .Uo*.UrIn =4r ><]-0_4><.urIn
dB/dt = wB = 2nfB
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Hrh. & o= Az FHE FFE FAFE TEo] Bol HAW of.
ENAE 57199 dAFHS (critical frequency)et o},

- Pm f1/2
5 7 AAF RS a/P>10
E // a/P"z 25
/
X
/// Poc £
s a/P<1
/
log (frequency)

Figure 2-5. Relationship between power generation and
frequency for a cylindrical metal body

o] JdAFuFE At =9
(1o (REY FAE) = 47 X107 [H/ml]
a/P = 2.25 (2-11)
2 Aol 42-3)¢) Py ge =39
< = 2.%5
503 \/ J7I0 A
fo= 1285 x 108x —2—  [Hz] (2-12)
uyra

a9 262 29 2-39] Uehd 23 Az UF YAFRFE A
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mme 7= vAoTRE f =

(2-12)9] &8 T8 Relvl, W7 10
e FR5ds ¢ ¢ 4 ok

12.8 kHz=2 H| 24

1000

AN - ~-—-Gamma lron T
\\ B ——— Cupper B
» N YU T T L Alphalron |7
= 100 . =
[3) \\
5 N
S
'g M
e N
= \ ‘
[} N
% 10 \\\
(&) c
N\
N\ \
N N
N

0.1 1 ) 10 100
Diameter of Specimen, mm

Figure 2-6. Relationship between critical frequency and

diameter of specimen

FH = 7tgole 1~10 kHze dF ¢d7|17F &3] AH8d - H2
& Alojgl2E <QAWE (thyrister inverter) 2 WAL oy} - RAE -

oY QAFASF W] deolnh. YAFHE olselNE Fupdol
o}zrel WBo] JIE 2 stAeel W} ASH, RS F34

Tt EESFE Fo82 BE dAFTSFY 59 o] Fagrt Add
o} a2y FaErh FolAW  oWde EFHENY ZHEH
(proximity effect) $°] 7122 FFo] ojdA ot dukzoz go
Fo5E Fd Z, 5 o5 45T 22 =00 fFEIIE YA
= oug Fo5E AYst=urt AMEY] F23% Aol 1 £&4
wEtA] HFe FRFE MAASA oW ¢

“
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AFAAS) 4Ee 2% S92 Wz 44& AR FHAS B3
iz Azt oy AAE YT ARG AojdE Ao glon

2 A& ABE w3 v mgol Poldoh A AT ARty

Apolol= oY 2-73 e EU132E AR £ g

Figure 2-7. Equivalent circuit for heating coil and specimen

o] 3|2& EW,
Vi=Ri+Jwl)-h-JoMDk (a)
0 = —Jw M I1 + (RZ + JwLZ) * IZ (b) (2—13)
Iz = % 'Il = A‘Il (2_14)
Re He WYAA A,
no_ _(oM)* Ry _ _(eM’L,
L By + Ri+ (wL,)? + Jo L R%+(CUL2)2]
= (R, + A’Ry) + Jw (LL-ALy) (2-15)
oM = M - agas (2-16)

& IAI “AT TR+ el T L
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E FHAE 7tdse AgE,

PR = A1 Ry (2-17)
T AFY) &AL PRoIYA, MR EE =,
A*E R, 1
T AERAER |, _K (2718)
A’R,

&, 88 7

() ¢x249 Age FA &5

(i) 2%AF AE A EFF
Adth, o) el golM LR A sbsdt. @A Re gy
99 2HERE YA Fod AFHEE AL BFSA FHU A
A AL A3E FE £U dvh. E BT A Fd 4y}
Ade IAPEAA FE F7F doh. 28BS AAJATY 2479 &F F
A9 WNAE ast IZYY WA S bt ¥] b/ad BAE aPo= o}
Bfed, detRow 3Ye ¥o| hvl 2449 ARFRYE 255 4
FFE an Ass gutsit, £ Y93 dE n3d e AY g A°

o n*& Fad Hth
2. r=7tE &63A
1F AF JaA TAHE FRAFIE 2F

Jgal 47 GAF7 AEANA AT oA 4L YAt g
A FE HGREAE AR @ AE WA F2F T 2L

2e 2T BARAE xilZ}ff}@lor gk B AANAE 400 kHze)
F3hesh o 0kWe 29¢ @ & Ut 1FTH BYINY §ERE
29 2-8% 2o} AR %ZI ARE, BAR, 24Y 2 7}

992 FHHC ged 7 28 445 AHuE e 2ok
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Electric Power

220V / 60kVA

» i

Chilled Water _ @

30 L/min

450 kHz / 8 kV / 4A

with Cooling Water

Outlet

>

)

R/F Generating
Power Supplier

PIG

?

Pyrometer
1

— Off-gas

[ Outlet

00000

Crucible

Cu Skull
L~

/Ir;iuction

Coil

Melting Chamber

Figure 2-8. Schematic of experimental induction melting unit
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3gel 20Vl 4AARE 10kVe DAL WP w4E 2
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AREN 2d9 1AL ARAFE ZAME Fd 3F,

13kV DC2A 1% B2 otk 23 F5 2] 9F 229 %3
g o2 24

& PASA 99 &% B5Y2E FHAAG. FBHE oF TAY
2 Y4 BALAE o §3te] VAR PUe] Yste] BFAE)

A 7tdd 4AA J3EFH A" ¥ E(grid) AFIFHe 2F
o2 %7] 2o AFdn. ¥JE HFE 4800pF, 20kVe A7 2w
FAg sHsd nFo JtEd2d3 1,000pF, 20kVe] §F& ZE 33
A2 BIs2e Artdn. & FEANE ¥ 948 de <
< 7 JEF H/AR/2THAY ARI2E AT

o 2R3RE
A FEAFY 220V, 308} AdS Aojse N1eH AR R L
F2oA olgel 2t olE FASY HEHUES Hof o A
& FUEE SFLYLZ Hoj gk ool FAHAE Hels Bx
+o] B dHAYo] AGHES Ho
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CZ Ut RE

HarEe 8% P L e FEFolzE IYFHE FolA
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3. fi=71e AAE o4 FEvAY 7|2 543

£8F HFHoz 94L& F JE FHY 240l & 2-2¢] HEI A
I Zol HES 43E % 249 IH9Y TH8 R 1FANGS 7
¥ 2-35% e BEe WAL E &E4ES AAEAUT

Table 2-2. Target glass composition after melting

SiOz Ban NazO A1203 CaO Zn0O

1T || o
o | Fc

54.94 1694 | 14.29 5.93 4.88 3.02

(5 A1%)

Table 2-3. Chemicals and their weights used for melting experiment

e

Si0Oz | H3BOs; | NaxCO3z | AlOs Ca0O Zn0O

—4d || ox

=,

2185 119.7 106.8 236 19.4 12.0

(g)

NHEFAE AEZLY WAl 130mm °lx, 29 7L 357} 69
of H=E 3tk I3 &&FE° FAR L2 FFUHA ]
74dmm, 8t5 W73 o] 40mm, ¥°17} 95mme YFE =M E ALEs R

Hehg =rtye d8R2E 43 f=E2Yd 25F%E EHE FUE
TEL F=HA @7 dEd nFae] gAdF &4 o7 stdo| HA
gorns TIANZAM FHHS ¥ olE FE 7IEAA TA4E dd 9
A AL S &EAIIIE d HHS AHREAT. Y zr)dEe
150~200g Axe] EFELH FE5HL A Wol F5HAA A

doll 9t o] 3, WS, &5 T =3I W] g J4

of

9 fA8EEe) HW A% TYRVE A4 FASAT. U
BE 2q@ Fo f2l S22 due) wWld BAS) BT wgao]
9 olge Erh BARA 2¢ WE Weo] BY W2 Ak oy

_61..



AegdE F592 A3 % 1I9mmd €27 (57 1.60mm), &8 AH 2T
(F7A 1.06mm)?t BEehE (77 0.90mm)SE of 20mm HEQ Zol=Z
ZAeta AHEE A

STHEY 5002 EF Ho94 wgo] Eu= AR HrtE HY F
Fot el oet @xted o] A= ® 2-49 2o

Table 2-4. Variation of melting time with type of metal ring

Type of Weight M(?Iting Plate Plate Grid
metal ting Number @) time Voltage | Ampere | Ampere

(min.) (kV) (A) (A)

3 6.94 - 54 155 0.52

4 9.95 73.0 5.7 1.92 0.52

Titanium 5 11.77 66.5 54 1.62 051

6 14.12 54.0 55 1.67 0.52

7 16.14 33.0 5.6 1.72 0.52

2 15.24 515 53 1.62 0.52

Iron 3 19.80 34.5 55 1.70 0.52

4 28.25 16.0 5.6 1.91 0.51

2 8.25 - 5.0 145 0.51

3 13.45 45.0 53 1.60 0.51

Stainless 4 17.45 385 5.7 1.60 0.52

steel 5 21.56 26.5 5.3 1.61 0.51

6 28.16 25.0 56 1.72 0.52

7 32.85 24.5 5.6 1.80 0.52

a3 2-99 2-10¢] HFxI1ge AREE 539 T/ 9 FAS A7t
Ao 2 §§A12H9] ¥3E =AU

Be 27 =YY FEAES A=A € 4 gleEss
AFel & dFS Ay ¥A gevh ugA 2EdE f8) F
e WolFa, o]l FEI/IEANAA TAHE & o]&3o {A
1=

)

o)
m
Pl
==
B
o

to o
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o

-
o
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\-\&\
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Figure 2-9. Effect of types and weight of metal ring

Ring Weight, g

on the glass melting time

35

—&— Titanium

-&Iron

—e— Stainless steel //

0 0.2

Figure 2-10. Variation of glass melting time with

0.4 0.6 0.8 1
Plate Power/Weight of Metal Ring, kW/g

plate power/weight of metal ring
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F AEH 29 2-99A4 BXo] F4% FAV FUHE W wg FEA
7+ giAZ AXP oz 4TS & F AU o gy Y 7)e7)
7t 7V 2H, 2HAE 27 718717 S ¢ & AUk

a9 2-10de nFY AEIIFEAY AFHAA EAHE EHE
589 FAZ Ue g did 93F9 G EY vg FEATS
et Blet e 3S £8/358FA ¥t o 0.757HKE 489
dag Aol F7Hs, 075 o)X SusixA A dA e
UeRdTh ol @9 A FEHH AE + ' FEIYFLS
AslH o] o]Fe] AYE FsYE SE5AL dFEHAE PSS YE
Aok, dubEd 2EHJH2ZY AL B AU UdAME a3
733Fo] Holxl Fou A&Hoz Fitste FAolth. wEAd FF o
o #E AFE A3 F&£Y @A g AFTL FHHA L84
tte] BAE AAF AHE iz g
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3-1234
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fe18 BessHon 49T Aot #g 449 Jed #A
= feggdel dAR EARE nedAY APE FHsW Ao
329 3-1¢ eEusd ge ARAseE ded A6, ¥ QA
ggde dAgez 1 Ao Za¥Y. VHOZ §5Y TuolA
27t doigst SA AARL FuHM, A% YAAE e W
FASZ AFe) FIET. F AWFEL 44U WET IYY W ¥
A A,

Plastic
Solid Phase Phase Liquid Phase

WP 22274 NESEEIN

I
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\
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i
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)
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)
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]
]
]
t
]
]
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]
]
]
]
1
]
1
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1
t
[}
[}
3
1

s H >
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Figure 3-1. Change of Volume with Temperature
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a9 3-194 AAde €934 H3Aoln, Y T, B4 18}
dolr] & AeddE A¥dFLE F2 S g ALEd. o ‘3
W7z 943 52 89’ He 498302 FAAT HYFe)o|t
o] FHL& EALENA 7I&77F £ EAATH FYE o)FH ¢
ol HPFHE FXFA Feoh ole Z HAHY YL WHA 9
Aol BEJ} F7tetr] g o, 7 2xA JA g F2 Aujde] =
HA L e A7t W$ FoF 9 o BYAH FA7 B3
A JAZEE AR At ol BHAA FeElo AL 4A
& A= F, 10° dPas (poise)ol Al dejuar ole) sZFse S £
o] % (Glass Transition or transformation temperature) Ty2} %t}

0,

A R

el &4 2 e 4L D) 829 AAHE FEsea, 2) A
F (EE ADNALAAY 28A AdF7IES TFAT7)7] 8 HrrEH Y
of dith. &§= AY Yod FREAHoEE AR, ANAERE, AN
F2x Fd X 3-14 ¥ PNLE dAFEA AV|ZA 58 753
&4 2 fee BAE YERRADEO.

tjo

1) X (Viscosity)

7 w8 dRH 2x9 TA
FdE 2YFEE 2y 43 28AEE 2 WA 2 =

ALz oz wztdt, d2oMe d$ 2 JAAE AY 22V}
ot we aEF ol &§ FHeAE= ¢F 100 poise (10 Pas) =
£ 2 o3l o= "

Andrade®= &% #E7l 259 g4x 2 F2¢ 2L FEE ZRE
Z, Newton FAZ HAFE & At A3 4 G-DIY 2L Ix
21& A3t

i
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Table 3-1. Glass property acceptability criteria for
an 1150TC melter at PNL

Property Acceptability Criteria
Viscosity at 1150T 2~10 Pas
Electrical conductivity at 1150°C 10~100 S/m
Liquidus temperature < Tp~100TC = 1050T
Phase separation No liquid-liquid separation

) o in the melter
Dissolution rate in deionized water

PCT (7 day, A/V = 2000 m™) | < EA glass

B normalized release 82 g/m®

Li normalized release 48 g/m*

Na normalized release 6.6 g/m’
(Glass transition temperature Descriptive
Devitrification during cooling Descriptive

n=A &7 (3-1)
TE log n = A + B/T (3-2)

Littleton 2 Lillies FE9 A7]d wt {89 T3z EHexE
Aostdtt. =3} FEle AL FHAT x4 HAH &
(3-2)9] AXNFAAE TF3A FSE 2T ol FHFTFERI 259
et wEsigs S vy, §8FEE He HHdA Newton F
At Azete AL 4 &S UEdt Fx wE fEe Fg
A EAN 25 gey 2.

o,
o
822
I

l

(O Strain point (log n = 14.5)
A=t 4x10" poise (log 0 = 145) 4 WY &5 2 o] 22X oA

#UE FAHFS QoA gomz ofFeY FA o LEE
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FA X straing AAYE = Sld

O Annealing point (log n = 134, A ¥ 3H)
A7} 25x10° poise (log 1 = 134) 9 W) X2, o] x4
A 1582 FA 38 straino]l AAAT  10° poise (log n =
13002 AYrix gt

(O Softening point (log n = 7.65, |34)
HE7t 45x10° poise (log n = 765) ¥ @9 == Littleton
point SE FEC. o] & ol I2dAE FEd &¥
of EXER ForE AEFHRIE AR oA AFH S FY
2= 199 Hegolghar AzA.

O Flow point (log n = 5, &%)
A =7} 1x10° poise (log n =5 ¢ o9 == Lillie point &3
= @k oA {FE9 AY FHAES T w9 v|Fo]

O Working range (log n = 3 HA 4 ~ 7.6 Ato], AF2= HH)
AE7) log 1 L2 342 BY 76 AE Alo)g] AHE 23t
AEARAS F 99 3 A= Peolth

W) frEjd gl dAd nAe 9F

R:0°Si0zA1 9] 24& Fr2lolA R04 vl &o] 378t #329
HAEE F4aded 2 29 L0 > Na0 > K09 #A4=2 YEYA
53] LiO9 &3/} At o9 Zo| AR (BT &EFLE)E ¥F7]
A3 AEEE 388 £4R2AE 4 (flux)d sed F2 gL
R ALY ES Y2To] o8 FHEE g dRkFE AxXY BFL
t FE BHYEF] AMEHY FEo A, WEAL Wi AMSF
Ax A Uk [FEY A 2L AT AN &§FE& ERE
A3t BAUYEFEEY o 43 A FLE e RS T AAEA
A% = ded EAE)Y A EFWLDe] ZIEVE ZA BAHE

29922 8o W9 e 54 =49 48 £8%

oo

3
&
2]

[

[

9 &
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o A AME"Erh SiE 01% WAA fE 433 A& Lithia
7} ¢F 4T, B4 oF 3C, @AY EF] F ITRE LY 47t §& ¢ =
Atk Li% Fo] HA/EAR L &7 2o
(O Lithia (Li:O)
- Si9) 0.270.5%9 WA NME &5 FIY & Y
- Lithium carbonate (LizCOs), petalite (Li;O-Al;03-8Si02) =+
spodumen (Li;O'AL:03:4Si0;) 59 ZFEFEE ALE= 1 o
< 3L7tejrh
OF
- 0270.3%9 v Fozx §HE IAA &2
- ARt FEEq wir|rta2 FEEOA FH LY, B3 A&
o s Fefr =)
2Na0 6Si0: A frElell A Na;0E CaO, MgO, ALOsZ X &3 -9
= Axst 27 MgOZt 237 M8 33 ALOs, Ca09 &A= %
obd T}t Ca0, MgO, ALO;ELS F=2 AqFLeE, FAYPeEdA9 FExX
4, W74 Bg T2 s 94 (CaCOsMgCOs) oyt &Fu|v}
(AlLO3)9] FH=Z vz Hrldo. 53] Cad &9 Ffdde Sigt AT
S2F §62 &olFA HYy wEojd fEvt B4 5 AR US4
o] lerz g, |T4E FFAT] f3te Askdh
Naz0-4Si0; &l AlelA] SiO& B0s2 A &3 A -$-ol= 800TC ol
2E29AME B0 Skl ot Fxrt 333 Ay, dstex o))
‘9] 2 XA & B0s7t 0-15%7+A] = B0 F71el meEl BE7F AX o,
15%S dod B2 A3t ole S HARElY T o)A
7198 Aew IR I ).

o Bx 49
CVS-II AldA #39 HEE rotating spindle 71&S o] &
st SRS, EF F=EAYY GDL-VSC (Viscosity Spindle
Calibration, Rev.0)®} GDL-VIS (Standard Viscosity measurement,
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V- B 2 2032 B3l Bl EkER &b bl BER

¥-€) (LY/PHV-)AXS °0 = d/T = 0
hlodflkls 3Y ‘Ixhlole R E BIRIE 2PHY ‘TELT R4
2% ‘Rlvln 29 ‘BRI 20 kel hPhh LERVE Ri2lE fe
h btk EE3NE B4h EITRIKE £ h3E BkE IR &
b el TR Sklolle TIE IEES) TIRUE b
b4 tash hol Skl BB LEBRTL: kB BRIl
B lo24R b3l RER il hRER 2L by kb I

Rl lodle ERER 2RY TL loRE FIKTIlo 24

(A31ATONPUOD [eOUIRNH) X< (T

(€-€) CL-1)/d + V = U U

gy S &PUINg
o ot Selvm FIE hE kTR tBllcF bleie W
S lQ0STT hRie ok lboh Tlks KR k3T [o&
b LB b lof® Bl lbEkE B3l hEE Bl bRE bk
3™ lo 2HeR B4 hR(viie =2 SR =3) &t RFE

¢ lets |cE{oB BlcRBE lolzly 143K Rlbvlelodr J.0STT-0S0T
falol 2 LitETlk T Sewm 14k lele
& hloflt ‘YRie EXEl ki klklz ‘B EElv 3k
KE3-Rlv 32l hREE ZAS hid B9 r RET bx3al
ke B ChRle 388 3B L BY b R EEKE b
ol & FREE Bl T ki2lvk &% kB ke 20STT-050T
PEEERAT 2L &« hidkes 23K =2 62006-000T-0GTT
~0SZ1-002T-0STT-00TT-0S0T-00TT-0STT  “hR x4 E={eBT &bk
BB (Z&0€ ) R ZA0GI rlelh hicmekm IRIvRE &2

HBielst kiledle E(0AY



Ha7t A3t o] 2%t & ALTE F43] 743, oz &
Zeol o] =gl wet urlmAast BolM fETEI AYHo=
Hug gdeolLo] o]Fdr] gAY WEeE AAHn Yo =
AirEE A8BY LiZ2RE Cso2 o]2utAo] AAd wi} o5&
9] AFej7l AANER -AHaet AANERE FUFHOE £ HIAREE
ZAS =

PNLoA AZNAEE FAHL $£35F5AHAY= GDL-ECC (Electrical
Conductivity Calibration Procedure, rev.0)¢} GDL-ELC (Electrical
Conductivity Measurement Procedure, Rev.0)E A}-83l3, AFEAA =
GDL-AECC (Rev.0)¢} GDL-AEC (Automated Electrical Conductivity
Calibration and Measurement Procedures for Molten Glass)E AF-&3%%
=, Pt-10%Rh E#HC|= (blade) 2/HE ®El9 Funde Ho7A ¢
X F B o= Atele] A&E AFAE o|&3d FAHIY. A
1250-1150-1050-950C ¢ «AZ AA|stt, A7|AEEE FPo|y A%
ol & fFreliste] g3Fe] Pro uls) A Fong EAS
StA] ol HAn. HAV|HEES EAlde thd# 22 Arrhenius?
AF-§-3ho},

Ine=A+B/T (3-5)

A, B : Arrhenius coefficients

Uﬂa ox r‘lO

tlo rlo

3) A3 % (Liquidus temperature)

o] &% olgdXs TAY ARl EAFA ¥ AA|Gte] 3l
© =58 443 2x7 sted dF FEAe F2 2 8629 A
£ & FFE "X 240 AAEE A e EE 7
2] AAFFAZ (precrystallized) FaE LETHE & £ dE= TFuiA7)
= (gradient furnace)°ﬂ"‘] dxest] Z+F duAdH XM HEANE

PNL¢| "1—‘:— crystallization fronte= GDL-GFC (Gradient Furnace
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Calibration Procedure, Rev.0)¢+ GDL-LQT (Liquidus Temperature
Measurement, Rev.0)E& A3t A3 F3ldt. Ex8F F8 A
Aol AHY AR FRE ALNATH ERANA L A vR
fele Bl Wrsgod, AR HHH 24 SEM/EDS
(Scanning Electron Microscopy with Energy Dispersive Spectroscopy)
= WhA st

4) 993 (thermal expansion)

T8 &5 R AN d4AH == 1ES HVIE FE A

St Zo] A7IRUA TEHZO] %lb Bgol= FeEAzt L] wa} of
= Ax BFaert st AV FERS R RVISHAE SHAA T
stA "o

g EQY EE FAHLAE AESshe dddAd 95 JAFd
=7 s met QA Frtstd AFFo] A= dHE
e (ETdd) 2 o3 2" F dAE HFo Az
257} A5l met PRl ‘3—-101‘%7]1 g2 A E Sl
of & AFol A Aol o3 A Lot JAFHAME Ao
7] W&ol AF e AFAFE A ol TUAF Tl LA/
FE &gdozo HoFAdME ool dutHo= o 3uf F
etk AL uS 43 Zol WE ARZAF o 32 AT 11131%
FAT BE EAHH BHF B = 3a o4
1/ 8,) - AL/AT) Z2 (3-6)
= (1/vo) * (Av/AT)

==

N

aat

=)
[
-

I

APFASTE BT dlatometer2 SAsI=d 52T FAZE e ¢
#e B ALo=HEH 300C 7AA e BREE oguidt. FAHA = A
2 A dbde] e, AF PoesE 300CAM 2083 FA3%

x 1.
F 2Re0, £4 PEe WY $LEEE 4A%E Aotk Lwry

i rl
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o2 Ago] 5mmel AW 5C/mingl $LEEE FAFEE Ho 3l
o A AgAE ot A B $E gt

5 4943 2E¥<

FE 9 WA FHERH WEe WEE Zold wat T
Y (EHS 4589, URe 9354 oF] 2EHAe] A3}
A Dt 2EHAY Zr|e TAS T3 w9 YzaExed 3¢S ¢
ou 2o 2RE &3] Yzad 2EHAL IA Gov, M= T,
A BIoA AAs] P43 2EHAL v$ FAEY. E fFEe F
AdE A FAL de 2 2EHU] Gt 2 2A
U EFYstE §8 g fEe ARV A4 FErk A

12 FEFgozA A7 43 2EFAS AAS] AAAE 78
€ oA o™ 22X oJ¥eE &¥ davt ey 2E7 YR woW &
gy o] FAHA AR FHE FAFE F A o o8 o] =7
SEE SEA 49 LA 2EHAELE HAATL dFe EEE A
A3 W £FE A9 (annealing) ZF o)zt o). AP Fo| A 7}
T T8 8L Yrexe Y&z #e o)t

473 2E#US 4 FE7F BAFTES dodle 22714 ZEEHRA
S W AAHY JMdEE 2EFF 540 7] didd 2E#H A
AEEE wEy UF ngold A9 Wiyl dojyrz @
o] HuL&xe FAE MY=e H3 =+ AYH (annealing point)Z}t
g $8H {9 2271 WEHIMA o= 2xE FEHE offE I3}
qdx FYoE % AR 2EdQlo A4 rIsAe] AF gle &=V}
JdE olE AYexd 33 == AEFQA (strain point)gt st}
AMEPT 2EFAZAL H9 FE FoA 4HE nkg Zo] 79 H=
#oz Hojdr. o] ZE g e 2E¥AE AMEEHeEt e
t, o] & BHdAE 7t & YAEEE =g A A fFElA Wl

flo

S

2
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2 2E7H7F A71A FEF djoF @k o) ZRE FHEA FE
o] qYRAL &7 2 FAEA et PP

- AEEY 2EE MYE2EAA 87 A% M9 EA

- 2EHRJIFANA 22 E g7 9% A3TA

- 2EHAANA Foz 2xE Y/ 7AX Y MEFTH

a8 &Y H/E sy Asde $F22RYH FELAE

od FHzE v R dzhstg el e 9o TAEAFT JHdFHAl
298 &= Yo

o 2ES HI2E /Py Rse

AES #Hr7ES 13t AEr] A4 fEdEdEs B,
JAFFE, AL GFRE Tl ALHALH, AS ATL2ZE 2
A2, tailored AgtE, QFEA (Synroc) 5o A7 ML= QU
ztE 3l AF BATEU A SR AHE e HYE g
TR F& olFx Jed ot FWAFEI N1AF, 3, WAEA
2 AR AE ol 587 HEoltt, ey AF (devitrification)
—4 Aol Ao BA7) A BAVF AviE Y #HFY & € olF
2e astAle] S EARS FAS=d AZLE7] 2 over packA Tt

A%d BTl Yo A% A47E2 AZHA0e YA 129 o
ey nguAzE b 498 Add ¥ 5 Ak FRARAY A
WEHSS e 2o

h) B wstAle) 72

B A2 (Si02-B:0s~-M:0, M=Li, Na §)E& ¥ 3-2¢} Z9]
2R Si07 AMRAE T2 dAde] Eds, A2 A
o7} & T FAEY tgd nEHHIE FHALAAE FZE Y &
AT & I 72 YA o
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® . silicon : Boron O : Oxygen

A Na, Li, Sr, Cs : Actinide : Other Waste

Figure 3-2. Structure of borosilicate waste glass

DEY HZIE nsAR vF, TFE 2 5 FFAA A
Bagee] 24 ¥ 329 2. 2Y E 3-2004 & 5 9
%ol oA AxdeE EATVIESY B FrEnsAe 242 o
AskA] 3 Aok H2 SARYE Sdtd A =4 9 HEE9
T 2771A1 9] AW E 0T FAHAANY S T3t AES 43 A& A
FAdol F33F HFEmsiAe AL SiO7F 51~53%, Na0+B:037F 2
4~28%, Al+Fe+¥|7]Eo] 21~25% ARAEolon, J&EL 5x10° g/
orf - day A=}
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Table 3-2. Chemical compositions of various borosilicate glasses for the vitrification of HLWs

Name| ABS-118 GP 98/12 SRL-131 | PNL-76~-68 | SRL-165| SON 68 | SM 513 | SM 539 | UK 209 | P 0422 AVM
Component ].S.S. FRG USA USA USA F FRG FRG GB | F
Si02 4752 (52.71)|52.47 (58.50)39.80 (52.22)|42.25 (51.10)] 68.00 54.95 58.60 4550 68.43 61.00 56.10
BO3 1465 (16.25)| 9.87 (11.00){10.16 (13.33)] 9.43 (11.40)) 10.00 1692 14.70 33.00 1499 19.90 25.30
LizO 207 (229 400 ( 524 7.00 240 470 450 5.39 430
Naz0O {1030 (11.43)]15.70 (17.50) {1522 (19.96)|14.15 (17.12)| 13.00 1191 6.50 1050 11.19 1.40 18.60
K:0 0.12 ( 0.16) 2.80
TiO» 323 (1360)] 077 (1.01) | 3.07 ( 372) 510
Ca0 422 ( 468)| 4.04 (450) | 1.07 ( 14D} 246 ( 2.98) 490 510 6.50 2.80
MgO 2.96 (3.30) | 1.28 ( 1.68) 1.00 2.30
Al:Os 513 (569)( 143 (1.60) | 314 ( 412)] 0.74 ( 0.50) 591 3.00 5.00
Zn0Q 261 ( 2.90) 465 ( 563) 3.00 2.80
ZrQs 273 ( 3.02) 032 (0421 178 ( 215 1.00
Lax0s 0.93 ( 1.03) 0.34 (0.45)] 4.13 ( 5.00)
BaO 0.01 0.54
Cdo 0.05
CeOq 1.03 0.25 0.96
Cr:03 0.20 051
Cs0 1.15 031 0.95
Cu0 0.03 0.06
FexO3 3.04 1031 14.73 9.50
Gd:0s 147
MnO: 4.30 0.04
MoQOs 2.14 1.89
Naz0s 159 0.46
NiO 1.59 0.24
P20s 0.10 0.71
SrO 0.14 0.40
U2 0.89 1.67




2. wElSA Y =5 F7HY

g 548 e IES AW FF, INAZANY ol =
€ AEAY A7IAA BRHAN ndH2)e] dago] uis ¥4 o]
2EH H71E Al A-E 71AH FxE
Qo] Fojof ain), AW 4F AEES ¥
Fe 59 ZF 718 BFAAK e’ B

g9 naAe 7Y % AESE) 3
7HE 98 Agse} g AEAIYHEL vEd BT, 2AY A%

7 AEAE W e na

AEANEE 1@ =5 a9 f

Ak, ARIILF HEY mFolu
e SAIESAA @l mukg
T8 7 Ut

FHANEHL AR ¢z 9L n@gse= o
Ho g s2& FA4 g3 AEF94S @ FEe W
AR g mea JESHE wEdE wHoe =
o, o] J/NFE ISO A¥H, ANS A dY %
ALgete W2 E ARF Ay =AY FAE ® S5
FqA FFE MCC-4S A¥EYFA 2 #% 210& ZE MCC-5S
Soxhletd o] qcp®.

AHANERLE AE A& Fo dan dAZT A7) AEE A
FAstd FAEd FE FAHNE PPz ndAdgA IH L5 HEo
U Az o BAHE g Eo IE3 S Ao IFE A= RS

1387l 48 ddggoltt. nES HrIZo) FEnddNY NF A2
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BN Foluhe A2V e AHAS
o MCC-1P =4, PCT AlEHY
& gorstd UEY® 98 ¥ 3-3% 2ol Ued

o N7t¢ A= HrHZ

5ol oo ST,

AL

% & NEWRE
% Atk

Table 3-3. Comparison of various standard leach-test methods

FAHA A& AE AFFEANE
IAEA ISO ANS
Ao Ak A MCC-4S | MCC-58 | MCC-1P PCT-B
3 = FEde RBrlany AR Soxhlet® P&y 2P Y&
“ARE | -%d | -AZEH | -5 234 )
~EaYE | -A#y | AE | -ARFRY AN 2% n8A 34
~}2RE | -ZARH | 283 g
A8 |-% el
oprBE (100~200
-AlFE mesh)
-Z23E
=81, PTFE, B384 A8 [PTFEXL: |PFA teflon |[PFA teflon |Stainless
A2 g7 [WEAE PP, (F8l~H9, |PFA teflon [(<100TC) Steel
& Ay A= polymethyl |2 H] Q1 8] &, PTFE teflon and/or
pentene |72 (>100C) PFA teflon
2 2 A R g gy LEEE, FAFEF, AEFY] B g
AEd B (38
AY 2x(25%5 40, 70, 50 |20~50 40, 70, 90, & wiH 40, 70, 90 90+2
(C) 110, 150, 190
N& A HV/SA V/SA V/SA SA/NV SA/V SA/V V=10X
Rz AZ[< 10 cm  [=0.1~0.2m |[=10+0.2cm |= 0.0100 * |< 0.04mm™ [=0.0100 * AN ETA
Al lgmae 0.0005mm ™ 0.0005mm™ | (SA/V
8] (V/SA) 2000m™)
4 P - - - |83 (cc/min) | ¥ (co/min) -
2wz 0.1, 001, | 1*0.2
=N 0.001
(2g&T) (B E) ((RBH) ((AFEAD) [(ANBAM) [((A871)  [(AFAIY
a A 1F 13797 | 5,13, 24, |7, 14,28, [3,7 14 B | 3,7, 14, 79 +3.4h
AlY AN Y 25 48, 72, 9, | 56, 91, 28, 182
o ol F3F T 28/F | 120 M | 182Y F =
FEA | 1357 365 o|F = 27098
RN (o] F670 Y : 28 /7% 6y 3
1280 (o] F
113,49
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BAA & F ARl TELT JESAFEEE AT stolgste &
Aol T57, AE2E, JEA AFFH} A5 x99 ¥, JEA 75 5
o] dygxe] JE&HE AT IFS VA BR JEAE H|LA 4
T AEE AEHY SRET ot AFRAE AAS] HXde HE
stodof gt

fFEnsAY] WIEEAHES drid ez Hrtsted 7 Bol AHEH
37 & "= PCT (Product Consistency Test) HEAPH A9 BE
|23ty ¥ 3-4¢] e

Table 3-4. Comparison of PCT-A and PCT-B methods®™®

PCT Method A PCT Method B
Type of Glass Radioactive Mixed Simulated
During production for Scoping tests : Crystallization
Usage rapid analysis and for studies; Comparative waste
waste compliance form evaluation
Test Vessel 304L STS vessels 3041 STS or PFA Teflon vessels
rated to > 0.5 MPa rated to > 0.5 MPa
Test Duration 7days * 3.4hours 7days £ 3.4 hours or varying
Leachant DDW DDW or other
Condition Static
Sample Mass > 1 gram
Particle ASTM ASTM -100 to +200 mesh
Size -100 to +200 mesh (0.149~0.074mm) or other sizes
(0.149~0.074mm) which are < 40mesh (0.420mm)
Leachant 10 cc/g of 10 cc/gram of sample mass or
Volume sample mass varying solid to volume ratios
90 2T or other temperatures
Temp. 90+2C prov1defi that a.my observgd
changes in reaction mechanism
are noted
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PCT-B W9 Z$ole AYxAL AR dgstAl 44T +
EE o] glgdE Hold, EFE PCTH (AEAE EZAE 1 g3 10
cc AFEE A$)9 A$ ANaEFUF/AEA FI9 HE(SA/NV)E
2000m™* Axolth A AXABRE B2 Yo

Y. 2714 H7)

FElnsA FHE TIF HUEY BUIAFSE dFsa BFE
AL WAEHAZE AHEFES A4 As7 GS5A9 FRAYE
stteltt. AVIAFTY FL BE 10000Q Ee 1 o]doRE E
A Al Qo 2dgo] nstAe AFS WUyl fd 279 =2
o FEAL FVNAFY A4 7 FAd AP ES e Ao
FTastth 94714 FREALS dgd G4 EC A 2Dy dHA A F
H HEg AFSH, AFAAA AR & A A8He=E AFE
T e I FEEES X AAEABES FFE AL 99
L=

13kH MAZRE YA HAF B FIAHE HEHE 7121°
Al kol g, AWM 3RS EEE, A" A &R YE
F Jon H&rd HrkE A F }Xl M AE71d H7hHHE
o]-&3td Fa A&VAL BFIE F Yo

RAAAE A 3-NFH Zo] Fgd vtFFHA F3 71A B kUpE
< Huge A Fo AE/AL FHY & Y0 o] HJeozny
FE71d& vells 71348 k#td 7H‘55—§~ ¥ 3-39 YEH ST
AR Y geitg $5 T ket F AS ke F22 X¥EHEY, &
ge Ngriziem, gee All‘éﬂﬂﬂr AFAA #AE BAET.

F(t) = ki(1—e ) + kgt'? + kg (3-7)

F : 74 J&F

o rlr
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Cumulative Fraction Leached

"’kzt

ki(1—e 1A Edd &9z
g Az
2309 Fio) o AEH

kit B4 EE 2sAe) &3 59 SwNgd o YD

HEA 2A@R

ket V20 B

Dissolution e
Fi)=kt | .-

Diffusion

,,,,,,, Wash-Off
.'.;-:,/,’ rF(t)=k‘(1_e-k2l)

Leach Time

Figure 3-3. Schematic diagram of leaching mechanisms of model I

=
T

=

FEAFel APHAE i 71TF

Ll

Ae Firds

XY 71&7]E 3

CiXVi
Bi=To00xA

B : i 7139 &% mg/m’
citi7ZI17A 3A HES 5%, pg/l
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Vi: A&99 &3 L
A 253 AHe ¥HE, m?

'

AEC] g 8 APz ARG A4S, FHAEFE AEAD
t%e] st gaolAl ol o2k AE T BERYH AT £ JoH
2+ VIERTH AARNAE FHIEF ByE JoE UHUE &
3 72

Vti

By : i 717AA S FAAEF, meg/m’
t: 1 ZI7A Y HEATL, day
tin ¢ i-1 Z13AA S HE AL, day
H(3-9)0A A" ¥HIEF ByE IASAY 71 ol W8l =a-
2O EAG £ 7E7]E A9 thS9 Table 3-59 Z2& 712 9
£3t9 JE7AE UM 5+ Qo

Bt,i=Bix ,i=1>N (3—9)

Table 3-5. Criteria for dominant leach mec_hanism from

meaning of slope

Slope
Range <0.4 0.4~06 >0.6
Mechanism Wash-off Diffusion Dissolution

o JAE71A Wrte] (&4AE o] & FiaAY JE7]A B3
19968 =0 A3 HAE FF LA FAANE 24AE AL

2 Ege (=P RITT #2249 22449 Egulg 2o
UE CFE 2HY PUETYEL A/I2E olgshe] 1300TAH $84
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2 F Fz, Yzsd AZF n2uZFAE Yoz AT F50

EFHFE MCC-4S AHE IS F330. =g,
U g dA A SAHE FuA £2ZAE dez JEfE(=
29 RIT7 F3xA)9 £t Axd LA E o=z JEq
9] f%o] flE I1SO AEAPS FYATh. A #F A AY
< 19959 2 1996 H.IA e A3 JleEHo JemE AFda B
AAAE AE7A s #3F AEE VATt

¢

FlFFE Cr ¥ ZYYF Coo FEEY AL S& 4 BN
o] g3t A4 kE Sigma Plot TEIWSE best-fito] HEES o A
ASFHI 2 (3-9)F o] &3 &AL dehlie 71&VE ALEHA
t}. AE7]A At AHE Table 3-6°1 YEMNY T, Cr 2 Cool sl
AE2d 3-7)8 3L8 A4S 17 34, 3-59 YEAL

FaAlFEE Cre F2714dL Fe Jehe 7 A3 S kit £33
ks Zol 22 EANAY 718 T Fild 3Rt £-3)
7} 8 FAE7AA Aoz Hurdd, AG@-9F ol &3y IEFV|
2 FANEFLZEH AR Jere 1089 Zu2 &34 9fF
Zo] AYPHE Aoz Hrido. 2ZAAE A FHT 20wt%olA
I 71717 8 23 A4 E Bl FHIEFF 71E717F FetAo. o]
£ Sig} B9 ol 20wt%lME 70wt%, 80wt%ol A= 51wt% 713
o2 R¥H7} Z4sted e Ao gadrh
Cobalt®] A% 714 4%, k2 ¥lzs] & Ao, EE AH A &ito
Fo 327149 AL AT 4 AN, 1712 EEH Ao Cobalt
9 FRAENAL 274A I3 20, 40, 60wt%e) A$ Falo], 80wt%
AlHA A &80 A2 AU, ol 0wtk AT JAEF 0|
Z71de B e Holtyl 1490 AN FuiFHoen FAEA
7187 dEd Aoz AGHY Cool A$ F= Fato] F2 IEV)
oz},

—_—
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Table 3-6. Comparison of mechanism constants and mechanism slope

for chromium and cobalt

Eq.(3-9)

3)
wt% of ash 20 40 60 20
Items
ki -194E-03 | ~3.08E-04 { 2.11E~01 | 3.18E-03
ka 8638E-03 | 2.15E-05 | 4.31E-08 | 2.62E-06
ks 167E-05 | 298E-13 | 1.77E~-16 | 2.28E-14
ks 1.60E-05 | 7.95E-06 | 3.05E-06 | 162E-06
Cr
Dominant Mechanism | ... ] . . ) . ] )
by Eq.(3-7) Dissolution | Dissolution | Dissolution | Dissolution
Slope 1.64 1.19 1.17 0.70
Dominant Mechanism
by Log Slope in Dissolution | Dissolution | Dissolution | Dissolution
Eq.(3-9)
ki -2.81E-02 | -3.83E+02 | 4.55E-03 | -4.58E+02
ka 1.82E-04 | 258E-08 | 4.24E-02 | 3.09E-08
ks 151E-03 | 1.28E-03 | 467E-13 1.17E-03
ky 1.68E~15 3.007-16 2.35E-05 | 3.60E-16
Co
Dominant Mechanism en s . . ] . ) ;
by Eq.(3-7) Diffusion | Diffusion |Dissolution| Diffusion
Slope 0.43 0.40 0.43 0.72
Dominant Mechanism :
by Log Slope in Diffusion | Diffusion | Diffusion |Dissolution

- 84 -




0.006

Experiment Theory

0.005 L ®20Wt%
BAOW% —— A
AGOWI% —

0.004 — o gowts, ——

e
o
=
»

Cumulative Fraction Leached
(=]
3
w

0.001

0 50 100 150 200 250 300 350 400 450
Leach Time, days

Fig. 3-4. Comparison of model calculation and experimental results

for cumulative Cr release (MCC-4S leach test)
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Fig. 3-5. Comparison of model calculation and experimental results

for cumulative Co release (ISO leach test)
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2) Godbee & Wiley &3
LA TS AT 22 B3ty Edols ¥FERE 7)1 A
2 24T, F WS B o)F5ye] 1 A}E &Y A o

F 1A AW A} Frjol o) AEFE A oz oiae
Myo] olgET. Trd %, §%, pH, 458U 5o AT Ay
A ARY W5Ee) AP B FoT YEY 4 k. AEA Yo

27)dE AEEE7}F W2/ HNA FAAFE BT 5 e AP

A5 1/AP)o) meT. Aze] A g9 e te Aol AE

Ause 2 $E= YA FAD

3) EQ3/6 code®™

EQ3/6 713t3}3td mddy 3xzoA FidfEle &3 &g
qE3 mdo] {LHA Y IHEEE dFsted olfAT. EH
A el S ET g7 JEo Z4AdE FAHEY ZHFY ‘&=
o o] Alojdct. EW APFe &3 AstPo] FE Y LAEEE F
3oheE VAL A 7HER olUs ZHF B BE FEEC &g
3 o FFL "G e dFE A Grambowe A7t
NG KA o] Bde AUzt fEle fASEI} o]l2S F
AAZIL o] 25 FFHE WX o|A/d(secondary phase)® FE 3
FAY olZF=d W FHAA o= RE 450

4) DISSOL code®™®
TEl st Y] Adr] 718EA dEes 4983 AR 3=
DISSOLS °]&3led 2T + Ut falE Fal9 & A&AY
9 A&, ZshE, AR vulgY FES A Fgol meEr A
A% = Tk RAM ALR® £X2]8 Aagaard®t Helgesono] A& A
& A& o] &3
v=Fk"*Sa( ;) "(1— e WD) (3-10)
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6) Fxd 2>
FrelmstAl A=A GG Aol ol FoiAH WAEFol Fhst
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3. HEPA o2 A& o] &3 FEvA AxzAT

LAY A VAT 2 ui7|AXE ATode AF AUdFXEA

A% F71937] (high efficiency particulate air filter, ©]3t ‘HEPA
AFA7VE2 A7 AHLEHT . ASE HEPA A37e dA F=2
4% 2 AWNE nstAsty B#stn Qe Y dxdae L8,
£8F 59 UHE o83 HEFES AT Utk B A7
IEY H7IEE FEns MEse 95 ALY A A o
o] Z|EfElmidE FAREE AMEsta Jlevw, HEPA «37]9]
HaA7t BAAREE FAH e Aol AR olg nES] #
135t wjd fde &83E AFE FY3A.
T3 AHEF dds AL FA" ALY ui7|A A Al 2
AE Ao qisE= HEPA 379 AF4AE 1EH HA7IE AHE
E A% 12 Ad EFHE VR FERY EEE A8 AxS 12
AAE WYL E @Y hES JEAYLHYA PCT AEAPS 59
st Aot

K

B o o

M8 de X

7}. HEPA d3t4Ae] EA B x g y)gde0dzn

HEPA 4#7|& RE BEA Tt 2HAA2F Zdd, d344
2 Bz FAFHe] k. EA=Zgde 0754 A9 JAE
(particle board)S FHEFAE HEST Aol Jegdd SodME 24
VA =ZE Fol AHE37IE st dxE A9 AddE 23 #H71E9
A S-S 1 B ZHdE ARse Aol £ AeE AZdd
o AdFaAgde 19709 dele dFrx HACNE FIAAFE Do
AbgElF oy 2P EgME FE B FEAHARI dRES 21X
gt W EEAE AREHE ZA 7] 98 AFEAE F& Fol
A EE W qFEA Alold HE RASZA dFHAE crysolite AW A
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(3MgO - 2Si0; - 4H,0)& AH83tR oy dAle F=2 ¢F9F B2 A
z3ch. e BARE AR2AE ZH Y FASAY StaAE Z
Aol F&317] 3 HAA € FFAE AT

#AA) 218" HEPA AF}re AE8dE E£E8lo] ¢5AEstd =Y
Y& ¥ ZATE Fo2 B AW ES Ho| AL nF9
Rocky Flat d7&dAs 1970ddo] €Fvx HdIANE AF9
HEPAS # A4 A (f2AHF) € crysolite ¥ ZEAE EWslo] 23
£ 1,050CAA 2444 fAngAe 4P AANFPY. dwx= >}
AE ¥4 && A$olE non-molten hard blocke]l A=Y, o7
2 FEAF 0wt H7EAl (B:Os 20wt%, NaO 10wt%)E &3
Bl 5% A AYPo] 75T AR H4A F& F UE AV FA
HAo AT FEe SAHAEHS AAHA

=3 HEPA 93719 ZAFAA AHEYEL oty mFoMe HALA
A48 FAMY EFoz ALEE u EE AR AAEAC TAHE
HEPA oA#AAE Z4oE w944 Pu 59 44E 537 AT o
TE ol F3q35th.

B35  Savannah River @742 DWPF A]ldd] AH£E Flanders
Filters Inc.ollA] AlZt"® HEPA filter$} Clean filter ¥ Fouled filter& o
Aoz x4 48 4N Aae E 3-73% 2. 299 Fouled filter
= Integrated DWPF Melter System (IDMS)ellA =A% Aolt}
"HEPA %34 A9 7]F2 033 ~ 10 pm$th

\}. HEPA 4344 o 4% Fud Az
D agAse 54

Sand AxFFAA4 AHg"E HEPA 9342 A= FU¢ HEPA
A7 AZAZAAANA AFE ALL8R & A (Borosilicate Glass
A2, Model HB 5306)2.24 #35+3 4 R E4& & 3-83% Z2th
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Table 3-7. HEPA Filter Composition at DWPF, Savannah River

Laboratory
Type . .
Components Flanders Comp. Clean Filter Fouled Filter
Si02 570 - 63.0 57.438 46.089
AlO3 50 -70 5.282 - 4439
B20s3 9.0 - 11.0 8.745 8.039
BaO 25 - 55 3412 3.712
CaO 20 - 40 1.100 0.809
Naz0 10.0 - 120 9.938 10.789
. Cr20s - <0.006 0.802
Oxides | pe,0s 0-03 <0003 2422
K20 15 - 30 2.344 3.466
Li:O - 0.038 0.225
MgO 0-20 0.776 0.310
NiO2 - <0.006 0.472
ZnO 0-45 2.882 2.800
Sum 91.97 34.354
H>0 - 4.697 5.308
Hg - 0 0.061
Cl - 0.151 0.507
F - 0.656 0.678
Others | p, 0-08 1311 1356
NO3 - 0.519 6.678
S04 - 0.614 1.058
Sum 7.948 14.646
Total 99.918 99.000

F7189 Aol & 3-79] vl Savannah River @742 DWPF Al
Ao 2188 A =i Al vld] B, Al K, Ca, Baol <7t B3 )3
©2 Sj Na, Mge o] e AL ngd. 8z 338 Y74
o Fd @ BFYE FFE F95 ZE ZnE B AHsAd BT
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Table 3-8. Chemical composition and physical property of HEPA

filter media used for making base glasses

Chemical Composition Physical Properties

Si0q 56.74

B:0O3 11.29

Na20 9.03

AlO3 6.63
Specific Gravit

FexOs 0.16 pectfic LTavIy 1 o2
Refractive Index

K20 3.62 . . 1.515
Softening Point .

CaO 3.16 . 6777TC
Service Temp. .

MgO 0.31 , 538C

ZnO 4.44

BaO 448

Li2O and others 0.14
Sum 100.00

HEPA <32AE U2 £84%89 AH8E Zfdde B 198
x5t 137 Az 7h5 e feEivd e Fo] F3] HLe gl 7] o
ol ¢ 500ColA 7Hdsted LR 2 /78S AAT F disc mill2
sty Bustsled fEwE AxAge AMgsAT 2usd
HEPA o324 A9 XRD #4Z23}E 29 3-6° JepidTh

XA 3dEAN(Rigakwol &g FEAHLE 267 20780° AANA FA
(scan) £% 4%/minZ QAP =, 500CAHA At ELIside

5 ARl Yebde] glo]l FAZEQA #8 SHE IHE FAFS ¢

A2 AgHE 4F F88ES SF3AYF FASE 98% o
e AHEsle FF4 59 B /e AHA EQJIHES slde
™, HEPA o34 227 £3 92 §84 #24& /A% & d=
£ v|£2 (fine powder) FEle] AjF& AHEsATE ET HUMAF S
B
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Figure 3-6. XRD pattern of HEPA filter powder

2) Hude) Az @ A3

HEPA o3tz %o A7bAle] S/ EF0E HIA7IEA
¥ 3-99 #2249 UId FEdAE Az FEuAe A
Zdze= 9534 2o

- E 3-99 Ao T 43 2 EFY F £88 NEEIY Y ¥E
o "1E 1,300TE FAAA $& A72 WEEIYE ¥ oF 24
7t 308 F<¢ vhd, £6A7Y. £8ES A4 2L 31302
AZg FE (W15 x L 150 x D 20 mm)o] Fo] AYAN £ 550T2
FAEE YR g FFA AlHE YA AYRe &5
T 550ClA 5A17F FX1% AAWF (B50TAHA 60CTZ EolA = <F
12212 &8) HEZE Aot
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Table 3-9. Chemical compositions of experimental base-glasses

incorporating HEPA media

Type Type 1 Type I
HA1-70 HA1-65 HA1-60 HA1-55 HAI1-50| HA2-65 HAZ2-60 HA2-55 HA2-50
Si0; 0.5172 050838 05004 0.4921 0.4837) 05088 05004 0.4921 0.4837
B20O3 0.1540 0.1609 0.1677 0.1746 0.1814{ 0.1434 0.1477 0.1521 0.1564
NaO | 0.1232 0.1287 0.1342 0.1397 0.1452] 0.1287 0.1342 0.1397 0.1452
LixO 0.0150 0.0175 0.0200 0.0225 0.0250] 0.0175 0.0200 0.0225 0.0250
Ca0 0.0371 0.0380 0.0390 0.0399 0.0408| 0.0380 0.0390 0.0399 0.0408
MgO | 0.0022 0.0020 0.0019 0.0017 0.0016] 0.0020 0.0019 0.0017 0.0016
Fex0O3 || 0.0011 0.0010 0.0010 0.0009 0.0008| 0.0010 0.0010 0.0009 0.0008
AlLO3 || 0.0464 0.0431 0.0398 0.0365 0.0332| 0.0606 0.0598 0.0590 0.0582
ZrQs 0.0005 0.0004 0.0004 0.0004 0.0003] 0.0004 0.0004 0.0004 0.0003
Zn0O 0.0311 0.0289 0.0266 0.0244 0.0222] 0.0289 0.0266 0.0244 0.0222
BaO 0.0313 0.0291 0.0269 0.0246 0.0224] 0.0291 0.0269 0.0246 0.0224
K0 0.0253 0.0235 0.0217 0.0199 0.0181§ 0.0235 0.0217 0.0199 0.0181
TiO2 0.0154 0.0179 0.0204 0.0228 0.0253| 0.0179 0.0204 0.0228 0.0253
Remarks| HEPA media + Additive 1 Type 1 + Part of B is
replaced by Al
Type Type I Type IV
HA3-65 HA3-60 HA3-55 HAS3-50 | HA4-70 HA4-65 HA4-60 HA4-55 HA4-50
Si0; 0.4913 0.4804 0.4696 0.4587 | 0.5022 0.4913 0.4804 0.4696 0.4587
B:203 0.1434 0.1477 0.1521 0.1564{ 0.1390 0.1434 0.1477 0.1521 0.1564
NazO 0.1287 0.1342 0.1397 0.1452| 0.1322 0.1392 0.1462 0.1532 0.1602
LixO 0.0175 0.0200 0.0225 0.0250| 0.0150 0.0175 0.0200 0.0225 0.0250
CaO 0.0380 0.0390 0.0399 0.0408 | 0.0371 0.0380 0.0390 0.0399 0.0408
MgO 0.0020 0.0019 0.0017 0.0016| 0.0022 0.0020 0.0019 0.0017 0.0016
Fex0O3 | 0.0010 0.0010 0.0008 0.00081 0.0011 0.0010 0.0010 0.0003 0.0008
AlLOs || 0.0606 0.0598 0.0590 0.0582§ 0.0524 0.0501 0.0478 0.0455 0.0432
ZrQ0; 0.0179 0.0204 0.0229 0.0253} 0.0155 0.0179 0.0204 0.0229 0.0253
Zn0O 0.0289 0.0266 0.0244 0.0222] 0.0311 0.0289 0.0266 0.0244 0.0222
BaO 0.0291 0.0269 0.0246 0.0224| 0.0313 0.0291 0.0268 0.0246 0.0224
K20 0.0235 0.0217 0.0199 0.0181] 0.0253 0.0235 0.0217 0.0199 0.0181
TiO2 0.0179 0.0204 0.0228 0.0253] 0.0154 0.0179 0.0204 0.0228 0.0253
Type I + Part of Si is Type M + Part of Al is replaced by
Remarks

replaced by Zr

Na
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Study)-I 2d& o] &3ta Friste B, CVS-IIE 1= PNLY
A 9F 12071 0149 FnAE AMxdd 4o AE, AVIAEE,
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Figure 3-7. Melting temperatures of various base-glasses
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60%2] A9 AAX% 1% xS el EAFHM LA E
50% XAz B9-7F A4t e] ®Ast

Yy AAZH o ANX ] Aolrt a8 ZA gorR HE A
Z24& o]&3 HE FAYA] FE4FE & F YUY AXMAE HA
BH, BE AIZ A FSoe F 949 AAo] ul&stn At
o)zt AR Gotx BEWEIF A glov SiE Zr2 giAg A $d
T AAFY Aot A7E] A eI FAEE & & U
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Figure 3-9. Densities of various base-glasses
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AF3Hct. FEvd 25EE FAHAYLY) IESELS AHE
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I ko Tig} Zro] 10° ~ 10° order2 W 2ot SmA
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Table 3-10. Elemental mass fraction leached from base-glasses
(PCT-B leach test)

Component Fraction leached Test condition
- Si, Al = 107
- Ca, Na, B, Li 10 ~ 107 - 7 days
- T 10 ~ 107 0T

! ~ SA/V=2000m™
- Zr 10 ~ 107
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A 443 AFAA QA mgud (AFLA) A Z
st 71 2AF

1E9 #H7EE nsiEE FoAA AFTGA LS AAA A fetFol
EEFTS & Ad YA 99428 ZAHFA o i3t e
AABES THBER ot AFHo2 AT agudet 2 o
2tA AT AEA FHY XA FA4F A7 FHQA AR Pl vAgE &
A= o)He] vt 1978 F = HdlE Ringwood Lol 2 3)A
A& BaE=Eoen, £F9 ANSTO (Australian Nuclear Science and
Technology Organization)& ¥ %3td A, o5, vt 5L FolA
A7t AEHT Ao F8& FA FEAL zirconolite (CaZrTixOy),
hollandite (BaAl:TicOse), perovskite (CaTiOs) ol¥, FAEL TiO,,
AlQs, ZrO;, BaO, CaO °lt}h. AF AL AxUHolyd =4 ¢4 HIH
= #H7E FH &% o ?l*"?l’éi A~F 2 &Fdt.

L

B d7oEe Q3NN THABEES F CaTiO; £9S Ausds
Ho g2 FAsle £F EMHE 1% '5‘}9519- ]’EE‘] AnkAQl 2IEA

7} ABAY THRE

AF3LHE FA = F8 FA4ZEL hollandite (BaAlTisOse),
perovskite (CaTiOs), zirconolite (CaZrTix0,)0)5*3® olg B2 %
o] AF A JE EY WAL HI| B A SR diREEe 94

il

m\m
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2R F7 vk Fig. 4-1, 2, 39 F8 TALE AHFEE g
Wglen, 1 54& aosd oga} g

1) Hollandite (BaAl2TisO16)
2} 4t Hollandite: BaMngOis22 EAIE™ o714 Mne 27}, 3
7}, 47telt}. AFHA BolAME BaAlTicOwel 334 o2 A EHE=H|
Mn'?9} Mn™7t Al%3 Ti“ez ztzk x38 gelolth. BaAlkTicOws
BaTiOs, BaTiiOs 2 AlLOs7t ¥$3ste] FA . ALOs:= o 800CHH
3 o] A AlFREMH, BaTiOses 2 el 543 agth 900T
o]dell A BaAl:TisOwol B =7l AFgch. 2 F 1100° CoAlA EE
BaTi0s¢] Q101X 1200C A BaALTicOwo] &3] QAT

BaTiO3 + BaTisOg + Al20O3 -~ BaAlTisOs (at 1200C)

Fig. 4-12 hollandite & RAFE=H Ti(AD-O2 T8 IHA

7} = 18 Wl Baol 94X3 FFo|9 tetragonal®lY} monoclinic
T2& gAsted ARAE cF, FTAE bSd o AN WdL FA
5]-?17\'] Zo] 4 tunnel+F2E et Z o sited] X3E S JE %ol

oS3 2.
general formula = Ax(ByCs-y)O16, x<2 4-16718)
A cations (mono-, divalent)
+1 ¢ K, Na, Ag, Rb, TI, Cs
+2 : Sr, Ba, Ra, Pb
B and C cations (di-, tri-, tetra—, penta-valent)
+2 : Mg, Co, Ni, Cu, Zn, Mn, Fe
+3 ¢ Al, Cr, Fe, Ga, Rh, Mn, Tij, In
+4 : Ti, Sn, Mn, Si, Mo, Tc, Ge
+5 1 Sb
Hollandite 7% WA+ WAY AFFo] F2 Cso] Bad X 3=
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862+, Cs*,Rb”

(Ti,Al,Fe)Og octahedron

edge-sharing
octahedral pair

Fig. 4-1. Octahedral arrangement shown along the short unit cell
edge of hollandite. The small octahedral tunnels of
hollandite cannot accommeodate simulated waste but the

large tunnels incorporate Cs and Rb.
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QO  cd® s* E® REE™

‘ NZANANZ
RO, A\
NG - (Ti,Zr,U)0; octahedron

-

-

I0A

Fig. 4-2. Octahedral array and elemental partitioning in perovskite.
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o T3 EeEne A3

(Ti,Zr,Fe,AliOg octahedron

Fig. 4-3. HTB layer repeats and crystallochemical partitioning

in zirconolite.
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9, Z&FL 2~5 wt% FEo|t hollandite®] Csell Wi X3 2 &35
AgHEL o] AA Fx¢ IAMN HY. AZRL SA F3 HYs
narrow channel$ 3 1% gaozw dojd & gtk walA Ba™
o] &3 FWAte ZAg AFSE A3t Cs o2 T ol 73] A
g F, ©d4dA oS &3 HPT tunnel WA EAF 71X A
slojA ARZ Filo] oHHAA &Fo] =4 Evh. Hollandites ©]-&
A% SEFH A 93 830 4P ARAol WaF 2r] GE Q
4 lA 'key component’ oM, #F3 XFqo2 FAHHE ZEAE
Cs2ALTigO, SrALTisOw,, KeAlLTieOw, 5°] T

2) Perovskite (CaTiOs)

Perovskite T2+ ABO; He|24 A9 wh7o] BYUX w3 v
83 Fokstz, B-O FHA= 9A EAgd X ¢ &
FTFole AQAIL EASA AP s A nEAE FRASA
HFAAE & e FEEAN, dTFYAM = CaTiOs FHE &A%, 38
SFEH o2 Ca0% TiOxE EFsNA A4t HA perovskite7l HA
"k o] ¥hEE 1100T oA 16417 B 34T ez 4A3] FAHHE
gl ¢F 1000TCAAME XRDASZ CaTiOs A4S & & gl

Ca0O + TiOq CaTiO3 (at 1100C)

F2 Sr(SrTiOs)e) dEyel=dA % JEF d4E AT, °oF
- B ER 94 zirconolite Bt} perovskited] © I ZAFT, Z3: 7y
& JEF 942 F At dE S0, Ce” (r=1.34A)<& zirconolite
oj ] Bt} perovskited] 128]AE © ®o] EAIS}.  wdHe| Gd°
(r=1.25 A)< 2¥] Axo|t}. Fig. 4-29| perovskite 7+Z&E YeldE
gl Cazxtglel Sr'% Ba” Na', (REE)® Y® Cd? Cm®, Am®, Pu® 5o
XN#gd £ Az, TiRFde Nb¥, Zr'™ Mo™ U™ Sn™, Th™ Crs5o]
Agd £ P @M dehde dYs e g2
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- Sro] A=W : SrTiOs

- REE7} X185 % : REE AlO; or REE Ti*'0; & ©)
- U"7F A @R CapsUosTi"0s o F )

* Na'7b 225" : NaosREEosTi'0s9] B

3) Zirconolite (CaZrTiz07)

Zirconolite® CaZriTis-«O7, 08 < x < 13722 Yehin*® ns
ARtHQl HE|2 CaZrTi0722 ®7|%td. Zirconolitedl & 23320
A ol Fo] tEH AR S YRS 2 zirconolitedt dtxn, FAE
zirkelite, A& polymignitez} &t}

Zirconolite= perovskiteZFE] FHAdHETh. 800CTHE ZrO; %ol &9
UM A EHI Qle perovskitedt ¥HE3te] oF 900CHE F/GEH7] Al
Z3kt).  TiO2E anatasedl Al rutile2 W38t zirconolites 1200°C ol A
Sds) €

TiO2 + perovskite + ZrOz (at 900C) CaZrTi07

°]E& hexagonal tungsten bronze (HTB) £& o]Fo] 1 A}o]Y
Cazlgldl e Srd 3 ES d4i7 X3 7Msstn, Zr AjdlE Uely Th
& HE3 +37h +471Q) dElYel= 440t X8"Eg (Fig. 4-3 3F3).

VTEHLE ALY =24, == A7tHT W72 I/ @
o Wt BHAPTVED ng AFANe FHtE BB FAL

AL

2
L Ti0;, AlLO; ZrO, BaO, CaO°)lt}. /AL® QFdAo thajr 1 &
%_

S B2xYe Lopsd T 2k
AFLA A Yol AFE FHE ol KOs SiO7t B7E 42
Aotk o 1300TAA 834 $uFo} Az, FHFEL F3B
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Qo) leucite (KAIlSizOg), kalsilite (KAISiO4), Ba-feldspar (BaAl:SiOs)
7t A EA%Y HIE d4A2E F HEF 449 dHYolE d4E
)8 zirconolite®} Y% perovskited] LA™, Sr& perovskitedll, Cs
¥} Rbe kalsilite®} leucited] AHT}, KalsiliteQ} leucite &7}l
k3t Si0 & ©F TRl o] & 259 ¢ Astert A
AL AAGsA wAE + [k

AFYA BE F THBEBEZW o FoA gou, #Ee] HtH
A e FHEVOE Azt W78 H54H DASHL FHA)

7] 918t AZFAH Fo I TiO9r ALOsE ¢ H7Es7| %= ).

2 AFLA B —’r—*é% L xﬂ U 2o A4 A
A FAM FAHE 1EY H7ES nAIY oz L
o} oF 10~20 wt%e

TR DE F8& TABEL perovskite, zirconolite, nepheline
(NaAlSiOs) 2 spinel°]l™, hollandite7} F71=57]= 3ot o] oF 60~
0wt% H712S FHT 5 AoH, TAE AAYITFAM TAHE 1
9 #H718¢ nAFAT7] A3t AEE A

AFTLY Ex FRALEZE AFLY Co vl&dH, 3714 F83E

2 FAHY dm, 60% ol rutile (TiO)E& Ztx Ut} ol wat 3y
A% pH 949 £ 224 gEF0] £7] Ao 4d Foly 4
3 HHF AEE stax & W AF nIA o, 5~10 wt¥% = 7)

L
g
™
tlo
ug{_ll
Jo
ret
£

AF4A Fe 90% ©l4 CaUTizOr# hollandite ¥ rutileZ o] Fo1 A
o, gEd AEE FFFol HoA AAHI}A &e FPL AHEFE
198 E 50 wt ol FH7tste mststazat skt

2] 71A] QAFLAe] FAHL Table 4-17 2t}
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Table 4-1. Typical Synroc Composition

Component Amount(w%)
TiOq 59.5
ZrO- _ 114
Synroc-B AlOs 6.0
BaO(BaCOs) 7.2
Ca0(CaCOz3) 159
Synroc-B 85
Simulated radwaste 10
Synroc-C . .
Additional TiO- 4-5
Additional AlOs 0-1
CeO2 9.7
Nd20s 283
Eu203 44
Simulated Mo, 163
FeO 96
Radwaste 7105 143
Cs20 8.4
SrO 6.2
NiO - 28

7b EERAE A
2 1A ¢lFSH B Azxwoel nausgx 9lthk.  Oxide route
Zn Ede WY 83 AN M dE ol&EHE WRHoE AT U4
FAAZE AES AsE v 2A44E ¥

Jel2 VIAH E£E & 5, F
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2 2yste seelE gAT o &) DES WAH HrEBL
Sha s e Wheel del GAAE ARAA AA B

o

] €888 A=A F, 750~900C FYAH A= 3
o] MhHL HlwA tddt AZEH

i‘“%‘ d7] dalME ¥ 2ZF2E (IYAEZEA 1250T)7F 9
AA vlAFzY 3384 gdPo] vl FAA K3t
A} (meta-stable phase)e] YA ol AEHY] AL A= A
O ol MATzE BEFYAY AR EAE ATYH
ST 2e 723 A7dAZ0 Y 9 s FAEH. ©E
Sandia route24] Ca, Ba, Al#} L&Y ¥ #H 7| Eo] Hrtd F4
Aol Tig} Zr SFES A/ F FH AZ39 ELE A X3
Wiolty, o] WMHoE AxE UL oxide routeBoE AxH F
ZROE 33AQ FAAHol T AL Fof FAE 22 EWF o
27] QEd £ZL2E7 dolx Hud g LFAE 2L F s
Fol AR Ao AwHsALTHL o] &F Wio] Patil
ol s BuE AT,

x

PN

ol

kY
_O‘Ll‘
£
Mo

(% o
b
[

ol
o
-
33
r°"

=

ff oo e 1o ¥ AN fo 2 2
T

3. AnEs dag

AEHoE Ao & THRA YEEY AxdE e 74
SEEL 1000C o4 SN WEAE Y wePol F2 o]gH
of gk aEU 1Y WePe 2P TUYHL U7 YET LA
o Wgoz A LFE FAAS Y= o B
£2 4ol EAl7
2 -9, FAW, 2RA2Y 5 45yl ATHT Qo o
g SEE: £ wAAoly] WEel AR AsE
A7) AL A .—Lr-gcaw sasgol Wastth AT A2 &

ol &3 AT B A=zr}

o ok

1
ot
.
mE

0
il
X

(2
(o4

>.
i?‘-
ri?i
ricz
(%
olo
tlo
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ATHT Yo o] wye Az J2u$H  (combustion
process)Zt B2l AL0E AAAL g 129 g gL ¢ 7t
2 W&o o) PAg 2RAY BEE 9& 5 UeH TgS FEe
SGAEA L GARA A3E 229 Azd 48 5 AR 27
A H2 Y (self-propagating high temperature synthesis)< th& 23}
2 §bgo] o AAHAE EdFES ol83te It A4V A FEHYE 7o
9] A Fdol ol AEKHLE o] PH}

R M)
(o]

A + B AB 4H <0

rr
oH
o,
lo
fru

x

At ALNEES 9 PR § FF ATH
A}t A HAFH EFS T 2 F3 e 1
thoo] Y M Fo% AL
(1) zEarst daol o3 meoA Bdo] FAHH7] Wi 4 E
Pt gux vZ AAJLE & F dd= H
(2) B D92 FE012% A o] olFolA 7] wWEel dLdF 3}

=
i
iyl
L
bacd

[o]
T

SFEAT A5t 4 A4 4L & Yo 3

(@) LA d2H7) B ¢E7 e B¥o] F4Y & U: 3
solth. 2 ol%A WAY BUEL x4, AP, WY 59 2
e sed 45 a72de A7 234 £ QAL 493 22
o] Gold o] ool ¥ FelF LTFEASL okd A3y Y
£ ARt dFad, dawgesst 34 AN A8 FF L
o wa ARHY) B HLES Yoz 2Fert Y. F, A
Aot A EFol W AM ALLET} Rol WA FHHA

e

g 4% glod, wgz Y DedA Aswgel AAHY dx 7
AR JAE 2 4o FHH B FaW BTo] §HY 4

st A2wey F ol ol d-FAY (glycine-nitrate)
T4 AAEE, d5=2A F80]A (H.NCHCOOH)S At
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£33l io2 g 72 oz FEY & U

75 249 (M(NO3)y + 28te]Al (C:HsNO2)
S = }ﬁ'% (MOx/z) + H:O + N2 + CO2

olal-AArgd Wel o8 45E BY Az g go| ool

ol

ox M 18
i®oro Moz Koo
2 o e
rl‘.‘l
5
L
I
tid
(¢]
ol
19
2
2
Mt
oy
b
o
rlo
1o
M
i
oA
o)
2

N

o]
(carboxylic acid group)& 5101 A3, e &
aeH, @7t &atEl EFSL 12 EA476 98], AolF
ql71o o3 EAHoE MAPOoEN Eo] &
2 Aol dJUR &e Aol

o
-

e db
)

a) Glycine HzN-CHz—C‘i—OH
0]
b) Citric Acid (I)H (I?
HO—C—CHz—Cll—CHz—C—OH

O=C-OH

c) Urea O=C-NH,
|
NH;

Figure 4-4. Molecular structure of (a) glycine, (b) citric acid,

and (c) urea
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Azl AiurgHe] dEEA AMEE £ Y ERAL gy wt
ol A Felopt FALe] @Wol AbgETh Y ol 3
2 Fig. 4-4(b),(c)¢} 2ol wE717} otwlz|y FL2 B A7 2R/ of
A 7] W] e eE HE e AVt A" ol gl
$HolE FBE & Aol SEolA-AANY Wi Zo] dng
o] #4dg A=39 hot plate HolA 718 FFAZ B, 80T ol
A EaFo dRYLE FAHSE 540 YY) wE FIAFE
g so] Aagkge] FASA & & JSBE 500T A
197 Jd2E FY THFA A pasteE FGAA 2L L S EFH ok
o] 3t} ‘

_°.

ox m £ U & wp
o o

o w2
rlr
rSl
IL.,

A" A4 dojA A 75T FAAFY e Solan A4
4 ¥, & Azt AsA wolth o] wE diA di BEE X
o AR ¥ 2 A 9TL AP, Fig. 4-5% 2o

7 AN v]E Zaldte La(Sr)CrO:; £2¢ AT o AYH: &
E eEs 3% Aol ABAS Az vyl FYEust 2 o
2 BE 257 7bg gov Z2AE 20 AP wd A
o] shetakgnlrn AAY FE Ao dojAE BT Fig 4-63

2ol 2AAF wFdo] EFE Fest HArh,

Apkzatsl AAukgHe o3t ASE BT Al o-AkOs, B -AlOs,
'NiO, CeOz ruby, Y3AlOm, ZrO2/NiO, ZrO»/Alz0s, MALOs4, MCryO,,
La;xSrxMO; (4714 M<E B EF EE HolF%), YBaCu:Ox Sl
e} Basln Yot zutats) daukgie] s A" AsE B
2} 2/243A) |2 AWE =AY AL SegFEAo] £ 04
oo A8 & QoE Aao] lou) o BuEe Auy 2 i
< a7 2 A% 5 A9 FA dqe 9F & dx 23

[s]
=
el A7 mue Aotk = FHolee FF WE A

i

9
(o
R

O
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1500 Py | I S S v
— 1400 - N
O
o ! )
S’
o .
S 1300 | . i
b -
Q 1 "
2 .
= 2 N ®
o 1200
b
] 8
=
S 1100 |- -
|5

1000 | —d vk - 1 2 1 PO § . 1 5 -

04 05 06 0.7 0.8 0.9

Glycine/Nitrate

Fig. 4-5. Flame temperature measured by two-color optical pyrometry

for the combustion of glycine/nitrate La(Sr)CrOs precursors
prepared at various G/N ratios.
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Fuel Rich
E:s.
=
c
8 1
-:5,' Stoichiometric
2
ks
@
x ]
Fuel Lean
20 30 0 50 60 70
Degree 20
Fig. 4-6. XRD patterns for La(Sr)CrOs ash combusted under

three glycine/ nitrate ratio.
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Ag9 Aolst 2t FLAN THWSE 2-e] G2 BT EA 9] Wl
W Q77 "asi.

3. 2gy

7} AeRsAL BLGA

CaTiOs €& FAsAdc. = n8d & de WY HZEF 3t

4 Sr& CaTiOszoll 30%7HA] Z7tste] 2R3 davtsoes 228
FAAT. FelAE AFT ubeh o] A3 AnMEHAME A
=

E
FAQ F& ANGo] 2UdsE AL¥Y Ca A$E AN
AA F& & dev, Tie Add = EAstA 47 o
AL ol &3t HAH AzIL A= oo gt

TIONO3)= 05 M F8Ho 2 Axde] AL on, ol #e
Hio 2 APt 2 Yo TiCl 49E AH&sged, o 9
I Aol vy At ZEE TIuE S dogd
233, WA L5 Asoz <% 3k Ao F&
stAl FAEY. wdEtAd F7] FME AT FEAeR vET] 3
Me 4 Fo7 279t 2 mol TiCly €48 AT Fgdoz
REE7] leiA HA A3 Axd 3000 ml 37 Fet23o TiCl 9
(99.9%) 2 mol (o 370 g)& olF AAS] FAF & FFTEREH A=z
H d3x2AL 3 g/% AR £22 st AA B WS AZT. &4A
5 F3tatAe] BEF 8 FEE 2 ME 2EFAY. TiCly F
Aol A 250 mlE F 3t FTHFSF 250 miE H78 FEE A F
A/E71 FEHE o] 83t 28% FEUYoLE FHS 250 miol FAA
2 EEYolFE A9 &de Hilste ZetA wwe . o A% &

p
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AHo] PAHILH, 1 Aol mutst F HFAHe] pHE FHdH
pH#tol 13 o] ZAL7te &4z dqrt. 2 F Foldle ClI ol
3 NH™ o]2g AAs7] 98t F/HF2 o2 A AHstzn oJFatd
titanium hydroxideE W&t ©] HAE 61% A4F 300 mlo] AH 3]
ZRoy, B A4 £&Yo HEZsHT 949 WHoE TiONNOs)
|AE Az} 2L EAdor AT TIONNO3) 8%l Ca(NOs);
9} A8 E Heo daFAdd BQod =848 A3}, Fig. 4-7
of AA 48FTA thatd =AIsAT

AagAdol AHEE FE&AE AL AWslHA FHT7E EH3] o}
Z w712 tgsld JErt 3 ARV 28 w50 FAHY, o
FTEdQo A A8V B3 B EsHE 254 EEHY dse A9
3l HojA dAHY FAY F5A4AAT s/ A&EH o
Qo] A3E £l FAHAY. FHEH A8V BHEAN 2 &
AFstA Hz, o] W HAHE 7l E Ng CO; HOE AAZsIA =Ho.
Az el F& AAA H7/FFE SR Jain o' ¢ v A

S2lo] g Aol oA AX WIE FoA F A8 F& AL
gdo] A3le £ A= Y9A7) (oxidizing valence)®t 4= & Y= A=}

7} (reducing valence)& AlAtsle] A3

ARHEQ AEETH AdFIdALPer FAH4E ETe
Hmet7) gste] TPWSWOE CaTio BRE FAAT
g SEEZEE TIO% CaCOz &% AH&3ten, A3

Aol HAE wg2=E 471 A3t AAEFEA7] (Differential
Scanning Calorimeter : DSC, NetzschAh)& o] &3le $2F wr&4A)
S #FEAY. AAEF ML 10C/ming $&45E2 1000C 7HA
7] EH71dA 83T DSC 2345 2AZ 1000CANA 2g4uke-

R
o oX
L
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COMBUSTION
CaCoOs +TiOz2, REA crlo”
i ORGANIC Ca(NO3)z || TiO(NO3)2
FUEL
MIXING
\ 4
<
HEATINING
Y
L MIXING
CaTiO: POWDER !
v HEATINING
ANALYSIS l
IGNITION
SOLID STATE |
REACTION CaTiOs POWDER
ANALYSIS

Figure 4-7. Experimental Procedures
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THE QLWL P9 CaTiO: £LE FAE Mo} o] Moz 4
gsiton, 48 22 d8EF € g0l BE 2
$ste] Tk

. Bae) E4EA

Agast AAFAAHT 2R HoR FAHAE £ EHLS X
A F-HEA (Rigakw)oll &g AE4, FAHAREZ (Jeo)FH FHAAE
u] A (Jeol)oll 2% vlAlTz £A BETH 23 8|gd3 =4, EDSO
o3t AAENE G XA JHEEAL 26071 20780° HHNA scan
27t 4/min 2 3tH I, peake] AFH2 YAAVIE ANSAT. 4F
A x+=27]19} morphologys 200 KeV, 53 AAAV B & 534 imagest
SAD (selected area diffraction) patterne ##3led FUdgon, o
B B9 25T AN dgSE SuE 5o &3 EAANR F
Cu gridol H&sta] BF3Gch ol AP A2l morphologyS #3817
T FAAAER R AHE FHE ELE Fo2 =XEFY FH 3R
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Table 4-2. Effect of fuel types and compositions on the synthesis of
CaTiOs powder

Composition of the fuel(mol)
(for 1 mol of CaTiOs) Reactivity Phase (XRD)
Urea | Citric acid | Glycine
Ca(NO3)»,
10/3 - - o} tion
/ no reac TiOz(anatase)
53 5/9 - strong reaction | CaTiOs
- 10/9 - weak reaction | CaTiOs (impurity)
t
_ , 20/ | oY STOnE CaTiOs
reaction

% dEEPE A4 BSEY A4S FAsy] A% XA d 2y
A3}E Fig. 4-89 YEMUY. S-Hojere o T
CaTiOs 4& #FHA Fken, CalNO3) & F
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Fig. 4-8. XRD patterns of as—synthesized CaTiO,
powders with various fuel types and
compositions.
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Fig. 4-9. Scanning electron micrographs of the as—synthesized CaTiO,
powders with various fuel types and compositions
(A) urea, (B) citric acid, (C) glycine and

(D) mixture of urea and citric acid.



Fig. 4-10. Transmission electron micrograph and:
SAD pattern of the combust ion
synthesized CaTi0, powder .
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Figure 4-11. EDS results of the combustion synthesized
CaTiOsz powder
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Fig. 4-12. XRD patterns of CaTiO3 powders combusted under

three glycine/ nitrate ratio ; (a) fuel lean,
(b) stoichiometric and (c) fuel rich
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Figure 4-13. DSC curve of CaCO; and TiO; mixture with temperature



Fig. 4-14. Scanning electron micrographs of the
as—-synthesized CaTi0O, powders using
(A) solid state reaction and
(B) combustion reaction.
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Fig. 4-15. XRD patterns of as—synthesized (Sr,Ca)TiO3
powders with amounts of Sr addition.

- 131 -



ot

FAE AT, 2 30 mol% Srol H7Fd B+ CaTiOz 4 €] v
FE2¢2 Sr(NOz)et A8l Soldl FARAY s eAe vhgst
SrCO3¢t CaCO3 R 1w #9] SrTiOzde] #&HUTE o= H7ME Sro
Aa Fol CaTiOz A& Wl 82 of Arje FERELZE A% da
FHE ()9 #Z4 9ozt FAT, & HA XF Srol Tist vt

$3td & perovskite A< SITiOAHE WEI, o|2 U P SER
M CaCOsol 348 Ao Azdd. wdAM I7iEe H7E oL
o] ¥ FFHRO wepx A AR FH Fol nEEHooF F Aoz
aadc)

=]

-‘-l

EERL PR ES LR
. olRyIs St=2As7 HAs £ ot FALe FA=
U 34 BAE AU ZHAe AR ALHAT Aol B2H
Ag2 Holn CaTiO: £%0] THAUT. AR ¥ dzs A4
Jol HtAF z=4ule 7Hd W 713 ARstin BeHw, ol
A% 20/9 mol%el AR F2 A= st Srel P nH
E AEERst dANkgo] 93t GA FAFo Sro] &= (Ca,Sr)TiOs

o?f..
Rk
fr
He
e
10
Jjn
oX,
flo
4 o
u
N,
T
_Y{L
r

- 132 -



R
4
o

T

o

ol

i)

nEAANES 1HNL F Qe A2E

-
——
T

4] ez 2AH
by oz Apubaa)

iRk

NEXT PAGE(S)
left BLANK

- 133 -



A4 AE L A

A1d 28

AHEE FAg AZEAC Tt dFd ES HAV=S dA
A # s ARME 2PV BFAAE, 9459 BFexE St
T8, dAFE £ Ogd A ERAE asfA=E o] g3ty A3
e 71 s MEstd dF AFsgen dAdE FEdy 4584
A, 71AH/EgH R FF & 98 d7E 3T S
A= FF e ZEAEVIES SHsA Bz, N1ed A
He fEA nsA e A7Vt BFHo|ER o]E TFHLE UH|E]
A3 ZEAHE 47 71<8F Ho, 484 TE 7EEEEY A
2 2 7lx 8643, 284 2 &H9 SAHA%IE, AH8E HEPA o
H2AE o]8F Feuld Az 2 54 AZEA A nse)d A
2 47E FY8 1AARY X 47EAE deH 2o

L 4 EA74a oA Lol AFEHe 1EH HIEY E4H
dAFSE B48At QAgAEFTY] Ve dE Cs, Rus &
25 XA}, fission~moly BAFANAME 1FF SAFoZHY
Mo-995 A4tst & dAste #H o], ALEFHAIRS 3EH 4
Alels EAH o] nEHE LR I ReE AgHAY. U
NE A LS Jrte 2 o885 JdAYAEFY] Mt
Al 2" 31y THRA7 @ dAGONE HF 8 8238 A Y
N HIEQ Aoz BEEA.

2. 2F9 #el5 R Bol AEHE AEsEe el AMue

- 135 -



- 9¢L -

6 kledle S3uTR il vk Rl b2l BEERET

'{’—lEB{QIYFY chEER b
5T |I¢

falel BER
R4 RBE To&l Bl TRk Bk (BRE Rkl
S Tk & Skeh BIYER 12 TEER REEKR) &E
blErpdt 2k kélvfs‘z'z‘s‘ EEUKBET 1T kRlkY BO
h BTl WREKER 56 b42 bliE =Lk ke =oks
. hElede 252 lowéﬁ‘clh ke lr 2 ol B ,01~, 01 28

ZER TBTL b2 GV IS kB BER Bl lok& 9-10d
TR L BEl BkRLUTLS BRRL IH LZER kLEBL =
TR B2l TL kloD00SI~0STT ‘B RIE BRERES blT

blr S&ln 2foh WRILIER THBT b2 ik I (42
8 ZRluET §EBlk B2T EkTirk VddH @8y &=
i oloEkE o0& RERE T =
B lelsle ‘BTE o (Riklr) ITIRIKE REEIL By EEE
Tl REEER TR 2TTKETE B doblltk h¥
kg Tkt 5% ik REEEF T&E Blkd & RERT

HhlEkE 20K 5
LZlv88 Tklels TRE bl T iR &
- BUDR sk &EER Btk ZIvEE 24 lelalks
$E/BE RE2R RE hEESR ZokiEk IDNEE L3
lo® SBE2 hBLRF Tl Siivés RE BlokYd b=
ledle Zlkln Bi4=Y B L¥kRbBbly BR kb bicx
&% lolvdn A1QPOO-PO) hfielkl EELETY v bEEL
FERE el Bk R&584% & =k kETkrY 25k Elo



TEH e SR FHATE AT FF
%) perovskite (CaTiO)& €A A8 F d&
FAHA AHE3E dE TR S 2 A odE FPHE 229
84L& B 2A Y.

A9 gz HAAEHE ZTEAHVIES 1342 F e A=
+ Wgoz AR d4ANEE o)&3d JATLH nsAY &%
EZS 4A g4std 3R d&3 2 FALS F3IAE F UE
Aoz 7ld€.

- 137 -



A2d AR

AL ddge #Eu AAHARS] AL L FPPYARFIIY
AL AL A = e 2F:SH HVNEL AES HI=2C n
st TAZFE AAT WA EA7F ¢ =3, S A8 4 Ty
o] 2 AR ET HF7 A 2+SFw HFE FRIA QN
A71% ARE2 FAT F U=EF A-E A S o83t 334
T BE3 GAAFR HFHoRE GFAA AEdok "5“:}
3] AEFYAE AL ALY Bl WA H7IE BAYZo) %
AAND ¥ge FFRES AAY AER FAY FAAAN Y nEHH7 l
2 Agrle AY 284dx w0

A 449 AAFAE A3713ES 1E:H A7lE n3rle AL
ATE ARs fLx B3 7|E9 EFARY nEIE 2 9
A 31;}uﬂz1 e #F¢ A7 F33A i BHF LA e 3
H71 2] 548} n8r)ed ALE FIE ZieyH FEH AT
ez ¥

(/Y
do
y,

FUe Afdx A AMEF Y8 B AMo] AHHR o} 43I
717t Qg4 FAHE 1FS] HUES ZET 9 Aoz dAFHY
Ao BE Fxdd dAFEHIR A }%l A4 2ddA B 7
& IEAHES A2 & IEAHIE 23UE LS FAE

Urter & Zojth. T3 FAES T‘ﬂﬂ%-‘—]’ AEAHNE] AVEA,

13 R BFHEVE, AFA KTFEA T Y JolFL AR A4H
ojofF 3™, Gd] HYRFEH ATAHES =Y 2Hse ATL=R
€ ZAY &A% 71ed F598 Hod 7 UsE FARA nEAY
71E n37le e dg AL FaAE v

- 138 -~



0-2.

1-1.

& n 7 ¢

Radioactive Waste Forms for the Future, Ed. by W. Lutze and
R.C. Ewing, North~Holland Physics Pub., Amsterdam, 1988.

Radioactive Waste Management, Ed. by Y.S. Tang and J.H.
Saling, Hemisphere Pub., New York, 1990.

V.M. Obersby, "Nuclear Waster Materials,” in Materials Science
and Technology vol.10B Nuclear Materials, Ed. by B.R.T. Frost,
pp 3917442, Weinheim, 1994.

B dg 9], ‘nES HAY HZIES dARIA 54" KAERI-
NEMAC/AR-6/92, &34 dT4, 1992.

A &4 9, “dA ddr F7] A HE #Y vl A,
KAERI/RR-1325/93, 1993.

B.J. Newby and V.H. Barnes, "Volatile ruthenium removal from
calciner off-gas using solid sorbents”, Waste Disposal and
Processing, TID-4500, July, 1975.

C.E. May, B.J. Newby, K.L. Rhode and B.D. Withers, "Fission

product ruthenium volatility in high temperature process”,
ID0O-14439, 1975.

M.J. Holdoway, AERE-R6418, 1971.

M. Kelin, C. Weyers and W. R. A. Goossens, "Volatilization and
trapping of ruthenium in high temperature processes”, 17th
DOE Nuclear Air Conference, 1982.

L. Vuyjisic and R. Nicolic, "Adsorption of gaseous RuQO; by
various sorbents. II”, 17th DOE Nuclear Air Conference, 1982.

- 139 -



1-8.

1-9.

1-10.

1-11.

1-12.

1-13.

1-14.

1-15.

2-1.

71 A4, "Barium ° carbonate-metal oxide T &9 23 3¢A
FHE AAY A=, TS, 1985.

S. Komameni and R. Roy, J.A. Ceram, Soc, 66, 389, 1983.

S. Komarneni and B.E. Scheetz, Inorg. Nucl. Chem. 43, 1967,
1981.

S. Sasaki, S. Komameni and R. Roy, J. A. Ceram, Soc. Bull,
62, 649, 1982.

S.A. Gallagher, G.J]. McCarthy and D.K. Smith, J. Inorg. Nucl.
Chem., 43, 1773, 1981.

J. Mukerji and P.B. Kayal, J.A. Ceram. Soc., S-7, 229, 1974.
S.A. Gallagher, et. al., Mat. Res. Bull,, 12, 1183, 1977.
R. Roy, ER. Vance and J. Alamo, Mat. Res. Bull., 7, 585, 1982.

72 ¥ 9], “Fission molyg 495 /T g XA} A3
KAERI/RR-1595/95, 1995.

A7 EDFH A, 259 FE7Hd, 79, 1994

C.A. Tudbury, Basics of induction heating, vol.l

Az, 38, FEA, XS, 19%.

o] AE, FeEl T, MEESHAL, A&, 1989.

A B, a9 AdH A, FAAL ForEwAL AE, 1992,
o] AE, T AH, HEZTAL AE, 1991

P.R. Hrma and G.F. Piepel, "Property/composition relationships

- 140 -



3-6.

3-8.

3-10.

3-11.

3-12.

3-13.

3-14.

for Hanford high-level waste glasses melting at 1,150°C”",
Pacific Northwest Laboratory, PVTD-C95-02.01B, Nov. 1994,

W. Lutze and R.C. Ewing, Radioactive waste forms for the
future, North-holland physics publishing, N.Y., 1988.

IAEA, "Techniques for the solidification of high-level wastes”,
Vienna, 1977.

g A4 9, ‘ngA E4TE A7, ¥FEAHA T4, KAERY
RR-892-1/89, 1989.

C.M. Jantzen, "Nuclear Waste Glass Product Consistency Test-
Version7.0”, WSRC-TR-90-539, Rev.3, Westinghouse Savannah
River Company, 1994.

P. Cote, "Contaminant Leaching from Cement-Based Waste
Forms Under Acidic Conditions, McMaster Univ., 1986.

G. J. Groot, et al., "Determination of Leaching Characteristics of
Waste  Materials Leading to  Environmental  Product
Certification”, Stabilization and Solidification of Hazardous,
Radioactive, and Mixed Wastes, 2nd Volume, American Society
for Testing and Materials, 1992.

B. Grambow, "Nuclear waste glass dissolution : mechanism,
model and application”, Report to JSS Project PhaselV,
JSS-TR-87-02, 1987.

B. Grambow, et. al, "A comparison of the performance of
nuclear waste glasses by modeling”, U.S. Department of
Energy under contract DE-AC06-76RLO 1830, 1988.

L. Compere, "The interrelation of short-term leach tests and
long-term leaching”, American Nuclear Society Meeting, San

- 141 -



3-15.

3-16.

3-17.

3-18.

3-19.

3-20.

3-21.

3-22.

Francisco, 1979.

L. Bourcier, "A kinetic model for borosilicate glass dissolution
based on the dissolution affinity of a surface alteration layer”,
Materials Research Society Meeting, Boston, 1990.

T. Advocat, et. al, "Thermokinetic model of borosilicate glass
dissolution : contextural affinity”, CEA-CONF-10441, 891129,
1989.

F. Delage, et. al, "Dissolution of R7T7 glass in static and
flowing conditions : Influence of Si diffusion in leached layer”,
Materials Research Society Meeting, Boston, 1992.

I. Tovena, et. al., “Thermodynamic and structural models
compared with the initial dissolution rates of "SON" glass
samples”, Scientific Basis for Nuclear Waste Management,
Boston, 1993.

K.N. Brewer, and J.A. Murphy, "HEPA Filter Dissolution
Process”, US Patent A7933144, 1992.

G.G. Hawley, The Condensed Chemical Dictionary, 10th Ed,,
Van Nostrand Reinhold Company, pp. 593, New York, 1981.

A.J. Johnson and L.Q. Fong, "Waste Incineration and
Immobilization for Nuclear Facilities”, RFP-2783, Rockwell
International, Rocky Flats Plant, 1978.

C.A. Cicero, "HEME and HEPA Filter Element Dissolution
Process (U)", WSRC-TR-92-549, Westinghouse Savannah River
Company, 1992.

AE. Ringwood, S.E. Kesson, K.D. Reeve, DM. Levins and E.J.
Ramm, "Synroc,” pp 2337334 in Ref. 0-1.

- 142 -



4-2.

4-3.

4-4.

4-6.

4-7.

4-8.

4-9.

4-11.

A %%, 3 39, % 75, A 94, ‘229 A A8 mg

Al SYNROC,” 8 94A59 3 7)<, 6[1], 64780, 1991.

AE. Ringwood, S.E. Kesson, N.G. Ware, W.D. Hibberson and
A. Major, "“The SYNROC process : A geochemical approach to
nuclear waste immobilization”, Geochem. J., 13, 141, 1979.

AE. Ringwood, S.EE. Kesson, N.G. Ware, W.D. Hibberson and
A. Major, "Immobilization of high level nuclear reactor wastes
in SYNROC", Nature 278, 219, 1979.

W. Lutize and R.C. Ewing, Radioactive Waste Forms for the
Future, North-holland, p.233-334, 1988.

C.L. Hoenig and R. Rozsa, UCRL-53195, 1981.

J. Campbell, CL. Hoenig, F. Bazan, F. Ryerson, M. Guiman,
R.V. Konynenburg and R. Rozsa, ”Properties of SYNROC-D
Nuclear Waste Form: A-State-the-Art Review”, UCRL-53240,
1982.

J.A. Cooper, P.R. Cousens, R.A. Lewis, S. Myhra, RL. Segall,
R.ST.C. Smart, P.S. Turner and T.J. White, "Microstructural of

Synroc C and E by Electron Microscopy”, J. Am. Ceram. Soc.,
68(2) 64, 1985.

T. Inoue and M. Tsukamoto, "& V< /VEEY " FE{LEwGH &
rBaAEE o BIRY, RF T, 34[1], 45, 1988.

. AE. Ringwood, V.M. Oversby, S.E. Kesson, W. Sinclair, N.G.

Ware, W.D. Hibberson and A. Major, Nucl. Chem. Waste
Manage., 2, 287, 1981.

R.G. Dosch and AW. Lynch, "Solution Chemistry in Synroc

- 143 -



4-12.

4-13

4-14.

4-15.

4-16.

4-17.

4-18.

4-19.

4-20.

Preparation”, SAND 80-2375, 1981.

K.D. Reeve, DM. Levins, E.J. Ramm and JL. Woolfrey,
"Immobilization of high-level radioactive waste in SYNROC, in
Advances in Ceramics(American Ceramic Society, Columbus,
OH), vol 8. pp200-208, 1983.

C.L. Hoenig and R. Rozsa, UCRL-85032, 1981.

W. Sinclair, GM. McLaughlin and A.E. Ringwood, "The
structure and chemistry of a barium titanate hollandite-type
phase”, Acta Cryst., B36, 2913, 1980.

W.]J. Buykx, D.J. Cassidy, CE. Webb and J.L. Woolfrey,
"Fabrication studies on perovskite, zirconolite, barium

aluminum titanate and Synroc-B”, Am. Ceram. Soc. Bull,
60(12) 1284, 1981.

K.D. Leeve, D.M. Levins, B.W. Seatonberry, R.K. Ryan, K.P.
Hart and G.T. Stevens, Final report on fabrication and study of

SYNROC containing radioactive waste elements, Report No.
AAEC/C60, 1987.

A.E. Ringwood and P.M. Kelly, Philos. Trans. R. Soc. London
Ser. A 319, 63, 1986.

A.G. Solomah, Nucl. Tech. 62, 311, 1983.

K.D. Reeve, D.M. Levins, E.J. Ramm and J.L. Woolfrey, The
development and evaluation of SYNROC for high-level waste
immobilization, in : Proc. IJAEA/CEC/NEA Int. Symp. on the
Conditioning of Radioactive Wastes for Storage and Disposal,
Utrecht, The Netherlands (IAEA, Vienna) pp. 375-390, 1982,

D.M. Levins, K.D. Reeve, W.]. Buykx, RK. Ryan and B.W.

- 144 -



4-21.

4-22.

4-23.

4-24.

4-25.

4-26.

4-27.

4-28.

Seatonberry, Fabrication and performance of SYNROC,
Spectrum 1986, Proc. Int. Topical Meeting on Waste Manage.,
Niagara Falls, USA (American Nuclear Society, Pittsburgh, PA)
p. 1137. ’

MCC, Nuclear Waste Materials Handbooks; US Report No.
DOE/TIC-11400 (Materials Characterization Center, Hanford,
WA), 1983.

H. Mitamura, T. Murakami, T. Bamba and T. Amaya, Nucl.
Tech., 73, 384, 1986.

J.K. Johnstone, "“The Sandia Solidification Process”, SAND
78-0663, 1978.

M. Muthuraman and K.C. Patil, Mater. Resear. Bull, 31(11),
1375, 1996.

S.B. Bhaduri, R. Radhakrishnan, and D. Linch, “Synthesis of
Nanocrystalline Alumina and Alumina-Zirconia Composites by a

Combustion Assisted Process,” Ceram. Eng. Sci. Proc., 15[5]
694-701, 1994.

L.A. Chick, L.R. Pederson, G.D. Maupin, and J.L. Bates,
"Ultra-Fine Powders Using Glycine-Nitrate = Combustion
Synthesis”; pp. 117-126 in Proc. of the 15th Annual Conference
of Fossil Energy Materials, 1991.

L.A. Chick, G.D. Maupin, G.L. Graff, L.R. Pederson, "Redox
Effects in Self-Sustaining Combustion Synthesis of Oxide
Ceramic Powders”; pp. 159-164 in Mat. Res. Soc. Symp. Proc.,
vol. 249, 1992.

L.A. Chick, L.R. Pederson, G.D. Maupin, J.L.Bates, L.E. Thomas,

- 145 -



4-29.

4-30.

4-31.

and G.J. Exarhos, "Glycine-Nitrate Combustion Synthesis of
Oxide Ceramic Powders,” Mater. Lett., 10{1,2] 6-12, 1990.

J.J. Kingsley and L.R. Pederson, "Combustion Synthesis of
Perovskite LaCrO3; Powders Using Ammonium Dichromate,”
Mater. Lett., 18, 89-96, 1993.

S.R. Jain and K.C. Adiga, Combustion and Flame, 40: 71-79,
1981.

L.A. Chick, et al, "Ultra-fine powders using glycine—nitrate
combustion synthesis,” Proc. of the 15th annual conf. of fossile
energy materials, 117-126, 1991.

- 146 -



A A 3

B
TP HERIMAE AENFRINHE |EFRIAAAS| INIS FH 7=

KAERI/RR~-1870/97

AE/EA

1EH HrE 2svleAE @

ATAAA / FAMTE A E 3/ 49972 24/387|s LT A

A7/ $A

A 3, 4 A", £ FFE A £8 (&I E 24/ 8d7s/MEHA)
e AR (HAEFV] H7E AHEriened)
g A A 23 0 AR X s (PAHAR JEAEE)
o 2| o oA a8 7] % FZTAAHA T A iy 1999. 2.
s o] x| 146 P. L= FC O ) F( Yyl =2 7] | 25.9x188 cm
3 AG
H Q8 37 (O), gy (), _F ¥|2 BIA FF A F R 3T A
AT e A W F
z B
AT AFA T dEYUIE a9 AR MY 2 Yo zZA AE ThE
3 543 BEAE0] XFFH ¢gouz oL AL dF © FTAMEA
TFESY HE2 B dAdEnt olE FEY HINES AF S5 @ A
Alo] RS A &2 s7] AEiME Fn AAARC] & nFr)e o]
g3tz B dFgAEs ol fEndstE Ve

HAxoE IAGATE AN T4 7}

olr
&
k]
)Y
o
)
N
o
lo
S
oX,
Mo
2

dustA AzAgE IFG fFEEFEY AF F Uz §84F,
FEuE LS A8 AHEF HEPA S #HAAE o] &3 d Az 2

2
F s dAAJ] ATFA 7=dA3

HENE ANBRGD
25 AU o4 ATYY YR Az EHRNL AAsgch




BIBLIOGRAPHIC INFORMATION SHEET

Performing Org. Sponsoring Org. Standard INIS Subject
Report No. Report No. Report No. Code

KAERI/RR-1870/97

Title / Subtitle

Development of High-Level Waste Solidification Technology (1)

Joon-Hyung Kim / Research Project of Thermal

Project Manager / Dept. Conditioning Tech. for Alpha—-Contaminated Wastes

Researcher / Dept.

Hwan-Young Kim, In-Tae Kim, Kwang-Hoon Cho, Joon-Hyung Kim
(Project of Thermal Conditioning Tech. for Alpha-Contaminated Wastes)

Won-Zin Oh (Nuclear Fuel Cycle Waste Research Team)

Ji-Yeon Park, Choong-Hwan Jung, Seok-Jin Oh, Hae-Dong Cho
(Department of Nuclear Material Development)

Pub. Place | Taejon | Pub. Org. KAERI Pub. Date| Feb. 1999
Page 146 P. |IIl. & Tab.|Yes ( O ), No ( ) Size |25.9x18.8 cm
Note

Classified {Open (0O), Outside ( ), __ Class | Report Type | Research Report

Sponsoring Org. ] Contract No.
Abstract

Spent nuclear fuel contains useful nuclides as valuable resource materials
for energy, heat and catalyst. High-level wastes (HLW) are expected to be
generated from the R&D activities and reuse processes. It is necessary to
develop vitrification or advanced solidification technologies for the safe
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