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Research Progress on Joule Heated Ceramic Melter Vitrification Technology
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Abstract: Joule heated ceramic melter (JHCM) in vitrifying high-level liquid waste (HLW) has attracted recent attention due to
the unrestricted melter size, high glass production yield, and good compatibility with noble metals. The existing JHCM still
prevails in the HLW vitrification. This paper reviewed recent research progress on the key technology of JHCM according to the
engineering application of JHCM in US, Russia, Germany and Japan. In order to enhance the volume reduction ratio and reduce
the cost, the future development of JHCM should focus on designing the melters with a high glass pool temperature, a high glass
yield, and a good compatibility with noble metals based on the critical materials (i.e., refractory and alloy) and HLW
compositions.
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Table 1 Refractory material types of Joule heated ceramic

melter

Application Refractory Major

Country - N
position type composition

uskT#l Melter cavity Monofrax K3 Al,03—Cr;03
uskT#l Overflow chambers Monofrax E ~ ALO3;—Cr,0;
uskT#l Plenum Monofrax H  ALOs
Germany”‘ 3l Melter cavity ER2161 Al O3—Cr,03-ZrO,
Germany"*!  Plenum ER1681 AlL,Os-Z1O,
Germany!”*!  Roof ER1711 AlL,Os-Z10O,
Japan[‘“‘ 38-39] Melter cavity Monofrax K3 Al,03—Cr;03
Japan[‘“‘ 38-39] Roof Monofrax H  ALOs
Japan®!-3%3 Outside K-3 AZS
Russial®>** ®# Melter cavity BK-33 ALOs—ZrO,
Russial®>** ®# Melter cavity KhATs-30 AlL,O3—Cr,03-ZrO,
Russial®>** ®# Melter cavity KhPL-85 AlLO3—Cr,03-ZrO,

T2 BAM AR S

Table 2  Composition of commonly used refractory
materials®*=7 44 4l

w/%
Type Cr,0; ZrO, ALO; SiO, Na,O Fe, O3 MgO
Monofrax K3 28.0 58.0 2.0 6.0 6.0
Monofrax E 75.0 8.5 2.0 6.0 8.5
Monofrax H 93.0 6.0
ER2161 27.0 27.0 28.0 145 1.1
ER1681 320 470 210
ER1711 40.0 43.0 17.0
BK-33 335 515 133 1.2
KhATs-30 30.0 26.0 29.7 13.0 1.2 0.1
KhPL-85 80.3 0.9 4.0 11.2 1.2 2.1

w—DMass fraction.

2.2 ERAR

FVEBEE I B AR RS, B A a0 SRR 4
PUBEET S PLIE IR R T BE g 5 R R BE % LU 3 B R
R, PR B P B P 1) AR R 32 B 4 R AR

AR . TERU PR B E A A, BRERE
EP-500 Joule Jn#HA W &b {5 FH & @ 40 bl 4, Joule
InFAE Z g F FARAA BHE A Inconel 690 & 4 o

S RHMIE S E(2620 C). SHMEREL. Bk
HOPH AR . P33 V1R Dl RE T 9 . WU R
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GE AL . DRI FRR 7R BER A H KB AT 1R
Sk AR R e A e R R T

Inconel 690 & &Ml 1 350 'C, HMmA
(29%Cr 9%Fe, HATANi). misTEMALAEEH
BRI A TP AL RE 7. TEIN IR LGB B,
Inconel 690 & 4 JE i Ni(CrFe),04 F1(CrFe),05 R
JZ1# Inconel 690 & & 7E M FZERY . Y2
YT YR 228 % T Inconel 690 & & Hid—b
AP, B Inconel 690 445, Inconel MA758.
EA3001. Inconel 693 tH#E#£9 Inconel 690 1Y
*j*4[42, 52-55] .

*3 EAASMRER™

Table 3 Composition of commonly used alloy materials'>!

w/%
Alloy CrNi Co Fe Al Ti Si Mn C Nb S Y05
Inconel-690 30 58 10.0 0.8 0.3 0.5 0.50
Inconel-693 29 61 5.5 32 0.4 0.1 0.08 0.02 0.94 0.001
Inconel-758 30 68 1.0 0.3 05 1.6 1.60 0.6
EA-3001 36 44 12 44 05 0.5 0.05 0.5
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2 1E Joule Jn#k P by 34048 FH FELAR 5 T KA1 R
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SERPTUJE T o A I R 0 43 B T AN kv R SR
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(R JEg ek B A B, AL R S CrOs B i
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BRI I o 3 B VG 43 R KA EMEF Crn 05 &
N 27%M ER2161 £ 85 NI & ARG KA K], 3R
TR 5 o ER1681 HUIGH5ES W &
Mif kAR . BT Joule Hn#AWE B d 44 i K A4 6k
BHE A2 BK-33 HUIASE 8 NI it kA kL, 58
BRI ARy, A KRR S B NI
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31 #HRIZ

JEI PR T Joule INAR PR Bl (1 S R . 1
RRAGMEZEDIREA 31 1) BUCkE TR BUR R
AT SR iR U s 2) AR v TS VR 4 R A o) 3t
BER A BEAT I 3) 4 Joule INFFRE AL,

1) SR AR o 3R 2R 48 0O 75 22 DUt
B RBUCR BAE) R . R
R — RO T K o WO R et — I 8

[21, 58]

PRI A A A P A L PR BBORE AN 7 B IR 1) 48 A A2
PRI AL R SIS AT B EE R o R A1 [ A 1 2256
e TR TR A3 T — AR T 1 ~2 i ),

2) JRII T o FEHT T RO 1 R TBUR TR 7>
e, FARPE BT A R DL R B AL T2
SRy o MRABIE L T ERIAR, RS I
J7AANA] o 8 E 252 SRR S N 3 35 38 I
vk, BRIAE ST A I, R A ZON mTBUR I



49 B 12

JUBZE 55 Joule JNFAME Bl 5538 6 16 BOR B Uik Jé © 2743 -

AR DL T SRRy, AR A S5
TR, XA IR R e A R,
A 3] vy FROR L B S — ol B AR v (A R B IR
ORI A%, TEIR ST PRI LASRAF PR RE S A% 1 B
T AR . SR T 2R AR v TRV 1k 73 AN B
WAL T, TSEIEBR M BUR UK 7 AT I 4
B MLTT 1) e ALy BN B v RO T i
e, JRRCASRRE, IR A R R RO 33 A
RH SR AT S w2 S0k, 15 2050 S SR A i B ] £k
P, ALRR T Z AR R G v T R 260,

3) BERL. ke BOURRE E A TCRE S
BE . O AR A RFD ) 6y, 2

Entrained part

FRTT BB 711y, 3 17 53 S (RFD 5) 52 F A
ZHENP B P R A 36 e B AR BRI . N
AR IR AN G e B S o ek, AR
TR A, 2 AR 6)1°1 0, a3 5 4]
THES BRI E @A, R 46 2 SR TR
—FpAEE . ERFEN, FIUARR KDL
NG REMIERIAGE &, RNk
Jei s AT A PR LG TRRE 5 B (RO B B /N, AT {3
EWIRE BT RAE L SRR T s T
(R B BE AN L, B P IR A RE SR T 2 T
B, RN IR IR TR A REBE A SR ik 25
(i 7)1,

A; waste lift

HLLW

' =T N
| |

Inlet nozzle Outlet nozzle

Inflow structure

e

Outflow structure

Bl6 i /s (RFD) i e
Fig. 6 Schematic diagram of Reverse Flow Diverter(RFD)!*!)

Compressed air supply

s | LY

Ventilation system — —
Gas-liquid separator
To equipment Blowpipe H2 | |H
Riser |
H1 ]
| 300-400 mm
Feeding tank

EREESCEE e

Fig.7 Schematic diagram of air lifter[*"

32 BHITZE

VAW B B ISR 2R K, B EBUR R
TR SRR B B A, S A RN 3 38 S 0 77 s A
FRBCEETE A AR, FFTCH BRI R G B AE A
TEEREH] Ik AL HIF HOERT 4
320 ik PARM B RE R BN B S =
TR ORI EE RN, 45 v TS5 VR ) B B A AR A A
fhzsia]. HasraRE. Eirl . drTas
BEER 73 o

JE IR 1 B 4y, SR E IR IS AT F A
B — . & BRI A B S UK R o
TP R A R A . PR AR AR, B

WrERE, HEAGEALHEMRFER. REETER
IR TBUR I o HE AT R T AR/, BB AR,
BTV RS ERHE, & & AERFER.
HRENEBUER . EEFMED T TE3EE TR
ZARBRFEME LRBUER, B EERk, AT
WINBE RS R, WO ST PRSI, Wse
(¥) WTP A4k 5 7 (1) EP-500 3 585 [ f kg a1 03651
BE W EP-500 &4 R T RSO & B UTAR N I s
ITHIRE, {EISMHT AR, £—eEE Lg%
R T B4 U ) AT e R A e I A 4
e N I HEZ RS B E ORI R, SRR
RS, WSS N B — e, E
Ty & @ e, 4B E ) VEK A1 H A TVF
IR [ A p g 121 66681,

Sty PAY 51 ik 3B B9 0 40 RO ik KRR I S 4
BEEE N B B 5 B W S KRk . B R
R RO A B W T H I A Bf FH EEAA 1 R T
KAtz o AP G A2 FHT K P B e AR B B ks fi
IS AL P9 AT S B SRR RS K HE S E
TG 3 Tz fr v v R BE, A R 1 AR iy e
DR IR R R, AREIRET . BN RS E R
2 JE T PR KA RE, HAR S IR, SE
Rl B B il I 2B B — IE AR B P [ A4S, Ak 1) BHL BBy



. 2744 - CRERR Sh2230)

J Chin Ceram Soc, 2021, 49(12): 27362750

2021 4

WS I TS A P 4% mh I2 R H R (10 4 R B S 4K S S M)
TEM o 35 T RBISNER B AN E PR KA R,
PR R bk, e A2 BRSO NR K s —
JEBERE, [R5 2 it S R R R 4 R
ZEREERMEE AT

AR AR R A1 58 1 32 A A 2 = AR
PR RA RN, T, fewemiEmE,
TR AT I BRI — 8 s kA, [T B E %
% [ R AR 2 A B R B o 2 A A

R I R T RRRE R, A O AR B FE T AEOK
BRSSO 2R 4 9B Ah ORI AL b 2R
AR S AL FLRE IR 2R

R4 BIPRERSHB=EZHERT DS

Table 4 Relationship between glass production rate and
melter pool surface”

Throughput Production Glass pool
Parameter HLLW type . 4 O N
capacity/(L-h™) rate/(kg'h™)  surface/m
DWPF Defense 200 100 2.50
waste
WVDP Commercial 90 45 2.10
waste
Pamela Commercial 40 25 0.74
waste
VEK Commercial 10 7 0.44
waste
EP-500  Defense 500 100 10.70

waste

322 MRFRF EmIEE T 2as
Do AT RS AFEIE N S Bl BN AT AR RN R R
Weo JEBE NGO N — R, R 241
TR S LI it R0 b s, A T IR B S
900~1 000 ‘C, #RJE77 v N B ah3akl, FrHAE
RS A BEK 47 it rEUAR FR BN R . S SO
KRABNAGRIER, oA S EmABRER 4%
PR B, AN SO E R AR R O 3 A
Inconel 690 &AM EEH, JuEIRESE.
TEE SN ER N B R IEEIIEE S, Dol
G 55 5 Wi ) e A 28 R B R

04 E B 3 % 38 FH Inconel 690 4 4 B8H FH A H
WA B o FLRARA T s FIRSOIR FELA 2 Fhe Bt
HLRK 5 [ FEAR B ARG TR AR AN [F 2 4k, ooy
FEAAAE o HARA 2S04 H R AR .
A HL R AL HE ST R G ) 1o B igs, A BT 58 Ao [
TE~ SO E MAMERVEIE . gEE AT W
T REMYg G ER,

5 E VEK I R4 046 54> SiC B 3ot

(& Inconel 690 E), 1 XS4 Inconel 690 H
BT 1 /N [ R T A B I Inconel 690 HLAR!
HA K2MOC &I 2 uds 1 X044
Inconel 690 EHIHZ . 1 XF 7544 Inconel 690 i B
HLAZ . 1 X Inconel 690 BN FELARAN 1 AN HLIE
JE ST R &R A SiC n#astl, 2
EP-500 14H FEARIG AE )G P ISR, M ILIX A 2 HE
T I HEA, AR I XA A B A AR R, SR
WTP Hr BG4 i AR A B EMIEE ) 3 2H Inconel
690 & 4 H AR,
323 WENE T EEI B s AT N R A
P& IS AT I O R L EE . AR T A A B
P s il PR O e ) RS AR T s v o,
8 BERE R R AR I B T B TR RS B A
FLA 8T FH AR08 G e A AR, T ML 3 o A 150
1 Inconel 690 &R EE, B AHEE Tm /M EE
e ik, RmAd A& G e, JFEE T
FH AT aze fE B AR Al e A A AR I A Rl A =k, B
A Skl N OR3P B, Tl M 0 AL 5 R &
BT PN R A A A LA AR AT DAz S R A
Pl

FEDE SEFE: 1) AT E AR . B AR A
HLB R 1 T AL AR kAl N, AR RS #
ORI B B RS I 8 —F AT B 250,
BA 5 AT AR TEAMER ThEE s 2) MRS b
A B A AR RE 5 3) JEGHB HURHE == A R
WIS EE s 4) bR E R IR A 5) Hokl
JERFHAR S s 6) M E BN TTHREE: 7) R
AURSE 8) LTI ER iR S
324 WALINE IRV I 2 FC B A P 1) A
T80, REFEEEI R E B2 IR EFIE kL 5 H
BRI, 6 B 308 R B s Ak o & BR S R A
(RS E ME o 7E i JBU MR I [ A A P i R rh, B3
TR R DB A B 4 AL T A SR R 2 )
it

1) Bk, EE VEK SR B2 7S
PR T B B kP> O, s R
FoT 1 PPREER IS M &, B RN a4
&S5 5 « VEK PRI 46 HURLN ) T 7374 500 Pa,
WE & BT PR, BRI N R 10k, 48R
WAL e kG, EESHE. 4
trib R G, WAL 208 BTy, RSN I IR
K. I ] 8172,

2) AL ZRALE . FE ALY AR T



49 HH 12 W

JUBZE 55 Joule fil#ABE BEIF 35BS TUE .« 2745 -

FEATER AR VPC BRI A6 B R A 2 R s 22
WALTE o 28 WA T ZE L T VI vt ) e
WoNEZERE, HFEEE 9 frs. @HEERE
far ek, EANERS, Hafring
thE, L@ ER A AN EE, BRI
AR AR I 7 e I s R RO R
I, AZII R i (S R AN W R . i
TR, LRI ETE /5 e A R 1
THOLT . AT LAY IS Z2ARIE A5 1) vt s Jls T 52 1) [ 1
SR A PR T T,

Air

[l

NM

Melter plenum

Bell
—~nconel 690
Air Air

*
! : Before pouring

After pouring

RS E i H A
Fig. 8 Schematic diagram of the bell melt level detection
[22]

system’

Air

L | g |Differential pressure

transmitter

Blowpipe U {

Pressure
reducing
valve

Rotameter

Constant
current device

9 AR E ALY
Fig. 9 Schematic diagram of Air Purge Set of Liquid Level
Measurement"")

BT 53 Ah— WO R B AR ARG B AR A
Hefid, BONE AR AREND, BAEZN T
EH AR R R DU, 22 AR IA SR i Py
52 (0 R TS TP A S 1O A s ) AT s 7
AR, EIARSZIE T, Blt, Z2HARIA G Tl &)
ZEIRAE AP A TR WO B T S BV T AR
BT R AP RRAL h A LA R 3 &

h=AP/ pg (D)
X p RIBRIREE; g NE TN .
325 R YIIFIE I I B FRALIA B WE
HOBRBAL R BRI, R EAT HOokL . Toule N & lm
i PR KO 2 AR T VAR T R AR JEC 5 1 Rl 1) H
ko JEGHS IR il IR HH AR 2 S P DX U 2 AR 7 i ] A
IR X 5 ke 1R S Ak ok . 5 R 2 SR i
i HRHEA 7 RN AR SR FH JEC 042 Rk ) R R
Horpr, 7 ] SR XU R AN AR R 1R R, H AR
R IX. 445 i ) J IS 4 s B 66720

1) b R R i Rt R A o G RE R i
K10 Fral™, FEdReE . RS LR RIS
A R RO, R RZERE . A R
KB RGBS K 56 4 B A S5 41
o PR 9 S W K HLA AL, Inconel 690 HRHZ:
22 R R AR Y RO R D B B 11 G
BHER— D DA R E, o DUR AL A
R B iR SRR E, HAE R AR R R
AL AR BN, DA IS RS B, I
R BB, ¥ BIEPR I EE I 0 HAEk B B v] DLz
PR HREYEIE T 4, 57 5 A S AR B £ kY
B7 1E HHORLIS) R R SR DO Ak e i, FF A TEHE 2
RAAb R RS,

Glass pool Bottom electrode
NGSSSINISSNON NS
RSN v S
NENINININININS PRI
ARSI N,
ROSSSSSISINESH A
NESSNINININISIN 98989
RIS R
RAARRAIRAAN 20!

PANIDAN A A1

L

[ Pour spout

Canister

10 JER s H Rk 2 )
Fig. 10  Schematic diagram of Glass Pouring from the Bottom
of the Melter®”)

N TR ORI R 338 22 520 R — IR RS
FIBCESIL A T R AL, HAS Joule INFAFEECH HiBE
FGUR XN L R A R 2 2GR
RHE, PR HUBME R im R0 A2 DT da kL. 12
R VR, VRS B 20, JFJE R ik £ e
R HURVE T im B HES, BB AE OB D s



. 2746 - CRERR Sh2230)

J Chin Ceram Soc, 2021, 49(12): 27362750

2021 4

4y 131-32.72)

2) AT HVRHEOR o Wi HRER ] T
EE I E R 11 F)™ Pl ek, AR
BRI TE NENSUER, T2 A I 303 % L Y it
WIS, AEASHR THE PSRl I v Ar b o 22 s YA
b, SRJERIH B B ) E DI A R A A N
an A gE . W R RS — R Rk E L R
PTHE . dmIE. s, HRVE SRR R
TR TR KA R T ia, A 2= AR
PrREI S, W . 2 E WVDP 35 E i
AR i s Y (TP N B I O Gl I

Monofrax EF74%,

Riser 7 ..//: Pouring chamber - P(;l;)ut
N~ S
L1 N - - ./ )
ST g
R Glass |-/
e Y pouring| |
- )
Glass pool SRS N RS
oo s
/. e
e
i
/. Canister
e
R
RO
Bl 2SR TH O R 7
Fig. 11  Schematic diagram of Air-lift Overflow Glass

Pouring!” 7

wHEHX B HRE U sm#ootE, HAER N
W DX K THRTE (IR E N 900 C it BEJS
#4 Inconel 690 A& HRIENIZIT, DAAERFAIERTH
RHELEE -

Joule IN#BEEEH 1) 2 Fh kT 5 A Bk
AT RN R TT 205 SRR R AU I B)iE 4T T
BV . HERRL I OB B A HER e . A
IR . AR T TR K ET
FE P HE S B R S o LR SO I P B VR AL
AR B F A 2 A R B FEAR S AN I A
NEH G & PR R, B RAEE g7 i
TR KA R AR v, 238 28U RS G R R
WAE . 2 SERTHER R R A IS N RN AR E .
WS BN . LB SO IE Y ARRUR . TR
IR . B VR A S Tl ™ B k) SE B VR
fir ¥ ) FL BB HE S A se AU, MRAEIX 2 Fiikok)
77 A BVRe AL RIS R B R Bl ) S IR

A FR IRk HoRL, B a8 A AR AR P HE
TBRIE A 2 SR TR T B
32,6 B EBUREIBE A B B REEORLE
20 {40 90 4EAXH: Duratek & AT, FHSRER -G 4
IR . SEEIE BIAE SRR FEIME R R, Joule N
P AP s A R ] AR g 24 (511 TR,
SR FER H R IR, FIERE SR
AERAHYTE, B7 R P R R S . RS AR 1)
Wit FERERINEE SN F A, 7 R ik
FUEARIEE., ASIIX 2 NEW, SEsEM TR
Inconel 690 &4x, FARWIAE 12 fis r- B,
SRS ILOLL, AME— E ST AL H R R E
LA K . BT 1k FL T 22 18] B AH 52 e S 2508 40 L 1
BzE, BN, RS A
RECE R BOBSTEMAL LRI b om0 7 = Bos ik
PSSR, R R — AN s, Mk
Inconel 690, bumAl R iR et < £, A
T A B BRSO A T KA KL . S AR AE IR 4N
S S KK AR T LA A a0,

Incone1690

Mullite

Pt

mﬂ%ﬂ

12 gl
Fig. 12 Air bubbler®”

33 BSEK

Joule Hn#Be &b i B A d b st B AL FE &
Gisiil. H A EIDyRER ERRIE T T2 R AU
PV Bk, SERE B RS IK SR
BEHIEN REME T,

RAAHE RGN YR B RS
MBS RGN ER B, M Rl SR A A
WHIE I NRR RS, [RAIEEA TS,
TEHAEBE B R— P UBE, TR 248 2 AU RF IR,
/b A ORI RS e IR A BE B H . 4R
] 33t 3 [ e 2 L S AE S VA BN 8% b e s — i R 38
B, T8 B AOA A 2% R AR TR R RS



49 HH 12 W

JUBZE 55 Joule fil#ABE BEIF 35BS TUE .« 2747 -

TR E AR IR, R E RT/TT S E
RS RFREE B, IR B A MR
FIFE, HENRUTRIENBREY . 7EKF B,
AL KW 2% B S AT B (DT AE K Bl R I
AR 2 2,

HE VEK B RGAFE RS ATk
H#B4r . HAEAEE HoRIES E A NBERES
ARy o TR RS B FRIER AR B
RS WU PR . BRI N e R R B A
(HEME). ¥Rk BR 2R 23 A4 Bt g R IR B A0 o
HIFTS, SN, AT ARSZERSEMEH, &
TR B AIA B2 2 Incoloy 825 #illid . ¥RikRR
AR VRBRI R S A R AT BRI £ 5 R [ 3]
Kb g T IR IS AL, RERRA TP RE D KE
FE. O E MM ZRACEE)N BT RGE T
B AR Sk 5 HAD W A IE,  DUE TR AT
LR BSR4, ARk 1Y ) i A I A VA A A UL
YIRS o IRVEBR AR AR R W B E N T 200
T2, AEREAHAD 2 RS IS 28 R W4 5 P
Wt NEAL T2 TR RS - L FE i 5
Adentyeds . MIAEE . BUSIESR(WRFE). "
I VE 2% (HEPA) I 5] KL,

B AR A2 — AN A, 5 E VEK i il
A Tl BRSO R SE IR o R 7K RS AL

Y R AL LR LA
XF AR
NO,(g) = N,0,(g) (2)
N,0,(g) > N,0,(1) 3)
N,0, (1) + H,0 — HNO, + HNO, (4)
A8 HNO, AFaE :
2HNO, — NO, (g) + NO(g) + H,0 (5)
X — S NO:
2NO(g) +0,(g) = 2NO,(g) (6)

B J5 1 R A B % R — A A B AR AT

2 B DUARRE WTP B[ 10 23% B AR BRI
FERRARS . RIEH RSSO IER . MR E
B(HEME). BRGL JEAR(HEPA) . RIS RS, i
AR IT(TCO). SCR Al AR Ve 25,
5 2 MRS, WTP il VEK BS A R4
(1 85 K XM AE T A 77 AN, WTP SR e PR fi
IR JER(SCR)EAH . SCR AN A2 I8 R 77 (N H3) 7E
SRENAIERT, HEEYEE R R=T0
FHIE A

FRAE RGN 7 — DUE B IR 4ERE A

[y, EEAERGRCE, Wil RURER, IS
JERG ORI B, JCIHAE DUE AR 5 77 D9 R
B PRSI0 RGNV SEAT IR, DIRRE RS
L_Ejj[84—85] .
3.4 Joule NABHEAPIIBEL X BIXAR T4

£ Joule INFAPHEIF B MBS T, B
FHEARF RSB AT BLZ 25 HoAb AT ML A 2K T
SR, BRAEEARR AR S5 TZHEARE Joule
T AP b 307 38 ] A B AR A AR R P B R 1Y
HAZ O BRI I S5 R BT A3 1 kT 3K
Kb Gl AL eh BT s AL ER ) S ORI R, X T
WARE R BB o R 3l e Z R A AR e
JR R A R B A T IR St Jm ks X
THRFER St )R & BRI 2R HE R ORI
PR BT DA R AR I RS vy SRR N [ B3
FEBCFERE R R T SRS b, — AR JEE Pd
RGPS U R 0 ER R, T TR A A ULt B i I R e
PSR R ) R ) 50 AR S A T IR PR BB IR 1) L I
TERE SN RAT, TR IDRE 2 R 28 R 3 2 B3 3 [
ARGER T, BEESHOR o R IR HURHHE RO R
i P ) DA BT LB SRR A 3 2 HEORHIEE AT LR
A TE PR B P A il o

4 ReEH5RDP

Joule NP EIFBIE B EAR LT 40 24K
KN, FEATERYE B Y N )2 BB AL B
EE At AU RS, R TR RIL RS2 1T
IR RSt A H AN N, il 2 1T R AR 2 Z AR Ak
B TR TR A AL B 5 A R L, AR O Je BRI (]
PECHE K BEA RO R 53 < SR U AR [ ) 35
WA A, DL A2 A% HL AR R KRR S8 5 1 255K
Joule P % b B8 B AL BRI AL /IR RS
ANSZBRE], AT DL T R AR K R b S 1
BT I 1) SRR A, BRI R T T b SR (B
45°~75°) ik BIAE AL I RS HE DU B & )R 1 H
K1 ZR6 Joule MNFAPR BIFBEE B HARLESS . 18,
H. WEEMTENE, 4548 Joule IN#WEEN
R R ATEBUR IR 3 BERR Joule i &
P38 E E ALBOR I A B R O AR 2 A5 T :

1) I Pt vt

Ko b S5 R LT I 485 5 A ] v JBUR I A S B i
WHEERE P AR dmd e, L B 3
[ ) Joule ANFKFRECI AT LA, EARIHE A HAK
ISR, (HIX 3 ERE R A Z IR K. e



. 2748 - CRERR Sh2230)

J Chin Ceram Soc, 2021, 49(12): 27362750

2021 4

AR W ) v OB TR AL B AR K, A T 8 s R
WA, Bt 7P I BRI 4
T8 ] ) s T VR AR A/, (B B 4 v L
B, A 11 2 R S U e 1) B T ] s
Wite H—77m, EEAR & Z kG A T
AWHERA R JEAT A IR R 2 BT, A L)
PRSI E BT, H RSSO HREE 1150 CB
LA RN TR, W BT R LS IRy
PR B IS AL, R T B R, R
T Joule AW 8 394 369 35 8 1 A 45 AR 11y 7 — A
W H S —— BRI T B S R

2) KEEM R IT

547 75 i 2 Joule AP B I — A REEHR R,
FCSZ BRT 8 4 45 FH (it KA LN AR TETT K
MBI, % B 15256 K& TRE N FH 456005 B s 1)
Wi KRR B m b v . R W, B
i BB TS VR PRI TIRS P AR) L8 P I 5 M S K bR 4
TN AR ISR SR B KM k. B3R E, M
P 45 8 DRI S T M R e 7 P - 63 ot B 77 )
HBRBAL (LR 1) AR FH & SobhRk 2 0 00 5 3 784
RS A T 2R A G, 2 A B M A IR At B
B, T FUIT R A i (KA A RH( Inconel
MA758)% , 224 [F 14 3 3B J5 o Ji b ek B o 1 A IR 6
PRI, T FCIT R S 65 ok (¥ A RH( Inconel
693) 1#61,

SE R

(1] ARl A PORh s [ 1k [ Brit 7 et e (0], b A Rkt , 2016,
35(7): 481-488.
XU Kai. Mater China (in Chinese), 2016, 35(7): 481-488.

(2] Rl JUSZE BEREE S5 iR UM R 3 3 [ A6 e T T
JE[J]. REFREE2AIR, 2021, 49(10): 1-15
QIAN Min, FAN Sijun, XUE Tianfeng, et al. J] Chin Ceram Soc, 2021,
49(10): 1-15.

[3] L. KRBYGAER) m UK AL L 2R AL [CL/A TR At
B EHARZ RS 2, $#1l1, 2005: 53-57.
LI Zhongdi, Study on glass immobilization for high level waste in
large scale reprocessing Plant[C]//Radioactive Waste Treatment and
Disposal Technology Experience Exchange Proceedings, Huangshan,
2005: 53-57.

[4] PRI, Ffise. [EAh 8ok i s B A o R ME YR [0]. [ A aoii i,
2018(2) : 27-31.
CHEN Yajun, LU Yan, Foreign Nuclear News (in Chinese), 2018(2):

27-31.

(51 2 bpe. ens 16 bR IR Kok it B[], fERR 2@k, 2003,
22(1): 42-48.
LUO Shanggeng. Bull Chin Ceram Soc (in Chinese), 2003, 22(1):
42-48.

[6] OJOVAN M 1. Handbook of Advanced Radioactive Waste

(7

(8]

(9]

[10]

(1]

[12]

[13]

[14]

[15]

[1e]

[17]

(18]

[19]

[20]

[21]

[22]

(23]

Conditioning Technologies[M]. Cambridge: Woodhead Publishing,
2011: 230-292.

INRIE, AT, TERE. BB E A B ER M), b
A R RE R, 19950 1-397

VIENNA John D. Nuclear waste vitrification in the US: Recent
developments and future options[J]. Inter J Appl Glass Sci, 2010, 1 (3):
309-321.

PEREZ J M, BARNES S M, KELLY S, et al. Vitrification testing and
demonstration for the Hanford Waste Treatment and Immobilization
Plant[C]//CHANDLER G T, FENG X ed. Environmental Issues and
Waste Management Technologies in the Ceramic and Nuclear
Industries V. Westerville: The American Ceramic Society. 2000: 1-19.
KRUGER Albert A, PEGG IL, KOT WK, et al. Report-melter testing
of new high Bismuth HLW formulations VSL-13R2770-1[R].
ORP-56288 Revision 0, Richland: ORP, 2013: 1-96.

KRUGER Albert A, PEGG IL, CALLOW RA, et al. Testing of
optimized bubbler configuration for HLW melter VSL-13R2950-1[R].
ORP-56287 Revision 0, Richland: ORP, 2013: 11-37.

KRUGER A A, WANG C, GAN H, et al. Final report-crystal settling,
redox, and high temperature properties of ORP HLW and LAW
Glasses, VSL-09R1510-1[R]. ORP-56295 Revision 0, Richland: ORP,
2013: 8-59.

GUILLEN D P, ABBOUD A W, POKORNY R, et al. Development of
a validation approach for an integrated waste glass melter model[J].
Nucl Techn, 2018, 203(3): 244-260.

LEE S, FERKL P, POKORNY R, et al. Simplified melting rate
correlation for radioactive waste vitrification in electric furnaces[J]. J
Am Ceram Soc, 2020, 103(10): 5573-5578.

LEE SeungMin, HRMA Pavel, POKORNY Richard, et al. Glass
production rate in electric furnaces for radioactive waste vitrification[J].
J Am Ceram Soc, 2019, 102(10): 5828-5842.

KRUGER A A, Matlack K S, Jossph I, et al. Melt rate enhancement for
high aluminum HLW (high level waste) glass formulation final report
08R1360-1[R]. ORP-44236 Revision 0, Richland: ORP, 2010: 13-69.
OJOVAN M I, LEE W E, LEE W E. An Introduction to Nuclear Waste
Immobilisation[M]. Oxford, 2010: 245-282.

REMIZOV M B, Kozlov P V, BELANOVA E A, et al. Immobilization
of Be-containing HLW in the aluminophosphate glass matrix: The
results of the investigation and experience of its industrial introduction
on an EP-500/5 vitrification furnace[J]. Glass Phys Chem, 2020, 46(1):
26-34.

BORISOV GB, POLYAKOV AS, MANSOUROV OA: Safety issues
of Russian EP-500 ceramic melter and the feasibility of its usage to
vitrify Pu-containing materials[C]//LESLIE J ed. Nuclear Materials
Safety Management Volume II. St. Petersburg: Springer, 1999: 85-94.
AALNE. 78 E VEK B8 184k ) (KNS5 55 30 Ji [C//J8CH 1R I 4 Ak
b B ARSI SR, 1T, 2007: 28-33.

GRUNEWALD W, ROTH G, TOBIE W, et al. Cold demonstration of
the VEK vitrification technology in a full-scale mock-up facility[C]//
Waste Management Conference, Tucson, USA, 2000: 1-14.

FLEISCH J, SCHWAAB E, WEISHAUPT M, et al. Cold test
operation of the German VEK vitrification plant[C]//Waste
Management Conference, Phoenix, USA, 2008: 1-7.

ROTH G, WEISENBURGER S, FLEISCH 1J, et al. Process technique
and safety features of the German VEK vitrification plant currently
under commissioning[C]//International conference on nuclear energy

systems for future generation and global sustainability; Tsukuba, Japan,



49 B 12

}:L‘BDH‘E %:

Joule A B B A e BOR BT TEE g .

2749 -

[24]

(23]

[26]

[27]

(28]

[29]

[30]

311

[32]

[33]

[34

[33]

[36]

[37]

[38]

[39]

[40]

[41]

2005: 1-6.

GRUNEWALD W, ROTH G, TOBIE W, et al. Commissioning and
cold test operation of the German HLLW Vitrification Plant
VEK][C]//Waste Management Conference, Tucson, USA, 2007: 1-9.
FLEISCH J, GRUENEWALD W, PFEIFER W, et al. Radioactive
start-up of the German VEK vitrification plant-10089[C]//Waste
Management Conference, Phoenix, USA, 2010: 1-5.

FLEISCH J, GRGUNEWALD W, ROTH G, et al. Successful hot
operation of the German vitrification plant VEK-results and
experiences—11277[C]//Waste Management Conference, Phoenix,
USA, 2011: 1-7.

AOSHIMA A, UENO T, SHIOTSUKI M. New melter technology
development in Tokai vitrification facility[C]//16th International
Conference on Nuclear Engineering, Orlando, USA, 2008: 121-129.
P, BT, RESE, . AARRBRRBEE AR, 8
SBH, 2020(1): 67-77.

LU Jiawei, GUO Zifang, WU Zhihao, et al. Radiat Protect (in Chinese),
2020(1): 67-77.

TSUBOYA T. The Japanese
Management Conference, Tucson, USA, 1988: 181-188.

AOSHIMA A, TANAKA K. Vitrification technology development
plan in Tokai reprocessing plant[C]/International Conference on
Nuclear Engineering, Miami, USA, 2006 (42428): 913-921.

SAKAI A, KOIKEGAMI H, MIURA N, et al. Development of glass
HLLW vitrification in Japan[C]//22nd
International Conference on Nuclear Engineering, Prague, Czech
Republic, 2014: 1-12.

SAKAI A, KOIKEGAMI H, WEISENBURGER 8, et al. Comparison
of advanced melting process for HLW vitrification, Joule-Heated
Ceramic-Lined Melter (JHCM) and Cold-Crucible Induction Melter
(CCIM)[C]/International
Shanghai, China, 2017: 1-11.

BINGHAM P, CONNELLY A, HYATT N, et al. Corrosion of glass
contact refractories for the vitrification of radioactive wastes: a
review[J]. Inter Mater Rev, 2011, 56(4): 226-242.

WE, B, 2588, SEIEEm M EM]. dbat: 2Tkt
JRAL, 2009: 112-188.

SOKOLOV V A, GASPARYAN M D, REMIZOV M B, et al.

Corrosion resistance of refractories in melts of glasses used to

vitrification program[C]//Waste

melter technology for

Conference on Nuclear Engineering,

immobilize radioactive wastes[J]. Refract Ind Cerm, 2016, 57(2):
160-163.

SOKOLOV V A, GASPARYAN M D. Refractory materials for the
melters of plants used in vitrification of radioactive wastes[J]. Refract
Ind Ceram, 2010, 51(3): 183-186.

SELLKREGG K. Refractories role of containment[C]//Proceedings of
the 4th ICG Wuhan Winter School Wuhan, Wuhan, China, 2018: 1-44.
JANTZEN C M, IMRICH K J, BROWN K G, et al. High chrome
refractory characterization: part I. Impact of melt reduction/oxidation
on the corrosion mechanism[J]. Inter J Appl Glass Sci, 2015, 6(2):
137-57.

JANTZEN C M, IMRICH K J, PICKETT J B, et al. High chrome
refractory characterization: part II. Accumulation of spinel corrosion
deposits in radioactive waste glass melters[J]. Int J Appl Glass Sci,
2015, 6(2): 158-171.

SELKREGG K. Fusion cast refractories: Roles of containment[J]. Am
Ceram Soc Bull, 2018, 97: 21-28.

ELMORE M R, JENSEN G A. Materials selection for process

[42]

[43]

[44]

[43]

[46]

[47]

(48]

[49

[50]

(511

[52]

[53]

[54]

[53]

[56]

[57]

[58]

[59]

equipment in the Hanford waste vitrification plant[R]. PNL-7729,
Richland: PNNL, 1991: 17-76.

MATLACK K S, PEGG I L. Advanced joule heated melter design to
Hanford Waste Plant operating
costs-11131[C]//Waste Management Conference, Phoenix, USA, 2011:
1-9.

EVANS G. Fusion cast refractories for the glass industry[J]. Glass
Technol, 2005, 46(6): 355-363.

BORISOV G, VOLCHOK Y Y, PASTUSHKOV V, et al. Tests of new
refractories for the masonry of the EP-500 ceramic melter[J]. Atom
Energy, 2007, 102(3): 211-216.

SOKOLOV V, GASPARYAN M, REMIZOV M, et al. Selection of
refractory materials for electric furnaces used for radioactive waste
vitrification[J]. Refract Ind Ceram, 2019, 59(6): 612—615.

SOKOLOV V, MALYSHEVA T Y. Structure and corrosion properties
of fusion cast high-chromium refractories[J]. Novye Ogneupory, 2006,
6(1): 37-41.

HAYWARD P J, GEORGE I, WOODS M, et al. An evaluation of

electric melter refractories for contact with glass used for the

reduce Treatment

immobilization of nuclear waste[J]. Glass Technol, 1987, 28(1):
43-49.

LINNOT C, MOITRIER L, ROUX Y M L B, et al. Chromium oxide
refractory material[P]. US Patent, 9061930B2, 2015-6-23.

POV, BEES a9 A HURSL HI[T]. B3 S5 9 4S, 2004, 32(4): 34-37.
SHENG Guanging. Glass Enamel(in Chinese), 2004, 32(4): 34-37.
IVERSON D C, BICKFORD D F. Evaluation of materials
performance in a large-scale glass melter after two years of vitrifying
simulated SRP defense waste[J]. MRS Proc, 1985, 44: 839-845.
IMRICH K. Metallurgical evaluation of an Inconel 690 insert from a
radioactive waste glass melter pour spout[R]. WSRC-MS-98-00870,
Aiken: Savannah River Site, 1999: 1-5.

SPEARING D R, SMITH G L, SUNDARAM S K. Environmental
issues and waste management technologies in the ceramic and nuclear
industries VII[C]//Transportation Electrification Conference and Expo,
Indiana, USA, 2002: 1-8.

ZHU D, KIM C W, DAY D E. Corrosion behavior of inconel 690 and
693 in an iron phosphate melt[J]. J Nucl Mater, 2005, 336 (1): 47-53.
DAY D E, RAY C S. A review of iron phosphate glasses and
recommendations for vitrifying Hanford waste[R], INL/EXT-13-3089
Rev. 1, Idaho: INL, 2013: 1-59.

REIGEL Marissa M, IMRICH Ken J, JANTZEN Carol M. Corrosion
evaluation of melter materials for radioactive waste vitrification[C]//
JOSEF M ed. Advances in Materials Science for Environmental and
Energy Technologies IV, Hoboken: Wiley, 2015: 83-96.

GAN H, BUECHELE A, KIM C-W, et al. Corrosion of inconel-690
electrodes in waste glass melts[J]. MRS Online Proc Libr Arch, 1999,
556: 287-294.

MERRILL R A, WHITTINGTON K F, PETERS R D. Vitrification of
high sulfate wastes[R]. PNL-SA-24672, Richland: PNL, 1994: 1-6.
FLEISCH J, KUTTRUF H, LUMPP W, et al. Vitrification facility
Karlsruhe (VEK)-steps realization[C]//Waste
Management Conference, Tucson, USA, 2000: 1-9.

TREL. ORI E ER E E  T 2 R Gt SR R[CY/IK
SRR AL AL B 2R I S, JE 1], 2007: 53-60.

ZHANG Wei, Design and research on process system of high-level
furnace[C]//

Radioactive Waste Treatment and Disposal Academic Exchange

from planning to

liquid waste glass solidification ceramic electric



2750 CRERR Sh2230)

J Chin Ceram Soc, 2021, 49(12): 27362750

2021 4

[60]

[61

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

(711

(721

(73]

Proceedings, Xiamen, 2007: 53—60.

RAY JW, CULBERTSON BH, MARRA SL, et al. DWPF Glass
Product Control Program[R]. WSRC-IM-91-116-6, Rev 5, Aiken:
SRNL, 2004: 3-51.

PUMAR. e BUR PR [E A T 25 v TR VB ik 1 % IR R [C L/
SRR AL BEAL B R RIS 2, $E1l, 2005: 154-159.

Yan Yingchun, Selection of high-level waste liquid conveying
equipment in  high-level liquid waste glass vitrification
process[C]//Radioactive Waste Treatment and Disposal Technology
Experience Exchange Proceedings, Huangshan, 2005: 154-159.
BERETT, ARUR, Sl WTO I A H E — AR J) JE
WFFL[0). kb TRE, 2008, 28(3): 280-288.

FAN Yanfang, XU Chong, JING Shan. Chin J Nucl Sci Eng (in
Chinese), 2008, 28 (3): 280-288.

SE Kelly. A Joule-heated melter technology for the treatment and
immobilization of low-activity waste[R]. RPP-48935, Rev.0, Richland:
RPP, 2011: 1-49.

RAMSEY William G, GRAY Michael F, CALMUS Ronald B, et al.
Next generation melter (s) for vitrification of Hanford waste: Status
and direction[C]//Waste Management Conference, Phoenix, USA,
2011: 1-10.

POLYAKOV A, BORISOV G, MOISEENKO N, et al. Experience in
operating the EP-500/1R ceramic melter for vitrification of liquid
high-level wastes[J]. Atom Energy, 1994, 76(3): 181-185.
YOSHIOKA M, TORATA S, IGARASHI J, et al. Glass melter and
process development for PNC Tokai vitrification facility[J]. Waste
Manage,1992, 12 (1): 7-16.

PEREZ JR J M, BICKFORD D F, DAY D E, et al. High-level waste
melter study report[R]. PNNL-13582, Richland: PNNL, 2001: 13-210.
GRUNEWALD W, ROTH G, TOBIE W, et al. The role of the
platinum group elements ruthenium, rhodium and palladium in the
vitrification of radioactive high level liquid waste using joule heated
ceramic lined waste glass melters[J]. Glass Technol, 2008, 49 (6):
266-278.

WEISENBURGER S, GRUENEWALD W, ROTH G, et al. Overview
and new developments concerning measurement methods of glass level
in large-scale radioactive waste glass melters[C]/International
Conference on Nuclear Energy Systems for Future Generation and
Global Sustainability, Tsukuba, Japan, 2005: 1-4.

DUIGNAN M R. Final report full-scale test of DWPF advanced
liquid-level and density measurement bubblers[R]. WSRC-TR-97-
0103, Aiken: SRTC, 1997: 1-84.

TSR VRN B R B AT FE[)). A B 3 AR, 2003,
30(1): 60-62.

ZHANG Faping. Control Instrum Chem Ind (in Chinese), 2003, 30(1):
60-62.

SASAKI N. Freeze valve having multiple heating-cooling means[P].
US Patents, 4460398, 1984-7-17.

KRUGER A A, JOSEPH I, MATLACK K S, et al. HLW melter

[74]

(73]

[76]

(771

(78]

[79]

(80]

(81]

(82]

[83]

[84]

[85]

[86]

control strategy without visual feedback VSL-12R2500-1 Rev O[R].
ORP-53936 Revision 0, Richland: ORP, 2012: 9-44.

BOWAN B W, MEIGS R, SMITH E C. Bubbling as a means to
enhance Joule Heated Ceramic Melter production rates for vitrifying
radioactive wastes[C]//Proceedings of the 106™ Annual Meeting of the
American Ceramic Society, Indiana, USA, 2004: 21-30.

GUILLEN D P. Bubbling behavior in a waste glass melter[C]//8th
International Conference on Computational and Experimental Methods
in Multiphase Flow, Donna Post Guillen, USA, 2015: 1-13.

KRUGER, A A, JOSEPH, et al. Final report - engineering study for
DWPF bubblers, VSL-10R1770-1, Rev. 0, dated 12/22/10[R].
ORP-56289 Revision 0, Richland: ORP,2013: 7-34.

POKORNY R, HILLIARD Z J, DIXON D R, et al. One-dimensional
cold cap model for melters with bubblers[J]. ] Am Ceram Soc, 2015,
98(10): 3112-3118.

PEREZ J, CHAPMAN C, MOHR R, et al. Development and
demonstration of an air bubbler design to meet high-level waste melter
production rate requirements of the Hanford waste treatment and
of the
Conference on Environmental Remediation and Radioactive Waste
Management, Glasgow, Scotland, 2005: 1324-1331.

MATLACK K S, PEGG I L. Advances in JHCM HLW vitrification
technology at VSL through scaled melter testing[C]/Josef M ed.

immobilization plant[C]//Proceedings 10th International

Advances in Materials Science for Environmental and Energy
Technologies II: Ceramic Transactions, Hoboken, Wiley, 2013, 241:
47-58.

DE MACEDO P B, MOHR R K, HOJAJI H, et al. Air bubbler to
increase glass production rate[P]. US Patent, 6334337. 2002—-1-1.
GIROLD C, DELAUNAY M, DUSSOSSOY J L, et al. Cold Crucible
Induction Melter (CCIM) demonstration using a representative
Savannah River Site sludge simulant on the large-size pilot platform at
the CEA-Marcoule[C]//Waste Management Conference, Phoenix, USA,
2008: 1-11.

COZZ1 A D, MCCABE D J. Phase 1 Testing results of immobilization
of WTP effluent management facility evaporator bottoms core
simulant[R]. SRNL-STI-2016-00675, Aiken: SRNL, 2017: 1-20.
JOSEPH I, BOWAN Ii B W, GAN H, et al. High aluminum HLW
glasses for Hanford’s WTP[C]/Waste Management Conference,
Phoenix, USA, 2010: 1-13.

SMITH III F. Control loop tuning and surge response for Hanford
WTP melter offgas systems[R]. WSRC-TR-2003-00434, Rev. 0, Aiken:
SRNL, 2003: 1-63.

PEGG IL. Basic considerations in the application of vitrification
technologies[C]//MICHAEL G, CARLTON C ed. Stabilization and
Solidification of Hazardous, Radioactive, and Mixed Wastes: 3rd
Volume, ASTM STP 1240, West Conshohocken, PA, USA, 1996: 1-16.
HSU J H, NEWKIRK J W, KIM C W, et al. Corrosion of inconel 690
and inconel 693 in an iron phosphate glass melt[J]. Corros Sci, 2013,
75: 148-157.



