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Summary 

The Tank: Waste Remediation System (TWRS) is in the process of selecting a reference melter 
system for the Hanford High-Level Waste (HLW) vitrification plant. As a part of this selection 
process, a melter evaluation was conducted in FY 1994 to downs elect the long list of potential melter 
technologies to a few that could be carried forward to testing. .A formal evaluation was performed by 
an II-member Melter Selection Working Group (MSWG): five outside vitrification experts and six 
Westinghouse Hanford Company (WHC) staff. The MSWG met in June and August 1994. At the 
June meeting, the MSWG evaluated 15 technologies and selected s~ for more thorough evaluation at 
the August meeting. All six technologies were variations of joule-heated or induction-heated melters, 
and were considered to have the highest probability of success compared with the alternative 
technologies. 

Between the June and August meetings, Hanford Site staff and outside consultants compiled data 
packages for. each of the six melter technologies as well as variants of the baseline technologies. 
Information was solicited from melter candidate vendors to supplement existing information/data 
available through open literature and glass industry experience. Where information was unavailable or 
nonexistent, assumptions, predictions, and scoping evaluations were performed to provide information 
such as scaleup factors, glass production capacity, waste composition processing flexibility, expected 
operability/maintainability, etc. The assumptions, predictions, and evaluations were primarily 
qualitative but represented best available information without performing extensive testing. This 
document contains the data packages compiled to provide background information to the MSWG in 
support of the evaluation of the final six melter technologies. 

A separate evaluation was performed by Fluor Daniel, Inc. to identify balance of plant impacts if a 
given melter system was selected. Balance of plant impacts include those related to facility layout, 
melter support systems (e.g., feed preparation, melter offgas, etc.), and failed melter dismantlement 
and packaging. Rough order-of-magnitude plant cost impacts associated with the.melter systems 
evaluated were also estimated. This information was provided to the MSWG under a separate 
cover, (I) and the reader is referred to this report throughout sections of the data packages contained in 
this document. 

(a) Fluor Daniel, Inc. August 1994. "Alternative Melter Systems Assessment 20 Metric Tons 
Per Day HL W Glass Production." Prepared under contract #04-436304 with Westinghouse 
Hanford Company. 
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Introduction 

The Tank Waste Remediation System (TWRS) is in the process of selecting a reference melter 
sYstem for the Hanford High-Level Waste (HLW) vitrification plant. As a part of this selection 
process, a melter evaluation was conducted in fiscal year 1994 to downselect the long list of potential 
melter technologies to a few that could be carried forward to testing. A formal evaluation was 
performed by an II-member Melter Selection Working Group (MSWG): five outside vitrification 
experts and six Westinghouse Hanford Company (WHC) staff. The evaluation process and results are 
described in a separate document. The-MSWG met in June and August 1994. At the June meeting, 
the MSWG evaluated 15 technologies and selected six for more thorough evaluation at the August 
meeting. All six technologies were variations of joule-heated or induction-heated melters. 

Between the June and August meetings, Hanford Site staff and outside consultants compiled data 
packages' for each of the six melter technologies as well as variants of the baseline technologies. A 
specific format for the data packages was agreed upon at the June meeting. This format was consistent 
with the evaluation criteria that would be used to rank the melter technologies at the August meeting. 
The MSWG and other Hanford Site staff identified potential sources of information (proponents) for 
each technology. In many caseS, there were several proponents for a single technology. Letters were 
sent to the proponents along with the [prmat for their responses. Any gaps in the data packages were 
filled by WHC and Pacific Northwest Laboratory (pNL)(a) staff. The source for each piece of 
information was identified in the data packages so that the MSWG could tell if the information was 
from Hanford staff, a proponent, or open literature. 

When alternative configurations existed for the melter technologies evaluated, a data package was 
provided for the baseline system and then an appendix for each alternative configuration. In some 
cases the appendix was a proponent's design that was significantly different from the baseline 
technology. The six data packages and their appendices are the following: 

1. Low-temperature, joule-heated, ceramic-lined melter (LTCM) 

Appendix A. LTCM with sloped bottom 

Appendix B. . LTCM with evaporator 

Appendix C, LTCM with agitation (bubbling system) 

2. Low-temperature, joule-heated, metal-lined melter (Stirred Melter) 

3, Low frequency induction melter (LFIM) with calciner _ 

4. High-temperature, joule-heated, ceramic lined melter (H~M) 

(a) Pacific Northwest Laboratory is operated for the U.S. Department of Energy by Battelle 
Memorial Institute under contract DE-AC06-76RLO 1830. 
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Appendix A. HTCM, Penberthy design 

Appendix B. HTCM, Russian design 

5. High-temperature, joule-heated, cold wall melter (Pochet melter) 

6. High-frequency induction melter with calciner [cold crucible melter (CCM)] 

Most of the data packages were supplied to the MSWG before the August meeting. One of the data 
packages and a few of the appendices were not available to the MSWG until the start of the August 
meeting. 

After the melter evaluation was completed, the MSWG realized that the data packages contained a 
useful compilation of current melter technologies and that this information should be cleared for public 
release. This document presents the data packages in nearly the same format as used in the melter 
evaluation. The only changes are that some of the grammar has been corrected and business sensitive 
information has been removed. Each package was sent back to the persons or companies that supplied 
the information so that they could delete business sensitive information. The reader must remember 
that the data packages were written to be free-standing documents, so that similar information may be 
repeated for each melter technology. Some of the sections of the data packages may seem confusing 
without a background of their original use. The section titles represent the evaluation criteria for the 
downselection process; that is, the capacity of each melter technology to 

• process a range of compositions 

• control product quality 

• develop the technology on schedule 

• integrate with the TWRS process and facility 

• control and maintain the HLW vitrification process and facility 

• minimize total cost 

• minimize safety and environmental risk 

• consider other risks and limitations. 

The above list shows only the section titles; a consistent format was used for each data package 
subsection. The data packages in this document do not contain all of the information for each of the 
above criteria. Further information for Sections 4 and 6 were provided by Fluor Daniel, Inc. under a 
separate activity. 
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Data Package 1 

Low-Temperature, Joule-Heated, Ceramic-Lined Melter 

The low-temperature. jpule-heated. ceramic-lined melter was selected as the reference process for 
High-Level Waste (HLW) vitrification for the Defense Waste Processing Facility (DWPF) in South 
Carolina, the West Valley Demonstration Plant in New York and in Germany. Japan. and China Before 
recent Tri-Party Agreement (1PA) changes, it was also the reference for the Hanford Waste Vitrification 
Plant (HWVP). This data package was prepared first because significant data were readily available. 

For purposes of discussion. the baseline melter has: 

e submerged Inconel-690 electrodes(A) 

e a rectangular glass surface' 

e a flat bottom 

e an inductively heated bottom drain and an overflow system for routine discharge of 
glass to a 2 ft x 15 ft canister 

e plenum heaters for boosting and startup 

e Monofrax K-3 fused cast refractoryO') or equivalent (chrome AZB is used in the 
German melters). 

The electrodes are arranged in a three-phase system with two side electrodes and one bottom electrode 
(see Figure 1.1). For larger melters, the number of electrodes may increase, but the electrodes on each side 
will be :fired from the same phase. The melter surface geometry will be set by two criteria: the surface 
area required to meet production requirements, and the depth required to provide adequate glass residence 
time. The baseline melter will be slurry fed, similar to the way the previous HWVP melter was fed. Glass 
can be discliarged by either an inductively heated bottom drain or a vacuum overflow. The bottom drain 
can be used for final draining of the melter as well as routine glass pouring. From the assumptions pre
sented in this data package (25% waste loading in the glass, 16 MT/day of glass production, and 
40 kg/hrem2 specific process rate) the total glass surf~ area required for this technology is 17 m2

, which 
can be accomplished with one or more melter lines. For example, the glass pool-geometry for a single, 
16 ton/day melter would be 3 m x 6 m (assuming a 2:1 aspect ratio). If two melter lines are used, the glass 
surface would be 2 m x 4 m (8 m2

). A plan view schematic of a representative 8 m2 low-temperature, . 
joule-heated, ceramic-lined melter is shown in Figure 12. Use of only one or two melters will require 
multiple feed nozzles to ensure complete slurry coverage. Basic parameters for this melter technology are 
presented in Table 1.1. 

(a) Inconel alloy 690 from Huntington Alloys, 60% Ni, 30% Cr, 9.5% Fe, 025% Ti, 0.25% Al, 
0.03%C. 

(b) The Carborundum Company. 
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Figure 1.1. Three-Phase System 
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Figure 1.2. Schematic of an 8 m2 Low-Temperature, louIe-Heated, 
Ceramic-Lined Melter 
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Table 1.1. Operating Parameters for Low-Temperarure, Joule-Heated, Ceramic-Lined Melter(s) 

Specific Glass Production Rate 
Waste Loading in Glass 
Oxide Loading in Slurry 
Bulk Glass Temperature 
Plenum Temperarure 
Glass Depth(&) . 
Glass Residence TIme 
Total Operating Efficiency 
Number of Melter Lines 
Glass Surface Area (m2

) 

Glass Production Rate (MT/day) 
Glass Production Rate (kglh) 
Slurry Feed Rate (lJh) 
Glass Holdup(b) (MT) 

(a) Assumed based on WHC Phase I study. 

1 
17 
16 

680 
1360 

34 

(b) Assumes a molten glass density of 2500 kglm3
• 

2 

40 kglhr.m2 

25wt% 
500 gIL 
1150°C 
650°C 
0.8m 
SOh 
60% 

8.5 
8 

340 
680 

17 

3 
5.7 
5.4 

230 
450 

11 

4 
4.3 
4 

170 
340 

9 

Variations of this melter design (e.g., sloped bottom, dry fed with an evaporator, agitated) will be 
discussed in appendices. A flat-bottom melter was chosen as the baseline case because information on the 
sloped-bottom melters had not been gathered at the time this document was written. 

Most of the information was supplied by PNL and Kerforschungszentrum Karlsruhe GmbH (KfK). 
WHC contracted Fluor Daniel, Inc. to evaluate the effect of the six candidate melters on the balance of the 
plant equipment. This study has been released as a separate document. 1 The sections of this data package 
that are covered in the Fluor Daniel stuay are left blank, and the reader is referred to the other document. 

1. Process Range of Composition 

For the low-temperature melters, the waste form is assumed to be porosilicate glass. Several reviews 
(DOFJRL 1990) recommended borosilicate glass for the low-temperature melters because of its 
durability and process ability. In 1981, an independent peer review panel evaluated eight waste forms 
for the solidification and disposal ofHLW (DOEfTIC 1981). These waste forms were borosilicate 
glass, SYNROC, porous glass matrix, tailored ceramics, pyrolytic C- and SiC-coated particles, 
concrete, metal matrices, and plasma spray coatings. Borosilicate glass was recommended because it 
can immobilize a wide range of wastes and is insensitive to radiation damage, thermally stable, 
chemically durable, and processable. 

A. Temperature 

The maximum operating temperature of these melters is limited by the .melting point of 
Inconel-690. Their nominal operating temperature is 1150°C, and the maximum operating 
temperarure is 1200°C. 
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B. Range of Waste Handling Capabilities 

Several different waste streams and waste stream simulants have been vitrified with this melter 
technology. As an example. Table 1.2 shows the acceptable range of melter feed/glass composi
tions from the HWVP plant. which contained 25 to 28% waste by weight. The Japanese HLW 
glass (25% waste loading) is similar except that the nominal iron concentration is only 2 wt%. 
The information shown in Table 1.2 was developed for Hanford Neutralized Current Acid Waste 
(NCA W). which is only a small fraction of the waste to be treated in the current vitrification plant. 

The actual compositions of the Hanford Site wastes remain uncertain. Initial scoping studies use 
various assumptions about the extent of blending that will be possible among the 177 Hanford 
Site tanks. The first study used an "All-Blend" composition that assumed perfect mixing of all 
177 taUks. The "All-Blend" waste composition was calculated from tank inventory records that 
are only approximate. The Composition Variability Study (CVS) model developed for the NCA W 
predicts that this melter technology can produce a glass with 45 to 50% waste loading at 1150°C. 
This has not been confirmed with experimental results. 

A more realistic scenario is that complete blending of all tank wastes will not be possible. The 
CVS model predicted maximum waste loadings for 15 different wastes only if the wastes in each 
tank farm were blended. This results in high waste loading for some tank farms and low-waste 
108.ding for others, ranging from 17 wt% to 65 wt%. The resulting 15 waste compositions are 
shown in Table 1.3, the "All-Blend" waste (referred to as Case C in the table), and the NCAW for 
reference. The row labeled "Low-T" is the predicted maximum waste loading achievable at 
1150°C. The first row of the table shows the limiting constituent in each glass formulation 

Table 1.2. HWVP Melter Feed Constraints (wt%) 

Oxide Component 
Lower 
Bound 

Upper 
Bound 

Single-Component Constraints 
Si02 

B20) 
N~O 
Si02 

CaO 
MgO 
F~O) 
Al20) 
Zr02 

Others 

46 56 
7 17 
7 12.5 
2 6 
o 7 
o 5 
4 12 
1 11 
o 10 

2 8 
Solubility Components 

Cr20) 
F 
P20 S 

Sulfur as S03 
Rh20) + Pd~ + Ru20) 

1.4 

0.5 
1.7 
1.0 
0.5 

0.25 



! 
'\1 

I 
'I 
I 

I 
I 

, I 
-lit 

Oiherl Components 

TF·B TF-T TF-SX 
Oxide (WI%) (Wt%) (WI%) 

Si02 0.76 0.49 9.37 

0203 

Na20 52.19 56.03 33.93 

Li20 

CaO 0.03 0.00 1.24 

MBO 

Fe203 7.93 8.95 12.76 

AI203 1.20 0.66 22.74 

Zr02 0.22 0.42 0,01 

Oihers 37.67 33.45 19.93 

Total 100.00 100.00 100.00 

Oi203 6.43 8.83 

CC02 4.23 5.38 2.01 

Cr203 0.02 0.D2 3.92 

F 0.72 0.50 0.04 

La203 0.04 0.12 

Mo02 0.48 1.09 1.61 

NiO 0.23 0.03 0.3Q 

P205 14.20 15.39 0.42. 

S03 0.18 0.03 0.22 

SrO 0.00 0.00 0.01 

U308 9.95 1.88 9.19 

Subtotal 36.41 33.21 17.84 

~oce 1.20 0.18 2.09 

Waslc LoadinB (WI%) 

Low-T 21 19 26 

"igh·T 21 19 26 

Limil P P Cr 

Zr·Phase 

TF·C TF·OSf 
(WI%) (WI%) 

0.06 8.31 

0.47 

10.38 31.98 

0.01 

9.39 0.79. 

0.27 

11.00 8.75 

7.55 2.65 

25.85 35.20 

35.17 11.56 

100.00 100.00 

0.05 

0.03 0.08 

0.01 0.40 

1.56 1.43 

0.66 

1.16 0.87 

5.69 0.41 

0.28 00.34 

0.16 0.43 

0.00 0.02 

19.81 2.67 

35.40 7.31 

0.31. __ 4,19 

35 31 

46 40 

Crystal P1 

Table 1.3 •. Tank Farm Waste CO"1Positions' 

Spinel Durability 

TF·A TF·AX TF·TV TF·OY TF·S TF-DSSF TF·U 
(WI%) (Wt%) (Wt%) (WI%) (Wt%) (Wt%) (WI%) 

0.32 0.57 29.20 5.84 2.\3 29.44 18.85 

0.00 0.00 

17.31 51.~9 22.29 23.75 69.31 66.00 39.89 

0.00 

0.03 2.79 0.00 5.66 0.00 0.62 0.00 

0.00 0.00 

59.60 23:52 15.42 9.89 2.70 0.00 2.28 

1.48 1.46 10.06 12.33 13.20 2.00 16.13 

0.04 0.05 2.52 0.22 2.93 0.30 

21.23 19.71 20.51 42.31 9.74 1.94 21.96 

100.00 100.00 100.00 100.00 100.00 100.00 100.00 

0.33 0.03 0.04 

0.48 0.33 1.05 1.99 1.11 2.24 

0.00 0.43 0.03 0.00 0.72 0.02 0.19 

0.00 0,01 0.04 0.52 0.12 0.01 00.07 

1.18 11.48 0.10 0.41 0.46 0.00 0.21 

0.22 0.66 0.00 11.64 0.17 0.00' 0,01 

0.02 . 0.D2 3.47 1.82 0.54 0.02 0.74 

0.41 0.02 0.59 0.23 0.28 0.07 0.06 

0.02 0.00 0.00 3.45 0.00 0.00 0.00 

12.16 6.51 14.71 21.99 5.89 0.01 18.35 

21.09 19.45 20.32 42.08 9.29 0.19 21.90 

0.14 0.26 0.19 0.23 0.44 1.15 0.00 

11 38 65 51 33 35 58 

25 43 84 64 39 41 60 

Fc N. P OtJlera '--. N~ ~ li!~_ .Qt/.C!! 

Si Al 

TF·TX TF·OX CueC NCAW 
(WI%) (Wt%) Oxide (Wt%) (WI%) 

17.33 21.37 Si02 10.00 4.03 

0203 0.00 0,01 

30.07 25.14 N.20 25.30 21.42 

Li02 0.00 0.00 

0.01 0.12 CaO 2.06 0.79 

MBO 0.08 0.20 

3.91 5.91 Fe203 11.00 28.21 

15.83 22.98 A1203 13.00 9.04 

0.40 0.33 Zr02 7.08 15.11 

32.45 24.14 OtJlera 31.41 21.19 : 

100.00 100.00 Total 100.00 100.00 

.0.05 0.04 Oi203 1.95 

2.16 2.96 Ce02 2.13 0.60 

0,01 0.00 Cr203 0.45 0.26 

0.12 0.17 F 0.56 0.10 

La203 0.43 0.65 

0.15 0.84 Mo02 1.82 2.14 

0.25 J.25 NiO 2.27 2.30 

4.10 2.56 P205 4.71 0.87 

0.51 0.54 SOl 0.34 0.65 

0.00 0.05 SrO 0.41 0.12 

23.72 14.12 U308 14.30 4.14 

32.21 22.53 Subtotal 29.97 12.43 

0.18 1.62 nalancc 1.44 8.16 

64 61 I.ow-T 45·50 33 

73 61 lIigh:1 62 50 , 
--

P 
--

P J.imll P -~~ --.-~------ - --- ~---



(zirconia phase, spinel formation, etc.). Again, this preliminary information cannot be used for 
final flowsheet development. Without knowing the mass of waste oxides in each tank farm it is 
not possible to predict the average waste loading for this blending scenario. For conservative 
estimates, a25 wt% waste loading is assumed. The WHC is currently evaluating which waste 
composition(s) should be used for flowsheet development. 

Compounds or elements that require special treatment in the off-gas system: 

Tritium, mercury, carbon-14, and iodine that cannot be incorporated into glass at 1150°C 
must be captured in the off.;gas system and sent out as a secondary waste stream. Carbon-14 
will probably be released to the atmosphere as long as the Clean Air Act standards are met. 

Chlorine, fluorine, tellurium, technetium, cesium, cadmium, and ruthenium are partially 
soluble in the glass but require special considerations in the off-gas treatment system for 
recycle. These are discussed in Sections 1.D (incorporation of semi-volatiles) and 4.B (off
gas system requirements). 

Noble metals: rhodium, palladium, ruthenium are virtually insoluble in the reference borosilicate 
glass and all other glasses expected from blended Hanford Site wastes. Their accumulation can 
cause premature failure of the melter due to electrical short circuiting at concentrations as low as 
0.1 wt% in the glass (Larson 1989). Designs completed at KfK show that a steeply sloped (75°) 
bottom that allows the particles to be drained can prevent accumulation and settling of noble 
metals. The Japanese run the bottom of their melter at a cooler tempe~ure, heating it only just 
before pouring through the bottom drain. It is not clear whether or not noble metals are a concern 
for the Hanford HLW melter. The "All-Blend" composition (Larson 1989) has only 0.07 wt% 
total noble metals (RhZ03 + Pd~ + R~03)' At 50% waste loading the noble metals concentration 
will be 0.04 wt%, and at 25% loading the concentration will be only 0.02 wt%. Even if the noble 
me~s accumulate, they may not cause melter failure before other components fail. Calculations 
performed by extrapolating a model that was developed for the HWVP melter design and the 
NCAW glass predict a 2 cm/year accumulation ofRuOz on the floor of the melter. If this 
prediction is correct, electrical models would be needed to determine if this settled layer would 
cause an electrical disturbance. 

Spindels: for several of the Hanford Site Wastes, spinels (iron, chrome, nickel compounds) are the 
first crystals to form in the NCAW glass on cooling. The Waste Acceptance Preliminary 
Specifications (WAPS) do not specify a limit for the amount of crystalline material allowable in 
the glass produced (Larson 1989). The concern regarding spinels (or any crystalline phase) is that 
the crystals will either reduce the durability of the waste form or affect the operation of the melter 
by filling the melt cavity with crystals. There are two ways to deal with spinel formation: 
1) design a melter that is compatible with crystals and ensure that they do not affect the glass 
durability, or 2) formulate the glass to minimize. crystal formation. Glass development for the 
"All-Blend" waste minimizes crystal formation. Devitrification tests are conducted for each com
position for 24 h at 100°C below the expected bulk glass temperature. The acceptance criterion is 
that the resulting glass must have less than 0.1 wt% crystals. 

Acceptable glass properties - The acceptable glass physical properties (WHC 1992) for the 
previous HWVP NCAW glass are shown in Table 1.4. 
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Table 1.4. Acceptable Glass Property Ranges for NCAW Glass 

Pronertv 

Redox: Fe+2IFe+3 

Viscosity at l1S0°C (Fa-s) 
Liquidus Temperature (OC) 
Electrical Conductivity at l1S0°C (S/cm) 

Lower Bound 

O.OOS 
2 

N/A 
0.18 

(p=60-cm) 

Upper Bound 

0.3 
10 

10S0 
O.S 

(p=20-cm) 

• The redox (ferrous-to-ferric-iron ratio) is controlled ~ecause overly oxidized glass tends to 
foam in the melter, and overly redu~ glass tends to precipitate metals and spinels. 

• The viscosity is controlled because glass above 10 Pa-s (100 poise) does not mix well, and 
production is reduced; thin or inviscid glasses increase refractory corrosion. 

• The maximum liquidus temperature is set 100°C below the average melter temperature so that 
crystals do not accumulate in the melter, although this may not be a problem if the crystals do 
not settle to the melter floor or if the bottom drain removes the crystals. 

• Electrical conductivity is controlled to allow joule heating of the glass. The electrical 
conductivity limits are not firm, because they depend on the distance between the melter 
electrodes (melter geometry). A melt that is too conductive will exceed the current limit for 
the fuconel electrodes, thereby increasing the corrosion rate to localized heating at the 
electrode surfaces. 

Ability to handle slurry feeds - The low-temperature, joule-heated melter can be either dry- or 
liquid-fed. Early melter testing at PNL was done with calciners coupled to these melters, but the 
use of liquid feeding avoids problems associated with the calciners. Depending on the size of the 
melter, adequate coverage of the melt surface may require more than one feed nozzle. Significant 
w9rk has been done to develop feed nozzles that do not clog. Current feed nozzle designs include 
water cooling to avoid plugging. The nozzles can also be water flushed when the feed is shut off 
so that the feed does not dry in the nozzle. 

C. Incorporation of Semivolatiles 

Several elements and compounds are partially soluble in the glass and require special considera
tions in the off-gas treatment system for recycle. Table 1.S shows melter decontamination factors 
(DFs) for elements with DFs below 300. The DF of an element is defined as its mass flow rate 
into the melter divided by its mass flow rate in the off-gas stream (e.g., a DF of 100 means that 
99% of the element is retained in the glass and 1% is lost to the off-gas stream). The DFs shown 
in Table 1.5 were determined for liquid-fed melters operating at IIS0°C. The concentration of 
each compound in the "All-Blend" waste is also shown in Table 1.5. The strategy for removing 
Ire cycling these components in the off-gas system will be discussed in Section 4.B. 

Volatlle)osses from a liquid-fed melter are believed to be affected by certain parameters; for 
example, cold cap coverage, plenum temperature, and feed/glass composition. Because of its high 
specific activity, cesium is of particular interesL Depending on glass composition, it can volatilize 
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Table 1.5. Melter Decontamination Factors 

Oxide 
CdO 
Cl 
C~O 
F 
HgO 
Rb20, 
RhzO, 
R~O, 
SO, 
SeOl 
Tezo, 
Te02 

Wt% Oxide in Waste 
0.091 
0.033 
0.012 
0.555 
0.008 
0.007 
0.013 
0.047 
0.341 
0.024 
0.021 
0.003 

MelrerDF 
7.5 
6.6 

83 
9.2 
l.3 

290 
29 
10 

6.4 
58 

2.5 
11· . 

Reference 
2 
1 
1 
1 
3 
4 
5 
2 
1 
2 
3 
2 

as Cs metal. or as C~O. CsOH. or other compounds (IAEA 1982; Erlebach 1960). If chloride is present in 
the feed, Cs volatility will increase substantially (Burkholder and Allen 1987). CsCI is assumed to be the 
primary volatile species in this case. The addition of technetium increases volatility through formation of 
CsTc04 • On addition ofTc to a feed. Cs losses increased from 2-5% (without Tc) to 18% (Baumgartner 
1984). . 

D. Ability to Handle Insoluble and Conductive Compounds 

See Section l.B. 

E. Waste Loading 

Waste loading is the weight percent of waste (as oxides) in the final glass. Waste loading 
determines both the required production rate of the melter and the quantity of glass that will be 
produced. The quantity of glass produced from the tank wastes is important for several reasons: 
1) The costs to place canisters in the federal repository are high; an estimated $2 billion can be 
saved by increasing the waste loading of Hanford Site glass(es) from 25 wt% to 45 wt% (Merrill 
and Chapman 1993); 2) The first U.S. repository has a limited allocation for HLW canisters. 
DOE-RW is currently evaluating the impact of the increased number of canisters resulting from 
TPA changes. 

~e design basis for the HWVP design with NCAW glass at 1150°C was 25% to 28% waste load
ing. The remainder of the glass was 3% recycled oxides and 69% frit. Initial experiments indicate 
that this waste loading can easily be achieved for the "All-Blend" waste at 1150°C. The extent 
and method of blending is not well known. but it is expected that tank wastes with problem 
constituents will be blended when practical to reduce impacts to the melter. Some of the tanks 
have high concentrations of problem compounds. such as CrzO, and PzOs. The waste loading will 
be lower than 20% if these wastes cannot be diluted by blending with the contents of other tanks. 
For calculational purposes, the waste loading assumed for the 1150°C melters is 25%. The impact 
on melter production rate will be discussed in Sections 3 and 4. 
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2. Control Product Quality 

For reasons stated in Section 1, the waste form for the LTCM is assumed to be borosilicate glass. 

-
A. Product Quality 

Expected progress in glass ~evelop~ent and results of previous glass formulation work conducted 
at 'Hanford, Savannah River, and West Valley suggest that this melter will not have problems with 
durability, phase separation, crystallinity, and homogeneity. Glass development ensures that the 
final waste form is more durable tlian Savannah River Environmental Assessment (EA) glass 
when tested with the Product Consistency Test (pCT) and the MCC-lleach test. 

B. Waste Homogenization Capabilities 

The former reference melter (DWPF design) had a residence time of two days, which ensured 
proper dissolution and mixing of the waste and glass. In the new plant melter, this can be 
controlled by design of the melter depth. The pressure of undissolved feed in the glass is unlikely, 
because the convection cells are slow and do not provide a path for the feed to leave the melter 
before melting. 

C. Analytical Requirements for Quality Acceptance 

To be determined. 

D. Minimum and Optimum Residence TIme 

The two-day residence time of the DWPF design provided a dampening effect for any feed 
variations, so that fluctuations in feed composition were diluted by the large volume of glass in 
the melter. The drawbaCks of a long residence time are: 1) insoluble particles have a longer time 
to settle to the melter floor; 2) glass holdup requires larger handling equipment to remove a failed 
melter full of glass; 3) the radiation source term in the event of an accident would be larger. 
Therefore, it is not clear what the ':optimum" residence time would be. 

At a constant production rate per melter surface area, the residence time is a function of the melter 
depth. Without a sloped bottom, this melter technology has no significant requirements for depth. 
only that enough depth is provided so that the current density limit (10 Nm2

) for the electrodes is 
not exceeded. Current density limits will be a problem only if the glass is conductive or the elec
trodes are close together. 

E. UI,lpredictable Evaporation (Segregation) Of Glass Components 

This melter operates continuously under very steady conditions, so that process upsets are rare. 
Increased feed volatility would be a problem only during startup after a feed outage; that is, when 
slurry is fed onto an open, hot glass surface. This is seldom done, and when it is, water is first fed 
to the melter to cool the upper glass surface. 
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J. Develop Technology on Schedule 

This category deals mainly with the maturity of the technology. The LTCM technology was the 
baseline for the Hanford Site HLW vitrification plant before the recent change in scope. This mature 
technology has been tested since the early 1970s for the vitrification ofHLW. The only adaptations 
necessary for the current Hanford Site plant are an increase in.production capacity (or addition of 
parallel melter lines) and a change in feed composition. 

A. Ability to Meet TPA Milestones(&) 

The amount of technology development already completed suggests that"this technology would 
allow the DOE to meet its TPA milestones if sufficient funds were available. . 

B. Demonstrated Scale of Operation 

This technology has been demonstrated under nonradioactive conditions at several locations in the 
US. including 

• the Scale Glass Melter (SGM) at Savannah River (1.2 m2
, 45 kglh) 

• the West Valley Nuclear Services (WVNS) melter (2.15 m2, 45 kglh) 

• the Liquid-Fed Ceramic Melter (lFCM) at PNL (1.05 m2
, 50 kglh) 

• and the Pilot-Scale Ceramic Melter (pSCM) at PNL (0.76 m\ 22 kglh) 

This technology has also been demonstrated with radioactive samples in 

• the PAMELA melter in Belgium (30 kglh, 1.4 m2
, 8 MCi vitrified) 

• the Radioactive LFCM at PNL (7 to 20 kglh, 0.5 m\ 22 MCi vitrified). 

The 2.5 mZ DWPF melter is currently undergoing shakedown testing with nonradioactive 
simulants. 

C. Availability of Data or Access to Data to Allow Evaluation for Melter System Technology 
Assessment and Melter System Candidate Selection 

Access to data is not a problem. 

D. Magnitudel Amount of Technical Development Required 

Technology development would involve selecting a melter geometry, building scaled melters (if 
they do not already exist), and conducting testing on the new feed formulations. The large 
increase in production rate over the previous HLW designs would require substantial scale-up 
work if only one or two melters are planned for the plant This would include designing a bottom 

(a) Final welter selection by the end of 1998, plant startup by 2009. completion of campaigns by 2028. 
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drain that can control glass pouring at rates up to 1200 kglh (assuming that maximum pour rates 
will be twice the average production rate). Designing plenum heaters that can span increased 
melter width may also be a problem (if the heaters are hung horizontally in the melter. similar to 
the DWPF design). 

As with any of the melters being evaluated. the tank-~aste characterization and glass development 
efforts will be significant. This technology may rely more heavily on development of blending 
stiategy and glass composition than some of the other technologies being evaluated. 

E. Additional Technical Development Required for Deployment 

To be determined 

F. Probability of Technical Success Within Schedule and Resource Constraints 

Meeting the TPA milestones appears to be possible with this melter technology. The resource 
constraints will not defer technology development, although deployment and operation may 
prevent problems. 

G. Processing Rate 

As stated. the assumed processing rate for the LTCM is 40 kglhem2
• This may be optimistic. 

Extensive plenum heating is usually required to meet this production rate. On average. most 
production rates during melter runs at PNL were closer to 30 kglhem2

• Assuming 17.000 MT of 
waste oxides, 25% waste loading, 19 years of plant operation, and a 60% total operating 
efficiency (TOE),(a) the required processing rate would be 16.3 MT/day for a melter or melters 
with a total processing area of 17 m2

• For example, the glass pool geometry for a single. 
16 MT/day melter would be 3 IIi x 6 m (assuming a 2: 1 aspect ratio). If two melter lines are used. 
the glass surface would be 2 m x 4 m (8 m2

). 

H. Extent of Mock-ups and Test Facilities Required 

Existing testing facilities include but are not limited to 

e the K-6 ft melter at KfK in Germany (0.88 m2) 

e the Advanced-B Melter (0.53 m2) at PNCCb) Tokai 

e the Integrated DWPF Melter System (IDMS) melter (0.29 m2
) at Savannah River 

.- the Small-Scale High-Temperature melter (SSHfM) (0.21 m2
) operated at 1150°C at PNL 

e the 1I1Oth scale melter (0.25 m2) at PNL 

(a) This was the assumed operating efficiency of the HWVP. including melter replacement every three 
years. 

(b) Power· Reactor and Nuclear Fuel Development Corporation. 
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• the PSCM (0.76 m2
) at PNL 

• the LFCM (1.05 m2
) at PNL 

• the Pilot-Scale High-Temperature Melter (PSIITM) (2 m2
) operated at 1150°C atPNL 

• the Durameiter™ 100 (0.13 m2
) at GTS Duratek 

• the Durametter™ 300 (0.33 m2
) at GTS Duratek. 

1. Necessity for New Inventions 

New inventions would be required for items not previously considered for HLW vitrification and 
for items requiring significant modification to existing designs because of the increased melter 
size. This would depend on how many parallel lines of melters would be used in the plant. Use of 
only one line would require new feed distribution systems, melter moving equipment, bottom 
drain, and plenum heaters. The bottom drain for a single melter would have to control glass 
pouring at up to 1200 kg/h (assuming that maximum pour rates will be twice the average 
production rate). Designing plenum heaters that can span the increased melter width may also be 
a problem (assuming that the heaters are hung horizontally, similar to the DWPF design). None of 
these modifications or inventiops seems impossible. 

4. Integration with Process and Facility - This section was provided by Fluor Daniel, Inc. 1 

5. Control and Maintenance of Process and Facility 

This section includes a discussion about the ability of the melter technology to allow safe and efficient 
operation of the vitrification facility. Low-temperature, joule-heated melters have demonstrated 
remote operation capability in radioactive environments in Russia (the Mayak plant), Belgium (the 
PAMELA plant), and the United States (the Radioactive Liquid-Fed Ceramic Melter [RLFCM] at 
PNL). Similar systems have been designed, but not operated, in Japan (Tokai) and the U.S. (West 
Valley! HWVP, and Savannah River). 

A. Ease of Control 

As stated above, the capability of this technology in remote operating environments has already 
been demonstrated, but requires special measures, including temperature measureII).ent in the 
glass, plenum space, discharge area(s), re~tories, and cooling water circuits. The most difficult 
parameter to control is the amount of cold cap coverage. The feed rate must be controlled so that 
the melt pool is not completely flooded with feed because bridging of the cold cap will cause gas 
release. Control of cold cap coverage is usually based on nonradioactive experience and plenum 
temperature measurements. Remote infrared (IR) viewing cameras have been designed to monitor 
cold cap coverage, but have not been implemented. 

Melter plenum pressure is usually maintained at a slight vacuum to control contamination of the 
process cells. A diaphragm-operated valve (DOV), with continuous feedback from the plenum 
pressure measurement, provides dynamic control. 
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B. RemoteabiIity 

Special design features are required for remote melter operation. Before discussing these features. 
the tenn "remote environment" must first be defined. The DWPF and HWVP were canyon remote 
facilities, designed so that all maintenance was done by crane and impact wrench. i.e .• without 
manipulators. All access was from the top. because horizontal movement was difficult. The 
current facility configuration calls for a valve corridor, which is described in the Ruor Daniel. Inc. 
report. 

C. Reliability 

The reliability is measured by the TOE, the total number of hours that the melter operates divided 
by the total number of hours that the melter is in place, which includes the time required for melter 
changeout For the'HWVP, the assumed TOE of 60% was reached by assuming that the melter 
was on-line 70% of the time and that it required a six-month changeput every three years. This 
was believed to be conservative, because on-line efficiencies greater than 85% have been regularly 
attained during melter runs. In practice, efficiencies will probably be less than 70% during the 
first year of operation. Mter the problems have been worked out of the process, the on-line 
efficiency will probably exceed 70%. The average on-line efficiency of the PAMELA plant was 
85% [88% for the Low Enriched Waste Content (LEWC) campaigns and 80% for the High 
Enriched Waste Content (HEWC) campaign].2 For the most recent LFCM test conducted at PNL 
(perez et al. 1994) the on-line efficiency was > 98%. 

D. Maintainability 

A failure modes and effects analysis (FMEA) was conducted for the West Valley vitrification 
system in 1987 (Westsik et al. 1987). This analysis identified 19 items that had a high failure 
frequency or a medium failure frequency with lengthy repair times. Most were either external to 
the melter system (feed pump) or were easily repaired or replaced (feed nozzle, thermowells. dip 
tubes, or TV system). Identified items whose failure could require replacement of the melter or 
significant repair periods included failure of the bottom electrode due to noble metals 
acpumulation and glass-discharge plugging. 

E. Estimated Lifetime 

The minimum melter lifetime of the HWVP melter was two years. and the expected lifetime was 
mree to five years. The most likely scenario for an early melter failure was expected to be an 
accumulation of noble metals on the melter floor with resultant short circuiting of the low~r set of 
electrodes. This was determined for the NCAW feed, which has eight times the concentration of 
noble metals as the current blended waste. It is not clear whether the lower concentration of noble 
metals will be a problem in the melter. If it is believed to be a problem. a sloped-bottom design 
could be inCOIporated with supporting design and development work. Information on sloped
bottom variations of this melter is included as an appendix to this data package. 
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F. Ability to Confine Radioactive Materials 

A vacuum is kept on the melter plenum and overflow (glass discharge) section to minimize the 
risk of airborne release of radionuclides to the vitrification cell. The accumulation of deposits 
(e.g., cesium) in the off-gas line can be controlled by using a film cooler to quench and dilute the 
hot gas leaving the melter, or by regularly cleaning the off-gas line with either a reamer or an air 
"blaster." 

The melter is equipped with an emergency off-gas line to provide backup vacuum during 
shutdown of the primary off-gas system. 

A significant source of radioactive materials is from maintenance of equipmenL This does not 
appear to be directly related to the melter technology. 

G. Potential for Radioactive Source Buildup and Achievement of As Low As Reasonably Achievable 
(ALARA) 

Off-gas treatment is discussed in the Ruor Daniel, Inc. reporL 1 

The bottom drain can be used to drain the glass from the melt cavity at the end of the melter life. 
This may be optimistic; melter failure could prevent drainage of the glass from the melter. This is 
an unresolved problem for most of the melters being considered. Because of the required size of 
this melter (if only one or two melter lines are used), the glass/radiation source remaining in the 
melter after failure could be substantial. 

Another potential cause of radioactive-source buildup is the migration of cesium into the fused 
cast refractory. This suggestion has not been substantiated with data and is being investigated by 
analyzing the refractory blocks from the Radioactive LFCM at PNL. 

H. Sealing and Containment Relative to Melter 

Sealing the melter to prevent inleakage to the off-gas system and outleakage to the melter cell has 
always been a significant challenge in the design of remote melters. Metal bellows are provided 
for sealing the canister to the melter during glass pouring. Packing materials are used to seal all 
flanged connections such as the melter lid, off-gas pipes, and lid penetrations. Leakage is a 
significant concern because of the large size of this melter. 

1. Modular Design Concepts that Simplify Replacement or Repair 

This melter design is not modular except for the supporting systems (e.g., canister handling). The 
R~or Daniel, Inc. Report evaluates melter disposal costs as a function of melter size. 
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J. R~fractory Life 

These melters usually have multiple layers of refractory inside a water-cooled containment box 
(see Figure 1.1). The glass-contacting refractory is usually a high chrome fused-cast ceramic 
(either Carborundum Monofrax K_3(a) or a chrome AZS(b». Because the fused-cast refractories 
have a relatively high thermal conductivity, they are backed with refractories that have decreasing 
thermal conductivities and glass colTOsion resistance. The use of high -chrome glass-contacting 
refractories is a particular area of deviation from the commercial glass industry, in which high
chrome refractories are avoided except in high-wear areas (e.g., throat blocks) because of the 
strong coloring effect of chrome (one exception to this is the fiberglass industry). The HLW 
melters can have chrome refractories throughout the melter because the color of the product glass 
is not important 

At 1OS0°C to llS0°C, reported colTOsion rates for carborundum K-3 in contact with borosilicate 
glass were 10 to 20 J.IIIlI'day at the melt line, and less than 10 J.IIIlI'day below the glass surface. The 
K-3 corrosion rate measured during a rebuild of the PSCM at PNL was 4 to 8 J.IIIlI'day (Larson 
1989a). The fused cast refractory in the previous HWVPIDWPF design was 12 in. thick. At a 
maximum corrosion rate of 20 J.IIIlI'day, the expected refractory life would be approximately 
40 years. 

The melter plenum refractory is usually a castable refractory, such as Carborundum AIfrax-66. (c) 

The refractory is supported by either ceramic or Inconel hangers. Failure of the plenum refractory 
has mainly been associated with improper hangers or inadequate allocation for thermal expansion 
(Larson 1989b). 

K. Electrode LifelReplacement (Barnes and Larson 1981) 

This melter has side- and bottom-entering electrodes made oflnconel-690. Barnes and Larson 
(1981) found a maximum colTOsion rate of3 J.IIIlI'day for the Inconel-690 electrodes in the PSCM 
at PNL after three years of operation. The submerged electrodes experienced little corrosion. but 
Inconel in the plenum space of melters has shown severe damage from halides and sulfates in the 
feed stream (Dierks 1980). Therefore, the Inconel electrodes in most melters are submerged. 
Most Inconel items that are exposed to off gases (thermowells and bubblers) are remotely 
replaceable.' . 

Large current densities must be avoided to minimize corrosion of Inconel electrodes. The 
maximum current density for Inconel-690 in this type of melter is 10 AJin2 (1.6 AJcm2). The 
normal design limit is S AJin2 (0.8 AJcml). 

(a) Carborundum Monofrax K-3: 60% AIlO). 27% CrzO). 6% MgO, 4% FezO), 2% SiOl . 
. (b) Sorg ER-2161-RT: 32% AIzO). 26% CrzO). 26% ZrOz, 13% SiOz. 
(c) Carborundum AIfrax-66: 96% AIzO), 4% CaO. 
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L. Ability to Safely Handle Organics 

It is planned that all organics will be destroyed in the plenum space of the melter. The plenum 
space generally operates at 650°C when plenum heaters are used. It is not clear if the plenum 
gases come to equilibrium temperature before leaving the melter. Because of this uncertainty. 
destruction and removal efficiencies (DREs) are usually demonstrated for organic materials 
expected in the feed. The DRE for the LFCM (with plenum heaters) was recently determined for 
formic acid (or formate ion) as a preliminary indication of the DRE for organics in general. The 
destruction offormate was at least 99.8% efficient for feeds containing 37 gIL to 46 gIL formate 
(perez et al. 1994). Similar tests have been completed at Savannah River to prove the DRE for the 
DWPF melter. 

M. Operational Simplicity 

Except for the variability of the cold cap, this melter technology does not operate dynamically. 
There are very few moving parts, and process dynamics are very slow because of the large time 
constant of the glass pool. Also see Section 5.A. 

N. Estimated Lifetime 

See Section 5.E. 

O. Estimated Downtime to Repair 

Replacement of the HWVP melter was estimated to take six months. Replacement times for 
various melter-related items was estimated for the West Valley melter (Westsik et al. 1987). See 
Table 1.6. The WVNS plant is canyon remote with limited manipulator access. 

6. Minimize :rotal Cost - This section was provided by Fluor Daniel. Inc. l 

Table 1.6. Replacement TImes for Melter Components 

Item 

Thermowell replacement 
TV camera replacement 
Dip tube (level measurement) replacement 
Overflow heater replacement 
Overflow heater connection replacement 
Film cooler replacement 
Feed nozzle replacement. 
Electrode failure 
Inner refractory cooling system failure 
Canister load cell replacement 

1.16 

Repair TIme 

1 day 
8h 
1 day 
2 days 
3 days 
2 days 
1 day 
high 
high 
2 days 



Endnotes 

1. Fluor Daniel, Inc. August 1994. "Alternative Melter Systems Assessment 20 Metric 
Tons per Day HLW Glass Production." Prepared under contract #04-436404 with 
WestiIighouse Hanford Company. 

2. Letter from C.C. Chapman, ''Technical Exchange Between PAMELA and the West 
Valley'Demonstration Project," April 14, 1987. 
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Data Package 1, Appendix A 

Low-Temperature, Joule-Heated, Ceramic-Lined Melter with 
a Sloped Bottom 

This appendix to the data package for the low-temperature, joule-heated ceramic-lined melter 
describes the design option of a sloped melter bottom. Information contained in this appendix was 
obtained for the Japanese, German, and Chinese designs, which are the same as described in the original 
data package, except that they have sloped bottoms. The format of this appendix differs from that of the 
data package in that only those sections that differ from the original data package are included. Two 
reports, which are included as attachments, provide significant summary information on melter develop
ment and experiences from Germany, Japan, and China. 

The sloped-bottom melter design evolved as a result of problems experienced with noble metals 
accumulation. Noble metals (palladium, rhodium, and ruthenium) have a very low solubility in glass
forming melts; they tend to settle out and agglomerate on the m.elter floor. They are also corrosive to 
melter refractories, and are excellent conductors of electricity. When sufficient noble metals accumulate. 
the highly conductive layer tends to cause electrical shorting of electrodes that are near the floor. To 
remediate.these electrical problems, either the noble metals must be removed or the melter must be 
replaced. Significant impacts on plant operation and costs resulting from replacing the melter have driven 
the study, of options for removing the accumulated sludge layers. One melter design feature that has been 
proven to help remove sludge layers from the melter floor is a sloped bottom. which allows the sludge to 
flow downward and out the bottom drain (Elliott et al. 1994). 

The "All-Blend" composition! contains only 0.07 wt% total noble metals (Rh203 + PdO + Ru!03)' At 
50% waste loading. the noble metals concentration in the glass would be 0.04 wt%, which is far less than 
the levels ~p to 1.4 wt% tested in Germany and Japan (Elliott et al. 1994). 

One concern with incorporating a sloped bottom in the design of a large melter is that the depth and 
glass holdup will increase beyond reason. BasiC;; operating parameters for the sloped-bottom melter tech
nology are presented in Tables A.1.1 through A. 1.3. Each table provides sizing information for melters 
with different slopes; the dimensions refer to the internal melt cavity. The bases for most of these numbers 
are explained in Data Package 1. As noted in the tables, the wide variety of melter sizes required depends 
on the number of melter lines chosen and the slope of the melter floor. The glass depth in the tables refers 
only to the vertical distance from the melt surface to the bottom drain, and does not take into account the 
additional' height of the plenum sPrace. Oile melter with a 75 ° sloped bottom would probably be too deep, 
and appropriate depth would require several melters in parallel. To determine the most appropriate con
figuration, an optimization must be made between melter size, melter capacity, the number of melters 
required, and longtime operation (potential noble metals problems). An optimized design would then have 
to be tested on a small scale and improvements made before designing the next scale melter. This should 
take into account the extensive experience of KfK, PNL, Power Reactor and Nuclear Fuel Development 
Corporation (PNC) and Commissariat A L'Energie Atoniique (CEA). It was suggested that with our low 
concentration of noble metals, a 75 ° b9ttom is probably not necessary, but a slop~d bottom should still be 
used (possibly 45°).2 
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Table A.1.1. Operating Parameters for Low-Temperature. louIe-Heated. 
Ceramic-Lined Melter(s), 45° Sloped Bottom 

Specific Glass Production Rate 
Waste Loading in Glass 
Oxide Loading in Slurry 
Number of Melter Lines 
Glass Surface Area (m2

) 

Square Surface Area Dimension (m) 
Glass Depth (m) 
Glass Production Rate (MT/day) 
Glass Production Rate (kglh) 
Slurry Feed Rate (LIh) 
Glass Residence TIme (hours) 
Glass Holdup(&) (MT) 

1 
17.0 
4.1 
1.9 

16.3 
681.0 

1362.0 
43.0 
29.3 

(a) Assumes a molten glass density of 2500 kg/m3
• 

40 kglhe m2 

25wt% 
500 gIL 

2 3 
8.5 5.7 
2.9 2.4 
1.3 1.0 
8.2 5.4 

340.0 227.0 
680.0 454.0 

30.0 25.0 
10.3 5.6 

4 
4.3 
2.1 
0.9 
4.1 

170:0 
340.0 

21.0 
3.7 

To calculate the melter dimensions shown in the tables, the glass surface area geometry was assumed 
to be square. However, this is not necessarily the best choice for some of the larger melters, such as the 
4.1 m x 4.1 m melter. It is generally assumed that at some point the melter cavity geometry would become 
rectangular because of facility constraints. If this assumption is applied to the melters shown in Tables 
A.1.1 through A. 1.3, the glass pool surface area geometries would be longer and narrower with increasing 
melter size. However, this presents an even more challenging problem. It is assumed that the bottom 
drain geometry does not change (become longer and narrower) to match the changing glass pool surface 
area geometry. Therefore, two of the foUr walls become less steeply sloped because of the greater hor
izontal di~tance they must extend inward to meet with the bottom drain. For example, for a 45 ° sloped 

Table A.1.2. Operating Parameters for Low-Temperature, louIe-Heated, 
Ceramic-Lined Melter(s), 60° Sloped Bottom 

Specific Glass Production Rate 
Waste Loading in Glass 
Oxide Loading in Slurry 
Number of Melter Lines 
Glass Surface Area (m2

) 

Square Surface Area Dimension (m) 
Glass Depth (m) 
Glass Production Rate (MT/day) 
Glass Production Rate (kglh) 
Slurry Feed Rate (Uh) 
Glass Residence TIme (hours) 
Glass Holdup (MT) 

A.l.2 

1 
17.0 
4.1 
3.3 

16.3 
681.0 

1362.0 
74.0 
50.7 

40 kglhem2 

25wt% 
500 gIL 

2 3 
8.5 5.7 
2.9 2.4 
2.3 1.8 
8.2 5.4 

340.0 227.0 
680.0 454.0 

53.0 43.0 
17.9 9.7 

4 
4.3 
2.1 
1.5 
4.1 

170.0 
340.0 

37.0 
6.3 
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Table A.l.3. Operating Parameters for Low-Temperature. Joule-Heated. 

Ceramic-Lined Melter(s). 75 0 Sloped Bottom 

Specific Glass Production Rate 
Waste Loading in Glass 
Oxide Loading in Slurry 
Number of Melter Lines 
Glass Surface Area (ml) 
Square Surface .Area Dimension (m) 

, Glass Depth (m) 
Glass Production Rate (Mf/day) 
Glass Production Rate (kglh) 
Slurry Feed Rate (Ilh) 
Glass Residence TIme (hours) 
Glass Holdup (Ml') 

1 
17.0 
4.1 
7.1 

16.3 
681:0 

1362.0 
160.0 
109.2 

40 kglhem2 

25wt% 
500 gIL 

2 3 
8.5 5.7 
2.9 2.4 
4.9 3.9 
8.2 5.4 

340.0 227.0 
680.0 454.0 
113.0 92.0 
38.6 21.0 

4 
4.3 
2.1 
3.3 
4.1 

170.0 
340.0 
80.0 
13.6 . 

floor in a melter with a 17 m1 surface area, if the maximum length were 2.5 m f9r one wall. the melt pool 
surface woulc;l be 2.5 m x 6.8 m. Two of the four sloped walls could be 45 0

, but the other two would be 
about 19 0 because of the greater distance they extend inward. This may not be steep enough to avoid the 
accumulation of sludges. The only way to increase the slope of these two walls is to have a longer and 
narrower bottom drain opening. Unfortunately, this bottom drain design would be more likely to accumu-
late sluQg~ layers. . 

l. Process Range of Composition 

B. Range of Waste Handling Capabilities 

In Data Package 1, Table 1.2 shows an upper bound of 0.25 wt% total noble metals in the glass for 
the NCAW. Although this limit was developed for the NCAW, it may provide a good indication 
of what would be acceptable for a flat-bottom melter. The current "All-Blend" waste composition 
has only 0.07 wt% total ~oble metals (or 0.04 wt% total noble metals in the glass assuming 50% 
waste loading), which is significantly lower than the upper bound. Thus, a sloped bottom melter 
might not be necessary to remove sludge layer accumulations because accumulation may not be a 
problem. Testing must be done to verify this. Although the "All-Blend" waste composition has 
only 0.07 wt% total noble metals, different tank waste blending scenarios will probably result in 
varying concentrations of noble metals. The expected upper and lower limits are not known. but 
WHC is currently working on determining them. The successful results obtained from wastes 
processed Cl! much higher noble metals concentrations suggest that a properly designed and 
optimized sloped-bottom melter wiII be able to handle the relatively low concentrations of noble 
metals expected in the Hanford Site waste. Attachments 1 and 2 provide additional information 
on testing and results. 
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3. Develop Technology on Schedule 

This category deals mainly with the maturity of the technology. The low-temperature, joule-heated. 
ceramic-lined melter technology was the baseline for the Hanford Site HLW vitrification plant before 
the recent change in scope. It is a mature technology that has been tested since the early 1970s for the 
vitrification of HL W. 

Attachments 1 and 2 provide details on testing with sloped-bottom melters and me facilities avaiiabie 
for further testing. Extensive research has shown this design option to be beneficia! in the removal 01 
accumulated sludge layers (including noble metals) from the melter floor. 

B. Demonstrated Scale of Operation 

This sloped-bottom technology has been demonstrated nonradioactively at several locations. 
including: . 

• K-W2 MelteratKfK, Germany (45° bottom, 104m2
, 31 kglh) 

• K-6-(prime) Melter at KfK, Germany (60 to 75° bottom, a.88m2, 18 kglh) 

• K-W3 Melter at KfK, Germany (60 to 75° bottom, 104m2, 38 kglh) 

• C-melter at PNC, Japan (25° bottom, a.3m2
) 

41 Advanced B-melter at PNC, Japan (45° bottom, a.53m2) 

• Mock-up Melter ill at PNC, Japan (45° bottom, a.66m2, 8.8 kglh) 

• Large-Scale Melter at Japan Nuclear Fuel Service (JNFS), Japan (50 to 53° bottom, 2.2m2, 
44 kglh). 

C. Availability of Data or Access to Data to Allow Evaluation for Melter System Technology 
Assessment and Melter System Candidate Selection 

Data obtained from Germany, Japan, and China 

D. Magnitude/Amount of Technical Development Required 

As mentioned, this technology successfully removes sludge layers of accumulated noble metals, 
but further testing is required to determine the most appropriate configuration for the Hanford Site 
HLW plant An optimization must be made between melter size, melter capacity, the number of 
melters required, and longtime operation (potential noble metals problems). An optimized design 
would then have to be tested on a small scale and improvements made before designing the next 
scale melter. 
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S. Control and Maintenance of Process and Facility 

E. Estimated Lifetime 

Processing of noble metals in a joule-heated melter can significantly shonen the lifetime of the 
melter because of electrical shon-circuiting through a conductive layer of settled noble metals. 
The sloped-bottom melter design will help resolve this problem by allowing the noble metals to be 
rePloved through the bottom drain. 

F. Refractory Life 

As discussed, settled layerS of noble metals can cause shon-circuiting of the electrodes by pro
viding a path of least resistance through the layer. This causes higher temperatures near the melter 
~oor, which significantly increases the amount of corrosion to the re~tory. 
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Endnotes 

Letter from R. W. Powell of WHC to J .M. Creer of PNL, "Double-Shell TanklSingle
Shell Tank Waste Blend Composition for High-Level Waste Vitrification Process 
Tesnng." May 1994. 

Teiephone conversation between W. Grunewald (KfK, Germany) and M. Elliott (PNL) on 
August 16, 1994. 
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Melter concepts for vitrification of high 

level waste in Europe and Japan 

- Summary-

Dr. Roth 
W. Tobie 

W. Grunewald 

. 
KfK/PNL - contract No. 125818-A -II 

Supplement 3 
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Development -of vitrification process in Japan (PNC) 

Melter development and tests carried out in the Engineering Test Facility (ETF) for Jouie

heated Ceramic MeIters 

Table 3 

Structure of A-Melter 
~ 

Designed 1978 

Constructed 1988 

Operation time 2600 d 

Produced waste glass S8 to 

Volume of model solution -* 
Number of drain outs 1489 

Electrodes 3 pairs (Mo); 1 pair (Sn02) with 
water-cooled shafts 

Electrodes form rod-shapes 

Melter refractory -* 
Capacity min. 100 1 - max. 200 I 

Power consumption SS kW (stand-by) 

Melting surface -* 
• data not available 

Rectangular chamber with refractory blocks and stainless steel casing. Two separated zones 

- melting zone and drain out zone -, flat bottom and direct heated platinum bottom dram 

nozzle. 
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Table 6 

Structure of Advanced B-Melter I 
! 

Designed 11984 i 
Constructed 1985 , 

Operation time 700 d 
, 

Produced waste glass 28 to I 

Volume of model solution 7.7 mJ (incl. Noble metals) 

Number of drain outs 1333 

Electrodes 1 * I - ! 

Electrodes main _ 1 pair Inconel 690 aircooled i 
plates I 

Electrodes auxiliary 1 pair Inconel 690 plates I 
Electrodes riser Inconel 690 rod-shaped 

-Melter refractory Cr20J-Ah03 fused-cast block I Aho3-Zr02-Si02 sintered block 
Ah03-Si02 cast block 

Capacity 300 I 

Power consumption 55 kW (stand-by) 

Melting surface 0.53 m2 

• data not available 

Rectangular chamber with refractory blocks and stainless steel casing. Sloped bottom (57.5° 

and 45°) and indirectly heated Inconel 690 bottom drain nozzle. -Resistance-heated oven1ow 

system. Microwave heating-up (30-35 kW) and boosting (20-25 kW). 
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Melter development and test carned out in the Mock-up Test Facility (MTF) for loule

heated Ceramic Melters 

Table 7 

Structure of Mock-up I-Melter 

Designed 1982 

Constructed 1983 

OReration time 290 d 

Produced waste lZlass 18.4 to 

Volume of model solution 37 m3 (partly with noble metals) 

Number of drain outs 91 

Electrodes 1 pair Incone! 690, aircooled 
plates 

Melter refractory -* 
Capacity 120 I 

Power consumRtion -* 
Melting surface -* 

• data not available 

Rectangular chamber with refractory blocks and stainless steel casing. Flast bottom and 4 

bottom drain nozzles in different heights located in the comers of the melting chamber. 
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Table 8 

Structure of Mock-up II-Melter 

Designed 1984 

i Constructed 11987 

I Operation time 713 d 

Produced waste glass 35 to 

Volume of model solution 41 m3 (~art!y with noble metals) 

Number of drain outs 136 

. Electrodes 1 pair ofInconel 690 aircooled 
plates 

Melter refractory -* 
Capacity 180 I 

Power consumption 55 kW (stand-by) 

Melting surface -• 
* da!a. not available 

Rectangular chamber with refractory blocks and stainless steel casing. Sloped bottom (7.5°) 

and 3 bottom drain nozzles in different heights. Separate chamber for glass level detection. 
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Table 9 

Structure of Mock-up Ill-Meiter 

Designed 1986 

Constructed 1988 I 

Operation time still in operation , 

Produced waste glass 17 to (till 1990) 

Volume of model solution 17 m3 (partly with noble metals) 

Number of drain outs -• 
Electrodes main 1 pair of Inc one I 690 aircool~d 

plates 

Electrodes auxiliary 1. pair ofInconel 690 plates 

Melter refractory -• 
Capacity 3301 

Power consumption -• 
Melting surface 0.61 m2 

• data not available 

Rectangular chamber with refractory blocks and stainless steel casing. Sloped bottom (55° 

and 45°) and indirectly heated Inconel 690 bottom d~n nozzles. Separate chamber for 

glass level detection. 

A.1.IS 



Table 10 

Composition of the Tokai Vitrification Faciiity HA WC simulate vitrified in the Mock-up 

Test Facility with Mock-up III-Melter 

Element Oxide yield 
gt1 

Oxide I Oxide yield I OXlae yie1d 

gI1 ! , (wt%) 
I 

rr 6.754 - - I -
Na 47.704 Na10 64.458 I 41.702 

P 0.793 P20s 1.817 i 1.176 I 

I .I . I 
I 

Fe 8.377 F~03 11.977 I 7.749 

Cr 2.189 Cr203 3.207 I 2.075 

Ni 2.202 NiO 2.802 1.813 

I 
K (*2) 0.289 K20 0.348 I 0.225 

Cs 4.559 Cs20 4.847 I 3.136 

Sr 1.542 srO 1.824 I 1.180 

Ba 2.884 BaO 3.220 2.083 

Zr 6.422 Z~ 8.675 5.612 

Mo 5.795 Mo03 8.694 I 5.625 

Mn (*2) 0.857 Mn02 1.356 I 0.877 

I 
Ru 4.275 Ru<h 5.629 3.642 

Pd (*1) 2.788 Pd~ 3.297 I 2.075 

Ag 0.087 A~O 0.093 I 0.060 

Cd. 0.103 CdO 0.117 0.076 

Sn 0.069 Sn02 0.088 0.057 

Se 0.103 Se02 0.144 0.093 

Te 0.768 Te02 0.961 0.622 

RE - RE 31.104 20.123 

I 
154.568 I 100.001 

*1 Rh replaced by Pd 
*2 T c replaced by Mn, Rh replaced by K 

A.1.16 
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Composition of the glass fiber cyiinders type PF 798 used for the vitrification of Tokai 

Vitrifi~ation Facility HA we simulate 

Table 11 

Glass fiber type PF 798 

Oxide wt% 

Si02 62.3 

B20 3 19.0 

Ah0 3 6.7 

LhO 4.0 

CaO 4.0 

ZnO 4.0 

A.i.17 



Table 12 

Calculated composition of the glass product PO 789 generated for HA WC sim~late SW 17 

and gjass fiber cylinders type PF 798 

Oxide I Glass type PO 789 
wt% 

I Giass int ! 
i I 

SiOz I 46.60 
I 3-zOJ 14.20 
I A.he:, 5.00 

I Li:zO 3.00 
I Na-zO I -
i K-zO -
I Cao 3.00 I 
I Zno 3.00 i 

L--~~-------~-----~ ______ 
I 
! SUB TOTAL 74.80 

I 
Waste 

Na-zO 10.00 
~ __ !l.O.l _______ ,.... ____ ~.J..Q _____ 
I Fe:zOJ 2.04 

Cr:z03 0.10 
NiO 0.23 . ------------- -------------
Rb:zO 0.11 

Cs:zO 0.75 

srO 0.30 

BaO 0,49 

~ 1.46 

MoOJ 1,45 

Tc:z07 MnO.37 

Ru~ 0.74 

Rll:z03 0.14 
Pd~ 0.35 

I A~ 0.02 
CdO 0.02 
Sn~ 0.02 

SeOz 0.02 

TeCh 0.19 

Y:z03 0.18 

La:z03 0.42 

Ca}z 0.87 

Pr6011 0.42 

Nd:z03 0.37 

Sm:z03 0.29 

PmM NdO.31 

EUM 0.05 

Gd:z03 0.02 
------------- -------------

Actnide Ce 2.47 ------------- -------------
SUBTOTAL 25.20 

TOTAL 100.00 

Viscosity (950°C): 

Viscosity (1150°C): 

El. Resistivity (1150°C) 

A.l.I8 

361.5 dPas 

40.6 dPas 

6.65 ncm 



TVF-Melter 

TVF-Melter has Mock-up III Melter design and had the following design requirements: 

Melter temperature 
Production rate 
Feed rate 

Discharge frequency 
Operation lifetime 

l100°C±50°C (max. 1250°C) 
8.8 kg glasslhr 
Conditioned HLLW 15 IJh (150 g Oxioe/1) 
and fiber glass additive 6.6 kglhr 
Every 34 hr (- 300 kglbatch) 
5 years 

The melter data of the final design were : 

Outside dimension 

Melting surface area 

Glass pool volume 

Floor 

Electrode 

Refractory 

Heating up 

Glass drain 

Feed line 

O£fgas line 

1.9 m x 1.9 m x 2.3 m (w x d x h) 

0.66 m2 (0.8 m x 0.83 m) 

Max. 350 1 

Sloped 45° 

Main electrode : 1 pair Inconel 690 plates 
Auxiliary bottom electrode : 1 pair Inconel 690 rods 

Glass contact : Monofrax K.3 
Superstructur : Sintered Ah03-Zr02 
Back-up insulation : Mullite 

10 SiC heating elements with Inconeljackets 

Induction-heated bottom drain nozzle (freeze valve) 

Glass additive, HLL W, water 

~ and back-.up line to first scrubber 

(submerged bed scru~ber) 

A drawing of the TVF-Melter structure and its process control for plenum temperature 

operation is given in Fig. 4. 

Most likely the low mode temperature method (bottom temperature kept at - 850°C) will 

be used for the TVF vitrification, because it has a high efficiency regarding drain out of nQble 
( 

metals. 
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HLLW Feed Line 

Fiberglass ~ " 
FeedLine ... ~ 

Glass Level 
Detection 

Heater 

Bottom Freeze 
Valve 

Off-gas Line 
/ 

Alumina-Zirconia 
Refractory 

~~~~~r-- Ceramic Fib€r 
Board 

Sloped(45 ) 
Bottom 

Auxiliary 
Electrode 

TVF MEL TER STRUCTURE 

Fig. 4 
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(1) Low Plenum Temp. Operation 

• about 300°C in Plenum space 

• No Glass surface (altnost 100 
0/0 Cold cap coverage) 

· No pressure surge (due to 
Fiber cartridge) 

Fig. 5 

(2) High Plenurn Ternp. Operation 

• 400-500°C in PienUl11 space 
(Exposure of glass surface) 

• Expect high Melt rate 

• Increment of Particle release 

• Difficult to. control bottoln tenlp . 

.--1 Cold cap 
(Fiber cartridges) 

Control 
plenum temperature 
by adjusting supply power 



Operational conditions of the Mock-up III l\1elter for low 
mode temperature method 

Obtained in a test run with Mock-up III Melter in the Mock-up Test Facility (N£FT) 

Feeding rate 

Feeding method 

Giass production rate 

Glass pool temperature 

Main electrodes temperatures 

Auxiliary electrodes temperature 

Total power comsumpIion 

Melter plenum temperature 

Melter underpressure 

Melter surface 

10-12 Vh TVF-simulate SW17 

Glassfiber cylinders type PF798 

10-12 kglh 

1150 - 1220 °C 

800 - 900°C aircooled (- 40 NmJ/h) 

800 - 900°C 

45 - 50 kW 

300 - 500°C 

80 - 100 mmWc 

0.61 m2 

Cold test status of Tokai Vitrification Facilitv (TVF) 

The TVF was constructed from 1988 to middle 1992. The inspection and check for function 

and performance of equipment and systems are now under work. 

Tnree test runs were scheduled and performed, one of them fully noble metal simulated. The 

total amout of glass product produced during the three test runs is about 22 to. The hot test 

operation was scheduled for April this year, but due to some license problems they couldn't go 

on with the schedule. 

It is most likely that the hot operation, scheduled in autumn 1995, will be postponed also. 

Large Scale Melter 

The large scale meIter designed for the Japan Nuclear Fuel Service (JNFS) K-facility (K

facilitY for vitrification) is based on the TVF-meIter. The design throughput is nominal about 

44 kg glass/hr and maximal about 52 kg glass/hr. The large scale melter was constructad in 

1990-1991 at PNC and operated in Nov. 1991 with ffi...LW simulant. A microwave system for 

both heating up and boosting was not designed. For start up SiC heating elements were used. 
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Specification of Large Scale Melter : 

Type 

Outside Dimension 

Melting cavity 

Floor 

Electrode 

Heating up 

Glass drain 

Feed line 

Liquid-fed ceramic melter 

2.34 m x 2.74 m x 2.66 m (w x 1 x h) 

Internal dimension 1.46 m x 1.51 m 
Melting surface are 2.2 m2 

Sloped 49.6°/53.3° 

Main electrode : 1 pair ~MA690 plater 
(* equivalent to Inconel6901Ni-Cr ailoy) 

_ Auxiliary bottom electrode : 1 pair MA690 rods 

SiC heating elements 

Induction heated bottom drain nozzle 
(freeze valve) and subsidiary drain nozzle in L1e 
glass level detection chamber 

Glass fiber cylinders, glass beads, HLL W, water 

The ELL W to be vitrified with the large scale melter will be produced by reprocessing of 

PWR reactor spent fuel with a bum up of 45000 MWdltU and a specific power of38 MW/tU. 

The p,erfonned test run, mentioned above, was divided into a lowly simulated waste feed 

test and a highly simulated Waste feed test. In the lowly simulated test run (without noble 

metals) about 7 to of glass beads and 5 to of glass fiber additives were vitrified. In the highly 

simulated test run (130 kg Ru~, 80 kg PdO) about 5 to of glass beads and 7 to of glass fiber 

additives were vitrified. The waste feeding time was about 380 hr for 21 mJ of lowly simulated 

ELLW and about 450 hr for 20 mJ of highly simulated HLLW. The target compossition of the 

glass product for highly simulated ELL W is given in table 13. 
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Table 1.3 

Oxides wt% 
Glass Additives 
Si02 

I 
46.72 

B20 3 14.22 
Na20 I 6.25 

I 
AhO 5.04 I . 
LhO 3.01 I 
CaO 3.01 I 
ZnO , 3.01 
Total 81.26 
NaiO 3.74 
P20 S 0.17 
F~03 1.55 
Cr203 0.29 
NiO 0.25 
K20 0.10 
Cs20 0.69 
srO 0.24 
BaO 0.44 
zr02 1.61 
Mo03 1.21 
Mn02 0.57 
CoO -
Rn02 0.87 
Pd~ 0.51 
A~O 0.02 
CdO 0.03 
Sn02 0.03 
Se~ 0.02 
Te02 0.15 
RE 6.15 
Total 18.74 
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HLL W Programmes in the FRG 

~. HA WC-WAW (Start 1983) 

..., _. 

for industrial vitrification (yIackersdorf) 

280 - 400 m3/year 

HAWC-WAK (Start 1987) 

for vitrification of high level waste stored at Karlsruhe W AK-site 
85 m3 max 

3. HEWC (Start 1985) 

for vitrification of high level waste stored at Belgoprocess site, Mol 
800 m3 . • 

4. LEW C (Start 1979) 

for active demonstration of the liquid-fed ceramic melter process by vitrification 
of 50 m3 LEWC-waste 
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1 •. HA·WC-\VAW 

Basic Data 

Average Burn-up 
Specific Volume 

Salt 
Oxide Residue 
HNOl 

Density 
Cooling time 
Specific Activity 
Amount per Year 

Design Data 

HAWC 

Feed 
Glass Product 

. Waste Glass Loading. 

Can Dimension 

Cans per Year 
Glass per Year 
Operation days 

A.l.27 

40 000 MW cilto 

800 Vt 

131 gil 
64 gil 
5 MIl 
1.2 kgll 

7 years 
600 eiII approx. 

280 - 400 m3 max 

661/h 

72 IIh 

30kglh 

15Wt% 

430 dia, 1350 high 

290 - 415 

116 - 166 to max 
190 - 270 per year 



Active Vitrification Facility WA W 

Design Company 

Design Basis 

Status 

Number oflines 

lNE-Mock-up Facility V-WI 

Construction 

Melter 

Operation 

Melter Exchange 

Noble Metal Campaigns 

Nukem 

(Member of the K1NU-guided Consortium 

for W AK design and construction) 

INE-Mock-up Facility 

V-WI and PAlvfELA 

Programme stopped in 1989 because no 

reprocessing will be performed in Germany 

Two independent vitrification lines 

1983 - 1986 

K-Wl (flat bottom) 

1" Campaign Febr. 1987, 
16 m3 HA WC-Simulate 

20ci Campaign May 1987 
30 m3 -HA WC-Simulate 

3td Campaign Sept. 1987 
31 m3 HA WC-MA WC-Simulate 

K-WIIK-W2 (45 0 bottom) 

Nov.lDec. 1987 

1" Campaign Apr. To May 1988 
33 m3 HA WC-Simulate 

20ci Campaign Jan. To March 1989 
30 m3 HA WC-Simulate 
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Element/ 
Ion 

I 

34 Se 
37 Rb 
38 Sr 
39 Y 
40 Zr 
41 Nb 
42 Mo 
43 Tc 
44 Ru 
45 Rh 
46 Pd 
47 Ag 
48 Cd 
49 In 
50 Sn 
51 Sb 
S2 Te 
53 I 
55 Cs 
56 3a 
57 La 
58 Ce 
59 Pr 
60 Nd 
61 Pm 
62 Sm 
63 Eu 
64 Gd 
65 Tb 
66 Dy 

92 U 
93 Np 
94 Pu 
95 Am 
96 Cm 

14 Si 
24 Cr 
25 Mn 
26 Fe 
27 Co 
28 Ni 
29 Cu 
30 Zn 
82 Pb 
83 Bi 

11 Na 
12 Mg 
13 Al 
19 K 
20 Ca 
80 Hg 
F-
Cl-
SO~2-

I PO~:J -

Referenz 6. 
gil gil 

0.08 -
0.5 -
1.2 -
0.7 -
5.2 0.20 
- -
4.6 0.51 
1.1 0,09 
2.2 1.23 
0.5 0.20 
1.9 0.23 
0.03 0.06 
0.12 0.03 
- -
0.04 0.03 
- -
0.5 0.15 
- -

3.7 -
2.6 -
108 -
3.6 -
1.7 -
6.2 -
0.04 -
1.3 -
0.2 -
0.2 -- -- -
3.0 0.21 
0.7 -
0.04 0.02 
0.7 -
0.05 -
0.06 -
1.1 -
0.1 -
3.7 -
- -
0.4 -
- -
- -
- -
- -
- -
- -
- -
- -
- -
- -
- -
- -
- -
- -

A.l.29 

.~--------

po~tion 0: each ele~en: 

in g/: H~WC assu~ed ~c 

end-up in the d~ssolve~ 

residue 

HAWC-WAW 
Re~erence Composition 
for noble metal campaign 
at INE, March 1988 



Preliminary Composition of the Glass Frit and Glass Product for the Noble 1\1etals 
Campaign, March 1988 

! I Frit Glass product 

I Wt% Wt% , 

! 

Si02 53.3 46.2 

B20 3 18.8 16.3 

i ...\ .. 1.03 3.0 2.6 

! :.\igO 2.1 1.8 

CaO 5.6 4.8 

LhO 3.9 3.4 

Na20 9.7 8.4 

Ti02 3.6 3.1 
HA WC-Oxides - 13.4 

Viscosity 
1150°C - 50 - 60 dPas 

950°C - 400 - 500 dPas 

S pee. el. resitance 

1150°C - 5.5 ncm , 

A.1.30 



2. HAWC-'VAK 

Basic Data 

Total HA WC-volume 
Total Activity 
Specific Activity 
Oxide Residue 
Oxide Loading in' Glass Product 
Total Glass Production 
Specific Activity of the Glass Product 
RN03 

Noble Metals Content in HA WC 
Ru 
Rh 

Pd 

Options 

Vitrification 

Problem 

Melter 

A.1.31 

86 m3 

26.1 Mio. Ci 
303 Cill 

92 gil 

16Wt% 

49.5 to 
527 Cilkg 
4 MIl 

2.232 gil 

0.580 gil 

1.270 gil 

In PAMELA, 1991 

Transport Licence of the HA WC 

, .. _. __ ~ .... , .10-:'"",-- __ " 

K-6, designed by INE with 60 - 75° 
bottom inclination 



Reference composition of the HA WC-W AK, status March 1993. CompositIOn of the 
HA WC-simulate used for the fourth long-term noble metals test run D6 Ln MaylJ une 1993 

Element HA WC-Reference comoosluon 1) HA WC-Sunuiate used for the D6 lest run 
(Ion) Ele:ment/lon Oxide Oxide yield Oxide yield Element/lon OxJde :r.eld Oxld:: Yleld 

211 211 \Iit % 211 211 >J."t ~-o 

J4Se 0.062 SeC., 0.087 0.0% 0.062 0.087 J.i06 
J7Rb 0.286 ~O 00313 00371 \) :) 1 
38 Sr 0.791 Sr(j 0.93$ 1.03$ 0.791 ).935 :.:..w 
39 Y 0.$75 Y20 3 0.7.31 0.308 :J.!75 '1.731 ).:194 
40Zr 2..1% 2:02 2..966 3.281 2.1% :Z.966 J.023 

41 Nb ~os 
42Mo 30375 MoO) 5.064 5.602 3.37:5 5.064 6.194 
43 Tc 0.913 Te::Oz 10355 1.499 - 2) - 2) . 2) 

4.04 Ru 2..232 RuO., 2.939 J.251 UJ2 2.939 J.!9S 
45 R.h 0.:579 Rh..,6 0.714 0.790 
46 Pd 1.272 PdO) 1.464 1.619 1.272 1.464 !.79\ 

47Ag 0.113 ~O 0.111 0.134 
48 Cd 0.083 0.095 0.10$ 
49 In Inz°) ~ 

50Sn 0.058 saO., 0.074 0.082 0.058 0.074 0.091 
51 Sb 0.011 S~6) 0.013 0.014 
51Te 0.5:23 T 2 0.653 0.123 0.523 0.653 0.799 
53 I 
55Cs 3.137 Cs.,0 30316 3.679 3.137 3.326 ~.067 
56Ba 2..317 Bab 2..598 2..875 20317 2598 J.ln 
571.& 2..050 ~O3 2..405 2.660 2..050 2.405 2.942 
58Cc 3.011 2 3.699 4.092 3.011 3.699 4.524 
59Pr 1.417 

~~ca 1.658 1.834 1.417 1.658 2.028 
60Nd 5.059 $.900 6.:528 60313 70362 9.00$ 
61 Pm 0.004 Pml°; 0.004 0.005 - 3) - J) - 3) 
62Sm 1.111 SmzO) 10300 1,438 - 3) - J) - 3) 
63 Eu 0.129 ~g) 0.149 0.164 - 3) - 3) - 3) 
64Gd 00385 n;) O.~ 0.491 00385 0.444 0.543 
65Tb 0) 
66Dy DyzO) 

9lU 5.7.31 U)OZ 6.758 7.476 
93Np 0.459 NpOz 0.506 0.:559 
94 Pu 0.183 Pu°b 

0.208 0.230 
95 Am 0.415 Am., ) 0.468 0.518 
96Cm 0.017 emOz 0.019 0.021 

14Si SiOO 
24Cr 1.860 C:2 3 2..718 3.007 1.860 2.718 30324 
15Mn 0.215 Mn02 00341 00377 1.128 I.n9 2.188 
16 Fe 7.058 Fe::03 10.091 11.163 7.058 10.091 1:':;43 
27 Co CoO 
28Ni 1.284 NiO 1.63:5 1.808 1.184 1.63:5 1.000 
29Cu 0.015 CUO 0.018 0.020 0.01:5 0.018 0.022 
30Zn 0.009 ZnO 0.011 0.012 0.009 0.011 0.013 
82Pb 0.003 PbO 0.003 0.003 0.003 0.003 0.004 

11 Na 1803 10 Na.,O 24.682 270305 1803 10 24.682 30.189 
12Mg 0.410 MgO 0.680 0.7:52 0.410 0.680 0.831· 
13 Al 0.0:57 AJ.,O 0.108 0.119 0.0:57 0.108 0.132 
19 K 0.217 K..0 3 

0.261 0.289 0.503 0.60:5 0.740 
20 Ca 00353 cio 0.494 0.546 003:53 0.494 0.604 

~ 
F 0.019 F 0.019 0.021 0.019 0.019 0.023 cr 0.014 cr 0.014 0.Ql:5 0.014 0.014 0.017 
P 1.027 P:zOs 2..353 2.603 1.027 2.3:53 3.098 
HN03 4M 4M 

t 900391 100.00 81.757 100.00 
I ) Rb po<Ua> rq>Iaa:d by K 
~) T c pxuoa rq>Iaa:d by Mn 
3) Pm. Sm mel Eu pcrt>cns n:ploccd by Nd 
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Technology Program 

Melter Technique 

Glass Frit Development 

Melter Technique 

Prototype Melter 

Active Melter 

Basic Requirement 

Prototype Melter Tests 

Start-up 

Cans 

Glass Draining System 

Test Progranun 

Total Amount of Noble Metal 
(in 88 ni3 existing HA WC-W AK 
waste) 

.~- - _." --" ..... __ . 

INE 

INE / HMI, Berlin 

A.l.33 

K-6' 

K-6, final design 1994 

- Melter must be able for use in the PAMELA 
cell 
60 - 75° bottom inclination due to the 
significant amounts of noble metals in the 
HAWC-WAK 

At INE (V A-2 facility) 

Nov. 1988 

430 dia, 1350 high 

Bottom drain, overflow 

Until 1993 

Ru 196 kg 
Rh 51 kg 
Pd 112 kg 

---,------- -~ 



2. HEWC-Programm 

Basic Data 

Stored Voiume (3 Tanks) 

A .. aivity 

Sait 

Oxide Residue 

Soec:iic Elemente 

Technology Programm 

Start-up 

Tests with HEWC-Simulate 

Flass Frit Development 

Active HEWC-Vitrification 

Stan-up 

HEWC-Volume Vitrified 

Total Glass Product 

Programrn Schedule 

Cans 

742 m3 total 

5.3 - 9.5 Cill 

280 gil 
100-110 gil 
High AI-Content 
Sulphur 
Mercury 

0.5M 

Sept. 1985 

INE (V A-2 Facility) 

HMIlBerlin 

Oct. 6, 1986 

860 m3 (Aug. 1991) 

412 to 

1986 - 1991192 

300 dia, 1200 high (Oct. 86 - June 88) 60 I, total 939 
430 dia, 1350 high, 150 I, total 698 

A.i.34 
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Active HE\VC 

Element Concentration I 
I 

I , , 
Tank 258-1 Tank 258-2 I Tank 540-12 i 

AI 54.4 50.9 41.4 

B 0.0044 0.037 0.029 

Ca 0.13 0.04 0.02 

Ce 0.059 0.043 0.039 ; 

Cr 0.062 0.015 0.087 i 
Fe 2.49 1.4 1.23 

Hg 2.23 2.40 2.61 

La 0.038 0.028 0.024 

Li 0.003 0.001 0.006 

Mg 0.37 0.30 0.30 

Mn 0.049 0.033 0.057 

Mo 0.083 0.059 0.044 

Na 0.46 0.213 1.82 

Nd 0.125 0.092 0.079 

Ni 0.083 0./083 0.033 

Pd 0.01 0.02 0.006 

Rh 0.007 0.008 0.009 

Ru 0.059 0.039 0.035 

Se 0.107 0.091 0.077 

Si 0:020 0.014 0.02 

SO" 8.4 5.0 3.5 

Sr 0.0281 0.0206 0.0166 

Tc 0.047 0.027 0.031 

Ti 0.007 0.007 0.007 

U 0.05 0.015 0.11 

Zr 0.120 0.139 0.132 

Amount 168 m3 
• 118 456 

Activity 9.5 Cill 6.9 5.3 

A.l.35 
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Main Points to be tested 

Hg Behaviour during processing 

A1 Influence of Ah03-rich caicines on meiting into the glass pooi 

Waste Glass Loading Maximum possible waste glass ioading 

Glass Canister glass quality assurance 
Opimufn melt viscosity for process and glass draining 

A.l.36 



Test runs performed at INE 

Inactive HEWC Test Runs 

Total Volume ofVitriiied Simulate 

Waste Glass Loading 

Glass Frit Tested 

Glass Frit Selected Fmally 

Average Throughput Capacity 

Programm Tennination 

PAMELA Operation 

Glass Frit 

Throughput Capacity 

Mercury 

Glass Blocks 

Waste Glass Loading 

Nov. 1985 
Feb. 1986 
Dec. 1986 
March 1987 

Up to 24.7 Wt% 

SM527 
SM539 

SM539 

30 IJh, K-2 melter 

Sept. 1987 

SM539 

22 - 25 Vb 

Ends-up in the Evaporator condensate 
(will be bituminized) 

Stored on Site 

22Wt% 

A.I.37-



i 
I , 
I 
I 

! , 

/ 
Si02 

B20 3 

I 
Na,O 

LhO 

CaO 

Ti02 

HEWC-Oxides 

Glass Frit Composition 
used for active HEWC vitrification 

Oct. 1986 - June 1987 Further used 
SM527 SM539 

I , 

50Wt% 45 
28 33 
11 10.5 

I 4 4.5 
5 6.5 
2 -

22Wt% 22 

A.l.38 
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Influence of Waste Glass Loading on Glass Melt Properties for HEWC Vitrification 

SM 527 Initial Glass Frit used in PAMELA Oct. 1986 - June 198'1 

SM 539 Further used Glass Frit 



4. LEWC 

Inactive Technology Programm 

Active LEWC-Vitrification 

Final Data 

Vitrified Activity 

Number of Glass Blocks 

Number of Vitro met Blocks 

Amount of Glass 

Glass Storage 

Process Availability 

Noble Metals Processed 

P AlvfELA Melter Condition 

A.l.40 

Started 1979 
Tenninated 1983 

Started Oct. 1985 
Finished 1986 

ex 0.35" 105 Ci 
J3 0.75" 107 Ci 

442 (via bottom drain) 

100 (via overflow drain) 

77.8 to 

On Site 

88% 

Ru 63.2 kg 
Rh 14.2 kg 
Pd 9.6 kg 

Approximately 40% of the noble metals 
accumulated on melter floor, especially 
ruthenium 



Vitrification runs for HLL'V-simulate at INE, Karlsruhe 

Date Plant Ceramic Designation Amount of Type of Type of Produced ! 
I 

meIter of operation vitrified HLLW glass frit waste glass ! 
I runs waste (l) (t) 

9n6· I VA~ I K-O I 18000 I VG.38-2 4.0 
1f73 
1f78· VA·! I K-I I 1-35 560 LWR-2c VG 98·2 0.123 
1f78 

~n8 VA·l K·I El 1700 LWR·2c VG 98·2 0.160 
VA·j K·1 E2 1548 426Vt VG 98-2 0.560 
VA· 1 ie·l E3 2027 426Vt VG 98-2 0.445 
VA· 1 K·l E4 2280 426 Vt VG 98-2 0.520 
VA· 1 K·l E5 2427 426 Vt VG 98-2 0.702 
VA· 1 K-l E6 2159 426Vt VG 98-2 0.700 
VA·I ie-I -- 163 426 Vt VG 98-2 0.060 !:oJ 

VA·l I(·I E8 119 426 Vt VG 98-2 0.045 
VA·j 1(·1 E9 2950 426 Vt VG 98-2 1.307 
VA-l K-I E 10 830 426Vt VG 98-2 1.365 
VA-l K·I Ell 742 426 Vt VG98-2 1.334 
VA-I K-l E 12 681 426Vt VG98-2 0.250 
VA-I ie-I E 13 670 426Vt VG98-2 0.171 

4n9 VA-I K-I SI 1255 426Vt VG 98-2 0.580 

I t 20111 !: 6.421 
10/80 VA-2 K-2 V 1-5 500 H~/Glas VG98-2 0.100 
10/80 VA-2 K-2 V6-IO 810 H~/Glas VG 98-2 0.200 

VA-2 K-2 V 11-20 1680 ~/Glas VG98-2 0.690 
VA-2 K-2 V 21-24 640 ~/G1as VG 98-2 0.830 
VA-2 K-2 V 25-29' 2560 !.EWC DC 16 2.960 
VA-2 K-2 V30 1020 LEWC DC 16 0.800 
VA-2 K-2 V31 190 LEWC DC 16 0.060 
VA-2 K-2 V32 670 LEWC DC 16 0.600 
VA-2 K-2 V33 4800 LEWC DC 16 5.800 
VA-2 K-2 V34 2000 LEWC VG 98112 1.500 

4/82 VA-2 K-2 V35 5500 LEWC SH58 FR 5.100 
L 20370 L 18.640 

3/83 VA-3 K-3 pol . 350 !.EWC SM513 0.956 
VA-3 K-3 P-2 4010 !.EWC SM513 4.085 
VA-3 K-3 P-3 2680 !.EWC SM513 2.988 
VA-3 K-3 P-41I 3830 LEWC SM513 4.001 
VA-3 K-3 P-4/II 3890 LEWC SM513 4.021 

7183 VA.-3 K-3 P-4/III 4330 LEWC SM513 4.942 

I I L 19090 !: 21.994 
6/84 VA-2 K-2 V 100 - - SM513 0.394 

VA-2 K-2 VIOl 150 H~ SM513 0.048 
VA-2 K-2 V 102 570 H~/G1as VG 981121SM 0.198 

513 0.733 
VA-2 K-2 V 103 2180 HAWC VG 98112 
VA-2 K-2 V 104 1670 HAWC· VG 98112 0.555 

7/84 VA-2 K-2 V lOS 1680 HAWC· VG 98112 0.607 
L 6250 I L 2.535 

11185 VA-2 K-2 V IlO 1060 HEWC SM519 0.505 
V111 7320 HEWC SM519 3:540 

2186 VA-2 K-2 V 112 7000 HEWC SM521 2.855 
12186 VA-2 K-2 V 113 10280 HEWC SM527 5.307 
4187 VA-2 K-2 V 114 5921 HEWC SM540FR 2.923 

L 31581 !: 15.130 
10/84 - PAl-v$.A K-3 I H~/Glas SMS13 
1185 
2/85 - PAMELA K-3 II 14700 LEWC SM513 14.900 
3185 
6185- PAMELA K-4 ill 6500 LEWC SMS13 10.000 
7185 
8/85 - PAMELA K-4 N 2000 act. LEWC SMS13 2.600 
9185 (blended) 

A.1.41 



:)are ?!am 

10/85 - I PAMElA 
8/86 

I 10186 - I ?AMEL\ 
I 9/91 I 

':187 I 
I 

:.187 
: I 

VA .. 2. 
V-WI 
V-WI 5j87 - i 

5i87 
0187- I "-WI 
:9187 • 

! 4188 - V-WI I 5/88 
I 1/89 - V-WI 
I 3/89 

! ji90-
, 6i90 

I~ 
6/91 
2192 -
3/92 

I 5/93-
, 7/93 

7/92 
7/92 -
8192 

3/93 
11193 

I VA-WAK.. ! 

VA-WAX.. 
VA-WAX.. 
VA-WAX.. 
VA-WAX.. 

I 
VA-WAX. 

I I 

I 
VA-WAX.. 
VA-WAX.. 

V-WI 
V-WI 

• inel. Noble metals 

i Cerarruc I Designation i 

" 

melter I of op-~ration 
Amount of I 

vitrified 
waste (I) i runs 

" 

K~ I 

K~ 

I K-5 

I 
K-2 

K-Wl 
K-Wl 

i 
I , K-WI 

K-W2 

K-W2 

1(..0' 
1(-6' 
1(-6' 
K-6' 

K-6' 

ESM 
ESM 

K-W3 
K-W3 

V liS 
WI 
W2 

W3 

W4 

W5 

DI 

D2 
D3 -
D4 
D5 

06 

UI 
U2 

CI 
C2 

49000 

860000 

~ 909000 
3804 

15700 
33700 

25360 

2: 74760 
33100 

30000 

I r 63100 
5000 

10300 

9600 
15400 

15900 

2: 56200 
2600 

14200 

r 16800 
24800 
20100' 

2:44900 

•• Check overtlow system 

A.l.42 

Type or 
HLLW 

act. LEWC 

act. HEWC 

HAWC-WAK 
HAWC 
HAWC 

HAWC 

HAWC-

HAWC-

HAWC-WAX.. 

HAWC-WAK-

HAWC-WAK
HAWC-WAK-

HAWC-WAK-

NCAW 
NCAW-

BVPM-simulatc 
BVPM-simulatc 

Type of 
giass fiit 

SM 513 

SM 540 

SWA752FR 
VG 9812.2 
VG 9812.2 Li 

VG 9812.2 Li 

VG 9812.1 Li 

VG 9812.1 Li 

SM752FR 

SM752FR 

SM752FR 
QGWAX..I 

GGWAX..1 

BVPM-frit 
BVPM-frit 

I Produced 

I waste giass " 
(t) 

78.000 

411.700 

" 489.700 
2.114 
5.500 

13.800 

7.100 

" 26.400 
12.800 

12.100 

I ~ 25.000 
2.500 

5.800 

5.600 
8.700 

9.300 

" 31.900 
1.080 
6.423 

I L 7.503 
14.900 
13.100 

2: 28.000 



riot'" d\{S~r\O"I,~1 f 4oc: 

Meller TYIIC K-I 'K-l K-J K-41 K-5 K-WI K-Wl K-6' K-WJ . ESI\1 

Vltrificallon Plant VA-I (INE) VA-2 (INE) VA-3 (INE) PAMELA (OWKIMol) V-WI (lNE) V-WI (INE) VA-2 K-W1 VA-2 
BII9ic Test Engineering PAMELA- Active Demonstration Wockersdorf Wllckersdorf PAMELA- DVPM- (Modified) 
Facility Test Focility Mock-up Plont) Mock-up Mock-up Mock-up Mock-up 

Wasle TYlle I lAW, 4261Jh LEWC,lffiWC, LEWC LEWC,lffiWC HAWC HAWC IIAWC-WAK 8VPM NCAW 
(Simulote) HAWC (Simulate) (Simulote) (Simulote Incl. (Simulate incl. (Simulate incl. (Simulate incl. j 

I (Simulote) noble me18ls) Noble metals) noble metals) Noblc IIlcials) 

Design Throughput 20 - 2S IJh 30 - 40 IJh 30 IJh 30 IJh 721Jh 72l1h 34 IJh 60 lilt 20llh 

GlaS! ProducCion Rate IS - 20 kglh 20 - 30 kg/It 30kglh 30 kglll 31 kglll 31 kglll 18 kglll 38 kglll 10 kglll 

Glass Pool Surface 0.36 m' 0.64 m' 0.12 m' 0.72 m' 1.4 m' 1.4 Ill' 0.88 ml 1.4 ml 0.2811\1 

Bottom Geometric Flot Flot Flol Flot Flat ·15- 6O-7S· 60 -7S· 
sloped bollom sloped bollom sloped wolls 

Gla!! Pool Volume 70 I 2S0 I 300 I 300 I 560 I 750 I (moK) 420 I (mllx) 750 I (max) 2341 

,4 
?> 

D1scharee Volume 25 I 50 I 60 I 60 I 150 I 1501 751 150 I 

.... 
~ 

Start-III' Technique 12 Henting 14 Henling 20 Hcoting 20 Heating 13 Heating 6 Hcnting 5 + 2 lleating 5 + 2 IIcnting <I + I Jlc.1tillg 
Elements Elements Elements Elements Elements Elements Elements Elements Elemcnts 

Number of Pairs of 3 2 4 4 5 4 3 ) 2 
Power Electrodes (Rods) (Rods) (Plates) (Plates) (Plntes) (Plnlcs) (Plntes) (PI nics) (Plnles) 

Glass Draining Systems Dollom Drain Bollom drain Doltom Drain Bollom Drnin Doltom Drain Dollom Drllin DolIO/II Drllill 1l01l0111 Druin 
(2) Ovcrnow) Overnow) Ovcrnow Over now Overllow Ovcrnow 

VOCUUIll Suction -
Glass Pnol Refraclory ER2161 ER2161 ER2161 ER2161 ER2161 ER2161 ER 2161 Ell 2161 EIl2161 

ZAC 1711 
ZAC 1681 
Supral AR 90 ---~-~- ---

Eleclrode I\hlerlal Molybdenum Inconcl690 Inconel 690 loconel690 Incollcl690 Incand 690 Incond 69() IlIcollc! 69Cl Inconcl1l90 
Tin Oxide ------- --- -

Ouf5ldc Dimension, 1.4x 1.4x 1.8m 1.8xI.8xI.9111 2.6xl.Oxl.Om i.6xl.Ox2.Om ).7)(2.4x2.3m ).4)(1 2)(2 2111 2 7x I 8)(1 jill ) 2x I 8)(2 5111 

(L I () I II) _. _______ A __ ---- ~--~~-- ----_._--- -- '.--... 
WcI,~hl 71 91 181 181 31 1 271 191 .H I 71 . __ . 

.'-- .. _ ---'----_ ... ---- - -- .-- - - ~-



i 
Glass Product 

fUW' liass 

~ 
liass Product 

Off
Gas """~ 

liass ProdlJ:t 

f t 
Glass Prodoct ((ill 

Ceramic melter 

K-1 
First liquid-fed ceramic metter 

Year of development 
Operation 
Type of 'Waste 
Vitrified 'Waste volume 
Produced ..... aste glass 

K-2 

1976 
1977-197 0 

HAW (L.26 In) 
19m J 

FtJ!I-~cale metter mregrated In an engmeermg 
t est facility (no iemote handling ;-ec;,moue 1 

Year of development 
Operation 
Types of .... aste 
Vitrified .... aste volume 
Produced .... aste glass 

K-3 
PAMELA mock-up melter 

Year of devetopment 
Operation 

Type of .... aste 
Vitrified .... aste volume 
Produced .... aste glass 

K-W1 

1978 
since 1980 

LEWe. HEWe. HA we 
38m 3 

26 r 

198{) 
(KfKIINE11983 
(P AMELA j 1985 

LE'w'e 
34m 3 

34t 

Full-scale test melter for the \lacxersdorf 
'vitrification plant (remo te handling technique) 

Year of development 
Operation 
Type of .... aste 

A.1.44 

1984 
Start-up in 1986 

HAWC 

* 
types develooed at INE 

-



Melter types iIi the PAMELA-project 

K-3 mock-up melter 

constructed in 1980 

K-4 first radioactive metter 

constructed in 1984 

K-5 back-up melter 

constructed in 1987 

K-6 melter for the vitrification ofHA we-W At< containing noble metals 

constructed in 1995/96 

- outside dimensions as well as supponing connections will be the same as for the 
melter K-4 and K-5 

- glass tank geometry will be changed. based on the experience with the sloped 
bottom melter K-W2. Bottom inclination 60 - 75° 

K-6' non-radioavtive mock-up melter 

constructed in 1988 

test operation in the V A-2 plant in order to fix the final design of the K-6 melter· 

-- --r_ 
.,:'.' 

..... _---- -

A.1.45 



.." ., ., K-3 
K-4 
K-5 

K-6' 

... 
o ... 

.... .., .... 

o 
." 

'" 

------_._-----------------------------

Me!ter cesignation 

Waste type 

Gloss pool surface 

Gloss pool volume 

Discharge volume 

Start-up technique 

Containment Height 

Total weight 

Comparison 

K-3, K-4, K-5 

LEWC, HE'NC 

0.72 m2 

300 I 

60 I (3 x 50 f) 

20 MoSi Elements 

2.6 m 
18 to 

K-6' 

HAWC-WAK sima 

0.88 m2 
co. 400 I 

2 x 75 I 

5 SiC Elements 

2.9 m 

ca. 20 to 

of PAMELA 
A.1.46 

melter types 



Main data and characteristics of the noble metals compatible prototype meiter K-6' 

Parameter/Characteristic 

Design throughput 

Glass pool surf~ce area 

Power electrodes 

Glass pouring systemS 

Heating of the overilow systems 

Glass melt level dctection 

Glass pouring batch 

Melter power control 

Glass melt reference temperature 

Melter power consumptiOn 

Glass tank inventory 

Number of temperature monitoring points 

Glass tank and melter plenum cemmic 
refractories 

Melter wall insulation 

Melterbox 

Melter box dimension 

Melter outside dimension 

Melter weight including 1040 kg of glass and 
transportation device (950 kg) 

Start-up heating 

Minimum quantity of start-up glass frit 

Type of start-up glass frit 

Couplings for el. power supply of power electrodes 

otrgaspipc 

Design undc:rprcssure in melter while operating 

Inleakage rate (at design underpres.sure) 

A.l.47 

DataiSpecificauon 

34 Uh feed 
18 kgIh glass production rate 

a,88m2 

Inconel690, three:nain paIrS, aJIccolc:a.. 
one bottom electrode, nOl aircooica 

Bottom drain. overilow drain 

By RHF completely 

By specially developed device, based on all e!. signal 

200 kg maximum 

By <:UrI'Clt control and POWl:" sui::control 

1150-1180 ·C (monitored by TR32) 

100 kW approximately, in total 

850 kg to 1050 kg 

29 

ER,2161.ER.1681.ER.·1711 
(supplier SEPR. Avignon, France) 

Multilayer ceramics with deaeasing thc:rmal conductivity 

Stainless steel containment box 

1826 x 2710 x 2262 mm (depth x length x height) 

2400 x 3370 x 2743 mm (depth x length x height) 

19236 kg (containment 3660 kg, ceramics 12442 kg, 
subcomponents like c:lcctrod.es etc. 634 kg, 
nozzles. bus bars 510~) 

By five SiC-heating ~lcments (melt.cr plenum) 
By two MoSi2-heating,elements (glass overflow) 

240 kg 

GG WAX. 1, 1350 dPas (950·C)~ 102 dPas (1150·C) 
27 Oem (950°C)~ 9.4 Oem (1 150·C) 

Special design, combined for supply of power and 
electrode cooling air 

Through meIt.cr plenum side wall 

! 

I 
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Melter development in the WackersdorfProject 

K-W1 First fuiI-scale test melter for the Wackersdorfvitrification plant 
(remote handling technique included) 

Year of deveiopment 
Operation 
Type of waste 
Vitrified waste volume 

1984 

1987 

HAWC, HAWCIMAWC 
78 m3 

K-W2 Non-radioactive mock-up melter repJacing K-Wl melter 

PlaC: : ~ d \£SJ.(~O_ 

Noble metal behaviour and especially lifetime aspects are to be considered 

Construction 
Stan-up 
Operation 

1987 

1988 

1988 - 1991 

A.1.49 



MeIter data K-W2 

Design feed rate 

:>esig.'1 glass production rate 

Giass vooi temperature 

Glass pool surface 

Glass tank volume 

Pairs of electrodes 

T ota! eiectrode surface 

Power input (at design feed rate) 

Glass draining 

Discharge volume 

Off-gas ieaving 

Start-~p system 

Glass pool refractory 

Containment 

Outside dimensions 

Weight 

A.I.50 

72l1h 

31 kglh 

1150°C 

1.4 m2 

600 -750 I 
4 

2500 cm2 

90 - 100 kW 

Bottom drain, overflow drain 

150 I 

vertically 

~ SiC-elements 

ER 2161 (30% Cr203) 

Stainless steel 

3.4 m x 2.2 m x 2.2 m 

27 to 
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Main data and characteristics of the noble metals compariOle 
BINc Vitrification Plant Mock-up melter (B VP.M) 

Pazarnetcr/CharacteristlC 

Design feed throughput 

Guarant.eed feed throughput 

Glass pool surface area 

Power electrodes 

Glass pouring systems 

Heating of the overf}Qw systems 

Glass melt level detection 

Glass pouring batch 

Melter powc:r control 

Glass melt refc:n:nce temperature 

Melter power consumption 

Glass tank inventory 

Number of temperature monitoring points 

Glass tank and melter plenum ceramic 
refractories 

Melter wall insulation 

Melterbox 

Melter box dimension 

Melter outside dimension 

Melter weight including 1700 kg of glass and 
trBnsportation device (900 kg) 

Stan-up heating 

Minimum quantity of start-up glass frit 

Type of start-up glass frit (B-VPlvtS glass frit) 

Couplings for cl. power supply of power electrodes 

Off-gas pipe 

Design tmdaprcssure in mclter while operating 

InIc:akage rate (at design underpressure) 

.A.1.S2 

DataiSpecificauon 

60 Uh feed 
38 kglh glass producuon rate 

45lJh 
26.9 kg/h glass 

1.4 m1 
Inconel 690, three maUl ~, am:ooiea, 
one bottom elc:ctrode, not airccoied 

Bottom drain. overflow drain 

By RHF completely 

a) By specially deveioped cic'llce, basea on an eL Signai 

b) By temperature nozzie, momtonng ~ 13 and TR 1 9 

400 kg maximum 

By current control and power su~ntrol 

1150-1180 ·C (monitored by TR18) 

110 kW approximatelY, in total inciuding ov~Jow 

1600 kg to 1900 kg approximately 

37 (including start-up monitoring points) 

ER 2161, ER 1681, ER 1711 
(supplier SEPR, Avignon, France) 

Multilayer ceramics with decreasing thennal conductivity 

Stainless steel containment box 

I 826x3198x2516 mm (depth x length x height) 

2603x3588x3200 mm (depth x lClgth x height) 

30 700 kg (containment 4500 kg, ceramics 21S00 kg, 
subcomponents like elearodes etc. 1000 kg, 
nozzles. OUS bars 500 k2) 

By five SiC-heating elements in the meltcr plenum 
By two MoSi2-heating elements (glass overflow) 

300 kg 

608 dPas (950°C); 55 dPas (11S0°C) 
23.1 Qan (950·Cj, 8.3 Qan (1l50°C) 

Special design, combined for supply of power and 
electrode cooling air 

Vertical, through meltcr lid 

I. 
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3.0 Review of Literature 

Tnis section contains a review of literature related to noble metals relevant to the melter perfonn
:mce dSsessmem. Tne general chemistry of noble metals precedes discussions of international vir
;Ificatlon studies on the behavior of noble metals in glass. 

3.2 General Chemistry of Noble Metals 

Platinum-group metals (or noble metals) are characterized by the common property of general 
chemIcal inermess. The group is comprised of ruthenium. osmium. rhodium. iridium. palladium. and 
Jlannum. Of these. Ru. Rh. and Pd originate from the fission of 235U and are present in Hanford neu
~:aiizea current acid waste (NCA W). a product from the reprocessing of spent fuel from nuclear 
-eaC" • .ors. Upon its discharge from a reactOr. the following radioactive noble metal isotopes are present 
in the spent fuel. in addition to stable isotopes: 

Isotope Half Life Stable Decay Product 

I03Ru 39.3 days I03Rh 

I06Ru 372.6 days I06Pd. 

I02Rh 2.9 years I02Ru 

l03mRh 56.1 min I03Rh 

I07Pd 6.5 E+06 years I07Ag 

Ruthenium-l03 and I03mRh decay to stable I03Rh within one year. Rhodium-l02 decays to stable 
I02Ru after approximately 30 years. This increase in stable Ru is largely offset by the decay of I06Ru 
that becomes stable I06Pd after 10 to 20 years. No appreciable decay of I07Pd occurs in 103 years. 

There are also small auantities of shorter half-life isopotes of Ru and Rh in fuel discharged from 
the reactor. These isotopes decay quickly. The amount of these isotopes is small « 10-1 g/T) 
compared to the stable Ru isotopes that are present. Thus. the isotopic distribution of noble metals is 
nearly constant over time. Ruthenium remains by far the most predominant noble metal. 

The NCAW contains several times as much Ru as Rh or Pd. and therefore the chemistry of Ru is 
of most interest to the Hanford Waste Vitrification Project (HWVP). The chemistry of Ru is complex. 
in part because it has eight possible valence states. Metallic Ru has a melting point of 231O°C and a 
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boiling point of 39OO D C, both of which are higher than temperatures reached in high-level waste 
storage tanks or in the reference HWVP melter. At approximately 8oo D e. Ru oxidizes in air to form 

Ru02-

The reprocessing of nuclear fuel yields wastes that contain many different species of Ru. Nitro 
and nitrato complexes of nitrosyl ruthenium are the most common and are mainly Ru all) nitrosyl 
derivatives (Fletcher and Martin 1955), such as trinitrato nitrosyl ruthenium [RuNO(N03h(H:O)"2] or 
sodium tetranitro nitrosyl ruthenium. N~[RuNO(N~)40H]. It is difficult to predict the distrIbutIon or 
.Ru among the numerous possible complexes in high-level wastes. 

3.1.1 Separation of Noble Metals from HLW Solutions 

Various methods for separating Ru·from high-level wastes have been examined. One involves 
separating the noble metals and Tc from insoluble residues in the waste (MacCragh 1972) by me!lIlS or 
various reaction and heating cycles. Another uses electrolytic separation to remove Pd. Rh. Te. ana 
Ru from PUREX acid waste (Carlin et ai. 1975). In this process, approximately 60% of the Ru was 
removed. A third method removes Pd, Tc, Rh, and Ru by passing PUREX ~lutonium-Uranium 
Extraction) waste through carbon beds containing various organic compounds that selectively remove 
each of the noble metals and the Tc (Moore 1974). Distillation of ruthenium tetroxide (RuO,J using an 
air stream and/or strong oxidants has been effective in removing up to 99% of the Ru from aqueous 
waste streams (Eaton et ai. 1950; Goryunov et ai. 1960). Separation methods may have different effi
ciencies depending on the form in which the noble metal is present. This can complicate separation 
efforts, as the distribution of noble metal species is sometimes not apparent and can change as the waste 
solution conditions change. Substantiai work has aiso been done on eXtraction of various noble metal 
complexes from solution by organic solvents or by use of ion exchange resins or Fe powder (Nikitina 
et ai. 1969; Bruchertseifer and Koch 1971; Bol'shakov et al. 1970; Mezhov et al. 1972; Blum et al. 
1972). However, such methods may not be applicable to waste solutions, which contain many different 
species of noble metals and may be much more complex than the experimental solutions. 

3.1.2 Solubility in Glass 

The noble metals'fed to a m~lter have limited solubilities in glass. The solubility limit in silicate 
glasses is approximately 0.05 wt% for Rh and approximately 0.03 wt% for Pd (Volf 1984), The solu
bility of Ru is only 0.01 wt% in silicate glasses containing <25 mol % Na20: bu~ can be as high as 
0.25 wt% when Na20 exceeds 25 mol % (Mukerji 1972). Schreiber et ai. (1991) found that the solu
bility of noble metals in waste glass is redox controlled. The large, amounts of iron present in waste 
glasses prevent noble metals from appreciably dissolving in the glass. The iron dampens out most 
efforts to increase noble metal solubility by oxidizing the melt. In a glass melter. the preponderance or 
noble metals will remain as particles of metal or oxide in the glass, or a fraction (primarily in the case 
of Ru) may volatilize. 

3.1.3 Volatility 

Ruthenium has the potential to be highly volatile in a melter environment. Ruthenium tetroxide is 
believed to be the primary volatile Ru compound. Its formation and volatility are dependent on 'a . 
number of variables, including presence of oxidants or reductants in the waste, concentration of 02' 
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and temperature. Small quantities of Ru04 can be formed at relatively low temperatures (up to 
l300e); however, this generally does not lead to significant losses of Ru. At temperatures. above 
l30°C. volatilization increases dramatically if oxidizing conditions exist (IAEA 1982). Reductants in 
the melt or an inert atmosphere drastically diminish the extent of Ru volatilization. Volatile fOnTIS of 
Ru other than Ru04 can form in a melter or in melter off gas. Ruthenium can also form voiatiie RuNO 
species by reaction with NOx• 

Much of the work in characterizing Ru volatilization addressed waste caicining :md meitmg ramer 
than a liquid-fed ceramic melter such as the referen~ HWVP meiter. Tne oxidizmg conainons or· 
waste calcining and melting result in volatilization losses of up to 80 % of the total Ru OAEA i 982). 
Volatilization from a liquid-fed-ceramic melter is not so substantial because the oxygen content is 
lower. Losses of volatile Ru from liquid-fed melters have been reported as 13 % to 26% (Klein er ai. 
1983) and 3% to 15% (Klein et al. 1985). 

Volatile Ru must be removed from the off-gas system to prevent discharge of radioactive matermis 
as well their accumulation in melter off-gas lines. At temperatures above lOOoe. RU04 is unstaole and 
can decompose to oxygen and Ru~, which plates out on off-gas piping. The deposited RuO:: can act 
as a· catalyst for further Ru deposition. 

3.1.4 Removal of Ru from Off Gas 

May et al. (1958) described removal of Ru from the gaseous phase by nirric acid. The effiCIency 
of removal depends on the Ru species present, Ru and nirric acid concentrations, temperature. and air 
flow rate through the scrubber. Off-gas streams from liquid-fed ceramic melters contain more Ru in 
solid particulate form than do off-gas streams from ca1ciners, where the Ru is primarily in the gas 
phase (Klein et al. 1985). A packed bed dust scrubber operating at 90°C to 95°C removed volatile Ru 
species leaving a liquid-fed melter as submicron aerosols (Klein et al. 1983). During this test, Ru02 
deposits accumulated in the solution and on the packing. 

Volatile RU04 can be adsorbed to various materials. Silica gel was 99.9% efficient in removing Ru 
as RU04. as droplets, and as particles (Gill and Wisehart 1954). The Ru can be eluted in water at 
60°C to 70°C (Newby et al. 1960). Other solid materials that adsorb Ru04 include ferric oxide, soil. 
and clay. 

As mentioned, numerous methods exist for removing Ru and other noble metal complexes from 
aqueous streams. These methods could be considered for treating off-gas scrub solutions or other sec
ondary waste streams. 

3.1.5 ffigh-Level Waste Simulant Process 

-
Because noble metal behavior is often dependent on the chemical species present, it would be 

desirable to know the species present in the actual tank waste and in the waste simulants used in melter 
testing. Because this information is .not available, the processes by which each is created will be com
pared. Then the representativeness of the simulant preparation process can be evalu.ated, although the 
exact distribution of species is not known. 

Spent reactor fuel is reprocessed via the PUREX process. The major steps in this process are sum
marized as follows: 
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1. The spent fuel is removed from the cladding and dissolved in hot HN~. 

2 .. N20 4 is added to adjust the oxidation state of Pu for more efficient extraction. 

3. Plutonium and U are extracted by tributyl phosphate (fBP) and normal paraffin hydrocarbons 
(NPH). A small fraction of Ru is eXtracted along with the P and U. 

4. The remaining :lqueous high-level waste is concentrated by evaporation to approximately 7M 

HN03• 

5. A reductant is a,dded to the waste to lower the HN~ concentration to approximately 2 to 4M. 

6. The waste is neutralized with NaOH before storage in tanks. 

This procedure cannot be precisely foHowed in preparation of simulated waste for melter tests. 
The feed preparation StepS are summarized as foHows: 

1. The major components (in the form of nitrates) are blended. 

2. The solution is neutralized, washed, and decanted. 

3., The slightly soluble chemicals are added. 

4. The minor components (including noble metals as nitrates) are slurried and neutralized. 

5. The minor comp.onent slurry is washed with O.lM NaOH and. decanted. 

6. The minor component slurry is mixed with the major component slurry. 

Differences between these two processes could cause the noble metals in the simulated melter feed to 
exist in a different form than in the actual NCA W. Differences in temperature or HN~ concentrations 
and the addition of N20 4 and reductants to the PUREX waste can account for differences in oxidation 
state or complexed form. However, in both cases, the primary component, Ru, would be expected to 
be present mostly as a mixture of nitro. and nitrato complexes of nitrosyl Ru. Distribution of the com
plexes changes on neutraiization. 

Another possible difference between actual waste and simulant is that noble metals precipitated 
. with the minor components of the simulant couid be more concentrated than if they were precipitated 
with all the components, both major and minor. However, in gradient furnace testing (GFT) of simu
lants, noble metals were co~centrated into identifiable particles of approximately 10 .um or less, regard
less of whether the noole metals were precipitated with the major components or with the minor 
components. 

None of these differences is expected to lead to significant differences between noble metal 
behavior in glass melts with actual and simulated feeds; however, the expectation must be confirmed. 
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3.2 Vitrification Studies at Savannah River 

The U.S. Depamnenr of Energy's Defense Waste Processing Facility (DWPF). where high-level 
radioactive waste will be vitrified into a durable borosilicate glass, is located at the Savannah River Site 
:SRS) In South Caroiina. Tne DWPF is the first such production facility in the United States. Its 
melter OesIgn was completed in 1982, before the effects of noble metals accumulation on melter opera
tIon were mown. CJlculatlons of refractory corrosion rates predict a melter life of 2 to 3 years. A 
SC:lemaac ar tills metter Oeslgn is shown in Figure 3.1. The Integrated DWPF Melter System (lDMS) 
·.lIas 13rer aeslgnea as a ::nlOI-scale test tacility for the DWPF. Before testing with the IDMS. two 
short-term noole metals campaigns with a I/100th scale mini-melter revealed a need for extended noble 
metals testmg. Numerous test runs with the IDMS melter addressed the designs of the DWPF feed 
preparation system, offgas system, and the melter itself. 

-:-he DWPF me iter aesign shown in Figure 3.1 has a cylindrical melt cavity with a shallow-disk 
bottom and IS iined with Monofrax K-3 ceramic refracto~. The total melter cavity volume is 193 ft3 
(5.5 mJ) with an average glass volume of 87.7 tt3 (2.5 m ). Two sets of water cooling systems keep 
the temperarure of the melter exterior lower than 50°e. Two pairs. of plate Inconel 690 electrodes are 
used to maintain the glass melt temperature at 1150°C, with·each pair supplying an average of 80 kW 
during normal operation. During routine glass pouring, an induced vacuum causes the glass to over
flow the riser and flow through the pour spout into stainless steel canisters. The riser/pour spout heater 
maintains the glass exit temperarure at 1100°e. The melter is designed with a production rate of 
approximately 103.4 kglhr. A bottom drain is used to remove residual glass from the melter after 
operations are complete [Gutmann (1988); SRS, unpublished, endnote 1]. 

The IDMS engineering-scale melter (schematic.in Figure 3.2) is prototypic of the DWPF melter. It 
was designed with a melt surface area of 0.29 m2 (approximately 1/9th of the DWPF surface area). and 
a melt volume of 0.20 m3. The decrease in melt surface area was achieved by adding a second I2-inch 
layer of K-3 refractory to the lower inside walls of the melt tank: of a DWPF melter, reducing the inner 
diameter from 48 inches to 24 inches. The design production rate of this smaller melter is therefore 
about 119 that of the DWPF melter, or 11 kg/h. Two pairs of electrodes maintain the melt temperature 
at around lI50 a C by providing 35-kW power. All other design fearures of the IDMS melter, such as 
materials of construction, drain systems, and cooling and heating systems, are essentially the same as 
the DWPF melter design (Hutson et al. 1991; Hutson 1992). 

Before testing was initiated with the IDMS melter, two campaigns were done with a 11l00th scale 
mini-me!ter between March and June 1989. Specific information about the mini-melter design is cur
rently unavailable. The two main objectives were to determine a) the impact of noble metals on the 
behavior of the vitrification system and b) the need for further testing. In the first campaign (LNM), 
feed was processed with the expected low concentrations of noble metals, producing 215 pounds of 
glass in approximately 2 weeks. The second campaign (HNM) used feed with high noble metals con
centrations. representing the worst case; 310 pounds of glass were produced in about 3 weeks. The 
noble metals concentrations are presented in Table 3.1 as a weight percent of the dry sludge in the 
feed. 
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Figure 3.1. DWPF Melter Design (Guunann 1988) 
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Figure 3.2. IDMS Melter Design (Hutson and Smith 1992) 

:Jr' .~ . -_:\ 

S?CC-:-

During operation of the mini-me Iter, no decline in electrical resistance due to noble metals was 
detected, and the electrodes displayed no adverse effects from noble metals. The glass product con
tained noble-metal particles of approximately 5 .urn, and no problems were experienced with the glass 
pouring system. When the melter was dismantled after the campaigns, metal nuggets containing Ru. 
Rh, Pd, Te, and Se were found on the melter floor.(al Unlike the experience of Germany. Japan. 
and PNL, needle-like crystals of Ru were not present in the glass product or on the melter floor. 

(a) Information on the form or oxidation state of noble metal particles was not provided. 

A.l.64 



Table 3.1. Noble Metals Concentrations (Allen 1989) (wt% dry sludge solids) 

Noble Metal LNM Campaign HNM Campaign 

Pd~ 0.046 0.046 

Rh~ 0.025 0.025 
Ru~ 0.135 0.458 
Total 0.206 0.529 

An overall noble metals mass balance indicated that 15% to 20% of the noble metals in the feed accu
mulated in the melter during each campaign. The observations during these two runs led to the deci
sion to perfonn additional campaigns with the IDMS melter to further investigate the behavior of noble 
metals [Allen (1989), unpublished. endnote 10; Nakaoka and Strachan (1990), unpublished, endnote 2: 
Kruger, unpublished, endnote 3]. 

Nine IDMS campaigns were proposed to investigate the effects of mercury and noble metals on 
melter operation. To dare, a total of 14 runs have been completed, with one planned for early 1994. 
Table 3.2 shows the target compositions of the three simulated sludges used in these campaigns (unpub
lished, endnote 4). The sludges are referred to as Blend, PUREX (high iron, low viscosity), and HM 
(high aluminum, high viscosity). Three campaigns were completed with the Blend sludge, four cam
paigns with the HM sludge, and five with the PUREX sludge. (Two additional runs for the HWVP are 
discussed later in this section.) As shown in Table 3.2, the PUREX and HM sludges contained the 
same amounts of noble metals. The original PUREX sludge fonnulation had a "much lower noble 
metals content, but additional noble metal compounds were added to the feed in all PUREX campaigns 
to match the concentrations in the HM sludge (Hutson, et al. 1991; Hutson 1993). 

The first two IDMS noble metals campaigns were conducted between June 1990 and March 1991. 
Their main purpose was to verify that hydrogen would evolve as a result of the noble metal-catalyzed 
destruction of fonnic acid during feed preparation. The Blend sludge simulant, shown in Table 3.3, 
was used in these runs, referred to as Blend 1 (BLl) and Blend 2 (BL2). A glass frit (Frit-202) was 
also added to the feed; its composition is shown in Table 3.4. Addition of noble metal compounds to 
achieve the desired concentrations in sludge preceded frit addition; these quantities are shown in 
Table 3.5. Campaigns BLl and BL2 produced, respectively, 2809 and 4368 pounds of glass (Hutson 
et al. 199"1). 

The BLl and BL2 runs were preceded by an IDMS campaign that did not include noble metals in 
the feed. Data from that run indicated that the glass pool resistances between the upper electrodes and 
lower electrodes remained relatively constant. When noble metals were introduced during BL 1 and 
BL2, a slight change in the ratio of upper electrode resistance to lower electrode resistance suggested 
that any accumulation of noble metals had little effect on the electrical characteristics of the glass 
(Hutson et al; 1991). 

Approximately 2 months after BLl was initiated, a glass sample that was taken I to 2 inches above 
the melter floor showed no signs of noble metals accumulation. After completion of the BL2 run, a 
second glass sample was taken from approximately the same location. Although Pd and Rh were not 
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Table 3.2. Target Compositions of Simulated Sludges (wt% elemental dry basis) 

Element Blend PUREX HM 

j,a 0.014 0.014 0.014 .. '" 
Al 6.860 3.936 8.966 
3a 0.302 0.271 0.129 
W 1.540 2.133 0.839 
~. 0.042 0.256 0.150 
Cs 0.006 0.002 0.019 
Cu 0.161 0.133 0.043 
Fe 20.600 24.486 13.611 
Group BeNd) 0.170 0.231 2.342 
Ha 

'" 1.588 0.102 3.263 
K 0.284 0.260 0.163 
);fg 0.141 0.147 0.277 
Mn 4.800 4.226 4.202 
Na 4.190 6.376 5.552 
Ni 1.880 2.607 0.828 
P 0.071 0.048 0.027 
Pd 0.045 0.079 0.079 
Pb 0.440 0.315 0.151 
Rh 0.018 0.038 0.038 
Ru 0.100 0.217 0.217 
Se 0.002 0.002 0.002 
Si 3.900 1.033 4.318 
Sr 0.000 0.021 0.242 
Te 0.022 0.022 0.022 
Zn 0.332 0.250 0.035 
Zr 0.127 2.589 1.363. 

detected in this sample, Ru needles of 5 to 15 microns in length were found in 20 to 40 micron clus
ters. Samples of the BLl glass product contained Ru02 needles, usually less than 5 microns long and 
frequently associated with Fe/MnlCr/Ni spinels. BL2 glass product samples contained Ru02 needles 
up to 5 microns, 20-micron Ru/spinel clusters, and 2-micron spherical aggregates of Pd/Rh and Pd/Ru 
(Hutson et al. 1991). 

The next two campaigns (Blend 3 and HM 1) were performed to investigate hydrogen generation 
during non-noble metal cold testing and did not include noble metals or mercury; they produced about 
4751 pounds of glass using Frit-202 as the glass former. The next four runs used high levels of noble 
metals to determine maximum amounts of hydrogen generation expected during actual radioactive 
operation of the DWPF. These four runs included two with the PUREX simulant (pXl and PX2), and 
two with the HM simulant (HM2 and HM3). They produced about 14,160 pounds of glass, using 
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Table 3.3. Blend Sludge Characterization (Hutson et al. 1991) 

Elemental Analysis by ICP - Microwave Dissolution 

Element Count Mean StDev % RSD Units 

Ca 64 1.547 0.109 7.046 wt% 

Cu 64 0.160 0.012 7.475 Wt% 

Mg 64 0.141 0.027 19.054 "lit: % 
Mn 64 4.784 0.276 5.776 wt% 

Pb 64- 0.435 0.037 8.581 wt% 

Z.D 64 0.332 0.017 5.257 wt% 
Zr 64 0.142 0.115 81.509 wt% 
Fe 64 20.918 1.267 6.055 wt% 
Na 64 4.280 0.542 12.661 wt:% 
Nd 64 0.179 0.120 67.202 wt% 
Ni 64 1.873 0.114 6.060 wt% 
Ti 64 0.007 0.003 4O.480(a) wt% 
Cr 64 0.048 0.036 76.071 wt% 
P 64 0.069 0.010 14.838 wt% 

Elemental Analysis by ICP - N~~ Fusion 

Element Count' Mean StDev % RSD Units 

Mg 68 0.163 0.041 25.167 wt% 
AI 68 6.863 0.292 4.254 wt% 
Ba 68 0.302" 0.013 4.382 wt% 
Fe 68 20.194 0.872 4.318 wt% 
Li 68 0.002 0.001 50. 003 (a) wt% 
Ti 68 0.011 0.009 79.215(a) wt% 
B 68 0.004 0.002 41.42i(a) wt% 
Si 68 3.901 0.181 4.631 wt% 

Ionic Analysis by IC 

Ion Count Mean StDev % RSD Units 

Nitrite 68 13472.044 373.414 2.772 mg/L 
Nitrate 68 1361.985 41.851 3.073 mg/L 
Sulfate 68 772.426 43.642 5.650 ·mg/L 
CI 66 1084.288 84.063 7.753 mg/L 
·F 66 845.212 298.095 35.269 mg/L 

(a) Indicates components which are most likely not present in the Blend sludge. 
Measurements shown are the baseline value. 
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Table 3.4. Frit-20~ Composition (Hutson et al. 1991) 

Specified Actual 
Component wt% wt% 

Si02 77.0 ± 1.0 76.6 
NazO 6.0 ± 0.5 6.1 
B.,O~ - ~ 

8.0 :: 0.5 6.7 - ... Li20 7.0 :: 0.5 I., 

MgO - 2.0 ± 0.25 1.9 
A120 3 < 1.89 0.45 
F~03 < 0.29 0.04 
Mn < 0.2 nJa 
Ni < 0.2 nJa 
Cr < 0.1 nJa 
Pb < 0.1 rua 
Ti~ < 0.15 0.09 
F < 0.05 0.01 
Cl < 0.05 0.01 

Table 3.5. Noble Metals Quantities Added in Campaigns BL 1. BL2 (Hutson et ai: ! 991) 

Compound (grams) Element (grams) 

Element Compound Added BLl BL2 BLl BL2 

Ru RuCI3, 42 wt% Ru 1617.4 1617.0 679.3 679.1 
Rh Rh(N03h solution, 2871.5 2871.9 141.7 141.7 

4.933 wt% Rh 
Pd Pd(N03n solution, 4040.5 4037.0 354.3 354.0 

8.769 wt% Pd 

Frit 202. An accumulation of noble metal deposits was first detected on the melter floor near the com
pletion of these runs, when the melter began showing the first signs of changes in electrical behavior. 
Specific information about noble metals retention and glass product composition for the first six runs is 
currently not available (Hutson 1993). 

Because of similarities between the DWPF and HWVP melter designs, the IDMS facility was then 
used to process and characterize a was~ sludge simulant known as the Hanford neutralized current acid 
waste (NCAW '91). Two noble metals campaigns completed-between November 1991 and February 
1992 are referred to as HWVP1 and HWVP2. 
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The melter feed for the HWVP campaigns was prepared by first combining a mixed hydroxide 
slurry with primary trim chemicals to obtain a waste simulant that was deficient in noble metals. Noble 
metal compounds were then added in the amounts shown in Table 3.6. Frit. formic acid. and other 
chemicals were then added to the feed mixrure to produce a simulant nearly identical to NCA W '91. 
The frit used in the runs was specified by PNL; its composition is shown in Table 3.7. The final 
compositions of the waste simuiant feeds used in the HWVP campaigns are shown in Tables 3.8 and 
3.9 (Hutson 1992). 

Tahle 3.n. Noble Metals Quantities (Hutson 1992) 

Compound (grams) Element (grams) 

Element Compound Added HWVPl HWVP2 HWVPI HWVP2 

Ru RuC13, 42 wt% Ru 4445.0 4445.0 1866.9 1866.9 
Rh Rh(N03)3 solution, 10482.5 10482.3 517.1 517.1 

4.933 wt% Rh 
Pd Pd(N03h solution. 7334.0 7334.0 643.1 643.1 

8.769 wt% Pd 

Table 3.7. Frit Composition (Hutson 1992) 

-~ ~- ---- - -~ 

Component 

Si~ 
~03 
Li20 
Na20 
CaO 
F~03 
Ti~ 
Z~ 
Al20 3 
BaO 
K20 
ZnO 

Specified wt% 

72.26· 
20.45 

7.29 
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Actual wt% 

73.135 
18.902 
6.972 
0.359 
0.088 
0.039 
0.103 
0.039 
0.189 
0.016 
0.031 
0.078 



Table 3.8. HWVPl Waste Simulant Feed Composition (Hutson 1992) 

Measured Corroded NCAW'9J 
Elemental Oxide Oxide Oxide 

C.JmDooent Oxide Wt% Wt% W% Wt% 

Potassium K..,O 0.14 0.18 0.18 0.07 
C:slUm es...O 0.73 0.84 0.17 0.17 
A1ummum .-\1..,0 1.33 2.74 2.74 :.75 
Banum BaO 0.05 0.05 0.05 0.05 
Boron B:°3 3.98 13.94 12.98 13.91 
Cadmium CdO 0.79 0.98 0.98 1.00 
Calcium Cao 0.23 0.36 0.36 0.24 
Cerium CeQ., 0.21 0.27 0.27 0.18 
Clromium C::03 0.06 0.09 0.12 0.08 
Copper Cuo 0.07 0.09 0.08 0.07 
Germa.mum Ge~ BDL BDL BDL <0.01 
Iron F~~ 4.88' 7.59 7.11 8.11 
Lanthanum ~03 0.20 0.26 0.26 0.19 
Lead PbO 0.13 0.15 0.15 0.18 
Uthium U..,O 2.31 5.41 4.81 4.96 
Yfagnesium MgO 0.08 0.15 0.15 0.12 
Yfanganese MnO 0.43 0.60 0.60 0.65 
Moiybdenum Mo03 0.11 0.18 0.19 0.16 
Neodymium N~~ 1.81 2.30 2.30 1.00 
Nickel NiO 0.43 0.59 0.59 0.66 
Niobium ~Os BDL BDL BDL <0.01 
Palladium Pd~ 0.07 0.09 0.09 0.03 
Phosphorus P20 S 0.06 0.16 0.16 0.38 
Praseodymium Pr20 3 0.15 0.19 0.19 0.04 
Rhodium Rh:03 0.04 0.05 0.05 0.03 
Rubidiium Rh20 3 BDL BDL BDL 0.02 
Ruthenium R~03 0.13 0.17 0.17 0.11 
Samarium S~03 0.10 0.12 0.02 0.02 
Selenium Se~ 0.03 0.05 0.05 <0.01 
Silicon SiQ., 21.23 49.45 49.45 52.04 
Silver Ag20 0.04 0.04 0.04 0.03 
Sodium N~O 4.97 8.77 7.90 7.83 
Strontium srO 0.02 0.02 0.02 0.03 
Tantaium TazOs BDL BDL BDL <0.01 
Tellurium Te~ ND ND ND 0.03 Tm SnO 0.02 0.02 0.02 <0.01 
TItanium TI~ 0.09 0.15 0.15 0.19 
Yttrium Y:03 0.02 0.03 0.03 0.02 
Zinc ZOO 0.11 0.16 0.15 0.10 
Zirconium ZrO: 2.55 3.75 3.75 4.31 
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Table 3.9. HWVP2 Waste Simulant Feed Composition (Hutson 1992) 

Elemental Oxide NCAW'91 

Component Oxide Wt% Wt% Oxide Wt% 

Potassium K20 0.08 0.09 0.07 

Cesium Csz° 0.10 0.11 0.17 

Aluminum A120 3 1.36 2.68 1.75 

Barium BaO 0.05 0.06 0.05 

Boron ~03 3.99 13.43 [3.91 

Cadmium CdO 0.80 0.95 loCO 

Calcium Cao 0.27 0.39 0.24 

Cerium CeDi 0.11 0.14 0.18 

Chromium Cr203 0.05 0.08 0.08 

Copper CuO 0.07 0.09 0.07 

Germanium Ge~ 0.02 0.03 <0.01 

Iron F~03 5.08 7.59 8.11 

Lanthaniun Laz°3 0.12 0.15 0.19 

Lead PbO 0.18 0.20 0.18 

Lithium ~O 2.29 5.15 4.96 

Magnesium MgO 0.10 0.18 0.12 

M~ganese Mn~ 0.41 0.55 0.65 

Molybdenum Mo03 0.11 0.17 0.16 

Neodymium N~03 0.88 1.08 1.00 

Nickel NiO 0.45 0.60 0.66 

Niobium ~OS BDL BDL <0.01 

Palladium Pd~ 0.01 0.01 0.03 

Phosphorus P20 S 0.03 0.07 0.38 

Praseodymium Pr20 3 0.04 0.05 0.04 

Rhodium Rhz°3 0.01 0.01 0.03 
Rubidium Rb,.°3 BDL BDL 0.02 
Ruthenium RU203 0.04 0.05 0.11 
Samarium Smz03 0.02 0.02 0.02 
Selenium Se~ BDL BDL <0.01 
Silicon Si~ 24.00 53.63 52.04 
Silver Ag20 0.04 0.05 0.03 
Sodium (lCP) NazO 5.79 8.16 7.83 
Strontium srO 0.03 0.04 0.03 
Tantalum TazOs 0.01 0.02 <0.01 
Tellurium Te~ NA NA 0.03 
TID SnO 0.01 0.02 <0.01 
Titanium TI~ 0.09 0.16 0.19 
Yttrium Y20 3 0.02 0.02 0.02 
Zinc Zno 0.10 0.13 0.10 
Zirconium Z~ 2.66 3.75 4.31 
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Melter operation began with the transfer of approximately 490 gallons of HWVPI simulant feed to 
the melter feed tank. However. approximately 300 gallons of residual waste simulant (containing noble 
metals) from a previous melter run remained in the feed tank. The first batch of HWVPI slmulam was 
therefore mixed with the residual simulant in the melter feed tank before pumping to the melter. The 
HWVPI campaign produced approximately 3390 pounds of giass, and some residual waste simUlam 
remained in the melter feed tank following the run. The HWVP2 campaign was initiated by trans
ferring approximately 550 gallons of simulant to the melter feed tank, where :t was mlxea W 1m me 
residua! HWVPI simulant. During.this campaign, the average feea rate was 3.bou!:::SA ,b oXlaes/h. 
producing a total of 4561 pounds of glass. As before, approximately 300 gallons of waste ,er:1amea ,n 
the melter feed tank at the completion of the run (Hutson 1992). 

Samples of the feed material and the glass product for both campaigns were obtained and analyzed 
for noble metals content by Monarch Analytical Laboratories, an independent laboratory. Analysis 
results of samples obtained at steady state (after 2 to 3 meiter turnovers) during each campaIgn were 
used to calculate steady state noble metals retentions; all noble metals not accounted for m the proauc: 
were assumed to have remained on the melter fioor. The steady state retention values were then used 
in calculating overall retentions for each campaign (Hutson 1992). Table 3.10 shows the results of 
these calculations. As noted in the table, negative retention values for Pd during the HWVP2 campaign 
suggest that more Pd was discharged than was fed. The actual reason is not known, but there are three 
possible explanations. Tables 3.8 and 3.9 show that the HWVPl feed had a greater P9 coment than the 
HWVP2 feed (0.09 wt% versus 0.01 wt%). Since a significant amount of the HWVPI feed remamed 
in the melter feed tank at the end of the first campaign and was then combined with the first batch of 
HWVP2 feed, it is possible that more Pd was fed than was reported. That would have occurred if the 
HWVP2 feed was analyzed before it was mixed with the residual waste in the tank. A second possible 
explanation is that a significant amount of Pd from the HWVPl campaign remained in the melter cavity 
at the end of the run, was removed with the HWVP2 glass product, and was included in the material 
balance for the HWVP2 campaign. The third possible explanation is analytical error in measuring 
noble metals the glass and feed samples. 

Table 3.10. Noble Metals Retentions in HWVP Campaigns (Hutson 1992) 

Steady State Retention, % Overall Campaign Retention. % 

Element HWVPl HWVP2 HWVPl HWVP2 

Ru 13.1 12.7 17.7 17.5 
Rh 15.1 9.2 20.6 9.7 
Pd 3.4 -8.1 1.9 -7.6 
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Periodically during and after the HWVP campaigns. glass samples were taken about 3 to 5 em 
above the melter floor, analyzed for noble metal content. and examined with a scanning electron 
microscope (SEM). Table 3.11 shows the analysis results for those samples. Before feeding of the 
HWVPI simulant. a sample taken above the melter floor showed evidence of mainly Ru02 crystals and 
Ni/Mn Fe/Cr spinels accumulated on the melter floor in previous runs. A sample taking during the 
campaIgn contained the same noble metal and spinel compounds. as well as individual Pd panicles. 
Finally, a sample taken after completion of the run contained the same types of deposits plus some Rh. 
All HWVPl giass samples were obtained waugh the feed rube pon at the center of the melter .floar 
(Hutson 1992). 

Durmg me HWVP2 campaign, giass sampJes were obtained from both the center feed rube pon and 
the borescope pan located near the face of one electrode. A comparison of the analysis results of sam
ples taken from the two locations shows that an uneven layer of noble metals had accumulated on the 
melter floor. with a higher concentration of Ru in the samples taken from the borescope pan. which 
was near the outside edge of the melter cavity. Therefore. convective currents may act to move the 
Ru~ from the melter c~nrer toward the outside edges. Also. the presence of Ru~ in samples taken 
from the outside edge of the metter no or suggests that the temperarure near the edge. may be lower than 
the bulk glass temperarure; Ru~ decomposes at temperarures > lOOOoe (Hutson 1992, 1993). 

Four additional campaigns with the IDMS melter, using Frit-202 as the glass former. were con
ducted primarily to justify a change in the feed preparation system from formic acid to nitric acid addi
tion. One run used the HM simuiant (HM4), and the remaining three used the PUREX simulant (PX3. 
PX4, and PX5). During HM4 and PX3, approximately 8334 pounds of glass was produced. Quanti
ties of glass produced during PX4 and PX5 are currently not available. 

Table 3.11. Analysis of Melter Floor Samples (Wt%) from HWVP Campaigns (Hutson 1992) 

Sample: (a) 

Location: 

Element 

Ru 
-Rb 
Pd 

Before 
HWVP1 

Feed Tube 

Date: 
10115/91 

4.68 
0.41 
0.07 

(a) Values in wt%. 

During 
HWVP1 

Feed 
Tube 

12/4191 

0.42 
0.03 
0.02 

A~r 
HWVP1 

Feed 
Tube 

12/18/91 

6.20 -
0.30 
0.01 

After 
HWVP2 

Feed 
Tube 

2/18/92 

2.02 
0.02 
0.33 
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After 
HWVP2 

After 
HWVP2 

Feed 
Borescope Tube 

3/6/92 3/27/92 

9.67 5.53 
0.27 
0.08 

After 
HWVP2 

Borescope 

4/20/92 

12.60 
0.18 
0.09 



Feed and glass product samples were analyzed during the first twelve IDMS campaigns to estimate 
overall retentions of nobie metals. Approximately 43,542 pounds of glass produced during these 
twelVe cammu!?;ns contained an average of 0.039 wt% Ru, 0.009 wt% Rh, and 0.021 wt% Pd. (a) 

Table 3.12 ~ho""ws tile overall mass balances and the resulting retentions of noble metals. The negative 
"lalue for" % ~etained" of Pd is most likely a result of analytical error. 

The overall eXDerience of IDMS noble metals melter campaigns has been 'si~ilar to the experience 
Jf Germany, :anan . .md PNL (see Sections 3.3. 3.4, and 3.6). Tests performed with a 11l00th scale 
"!lim-:1leirer :-esuHeO in an overall noble metals retention of 15% to 20% during the production of 
525 pounas of glass; cnanges In electrical resistance of the glass were not detected during the runs. 
Subsequent campaigns with noble metals were done with the IDMS 1I9th scale melter. During initial 
operation of that meiter, changes in electrical behavior were not detected due to noble metals; however. 
after the completion of approximately six campaigns, the melter began showing signs of changes in 
e:ecmc:u benaVlor. and an accumulation of noble metals was detected. Two campaigns using an 
HWVP simU1ant feed also showed retention of noble metals: 0% to 2% for Pd, 10% to 21 % for Rh. 
and 18 % for Ru. Analysis of samples taken from varying locations on the melter fioor suggested an 
uneven layer of accumulated noble metals. Convective currents within the melter may have been 
moving me particles toward the outside edges of the melter floor. Overall noble metals retentions for 
twelve IDMS campaigns were estimated from analyses of feed and glass product samples during the 
runs. Overall, 35 % of Ru, 21 % of Rh, and 0% of Pd was retained during the twelve campaigns. 

3A3 Vitrification Studies in Germany 

In 1976, Germany began developing ~ vitrification program for treating radioactive wastes. Much 
of the initial work centered around treating radioactive waste generated from reprocessing fuel elements 
at the Eurochemic plant in Mol, Belgium. Two wastes were produced and subsequently vitrified at the 
Mol plant, 50 m3 of low enriched waste concentrate (LEWC) and 760 nf of high enriched waste con
centrate (HEWC). The LEWC had a high concentration of noble metals that settled in the melter to 

form a conductive layer on the melter fioor, leading to processing difficulties in the melter. Realizing 
the problems caused by noble metals in melters, Germany developed a program to evaluate the glass 
chemistry of noble metals and the effect of noble metals on glass performance. 

Table 3.12. Noble Metals Mass Balance (Hutson 1993) 

Element Quantity Fed. Ib Quantity Poured. Ib % Retained 

Ru 26.05 16.90 35.1 
Rh 5.10 4.02 21.2 
Pd 8.93 8.95 - 0.2 

(a) These values represent the overall glass product compositions, calculated from the total glass and 
total noble metals poured during the twelve campaigns. Two of the campaigns, however, did not 
include noble metals in the feed simulant as previously mentioned. 
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3..3.1 K-l Melter 

The first small-scale liquid-fed ceramic melter (LFCM). designated K-l. was developed at 
Kemforschungszenn:um Karlsruhe (KfK) at the Instirut fUr Nukleare Entsorgungstechnik nNE) in 
1976, and was later operated from 1977 through 1979 at the VA-l testJacility. The primary purpose 
of this melter was to test refractory and electrode materials. The waste processed was a simulant of 
high-activity waste (HAW), producing 18 m3 of glass during 1500 hours of operation and 17.500 hours 
of idling. The acrual composition of the waste simulant processed is not cenain. Tne meiter desIgn 
specifications included a througnput of 20 to 25 LIh, a glass production rate of 15 to 20 kg/h . .l SlasS 
pool surface area of 0.36 m2, and a glass pool volume of 70 L. There were three pairs of elecrroae 
rods made of molybdenum and tin oxide, and the melter bottom was essentially fiat. The refractory 
was made of four different materials (ER-2161, ZAC 1711, ZAC 1681, and Supral AR 90), one 
material on each wall. Figure 3.3 shows a schematic of the melter design (Grunewald, Koschorke. 
and Roth 1986). . 

Following operations, the melter was exainined for corrosion. The ER-2161 fused-cast ceramIC 
refractory material showed the least amount of material loss. This refractory, composed of 28 wt% 
Cr203' 28 wt% A120 3, 30 wt% Z~, and 14 wt% Si~, lost approximately 10 to 20 mm of thickness 
over 2.5 years of operation, and was subsequently chosen as the material to be used in later melter 
designs. Also, the molybdenum electrodes were highly corroded after 2.5 years of operation. with 

HllW 
COOLING "-
WATER " 

STEEl SOX 

HEAT 
INSUlATION " . 

CERAMIC 
REFRACTORY 

OFF·GAS ~ 

rREEZE VALVE 
IIICal1t lUlU 

- HEATING ElEMENT 

CODLING AIR 
FOR ElECTRODE .. 

ElECTRODE 

MEAN FREOUENCY 
HEATING 

CANISTER 

Figure 3.3. K-I Melter Design (Weisenburger, Grunewald, and Koschorke 1979) 
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the upper set showing twice as much corrosion as the lower set. The more extensive corrosion 
occurred in the upper set because those electrodes were partially exposed. Frequently the electrodes 
had to be pushed through the melter walls, a very difficult task (Grunewald. Koschorke. and Roth 
1986; Weisenburger 1980). 

3.3.2 K-2 Melter: KfK-INE 

The K-2 melter was developed in 1978 and began operating in 1930 at me VA-l rest facliity :It 
Ktx. The primary purpose of this melter was to test melter equipment. including C)oiing systems. : .. ne 
otfgas system, and the melter bottom drain. The melter was designed as a scale-up of K-I. with a glass 
pool surface area of 0.64 m2, a glass pool volume of 250 L, a throughput of 30 to 40 Lih. and a glass 
production rate of 20 to 30 kglh. It had two pairs of electrode rods made of Inconel 690. As with the 
K-l melter, the refractory material was ER-2161 fused-cast ceramic. The K-2 melter design is shown 
in Figure 3.4. The wastes processed, in the form of nitric acid feeds, were simulantS of LEWC 
HEWC, and high activity waste concentrate (HAWq. Figure 3.5 shows relative composlIlons and 
activities of these three actual wastes, and Figure 3.6 provides compositions of the acruai glass produCtS 
generated (Grunewald, Koschorke, and Roth 1986). 

HEAn~1i 
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HEAT 
lIISuunON 
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i, 
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300 1111 fll. 

Figure 3.4. K-2 Melter Design (Weisenburger, Grunewald, and Koschorke 1979) 
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F~l!d - Composition a !.£IiC - Hal D HE\o(C - Hal • I HA\o(C - Wackersdorf 

Specific Activity 011 165 9 608 

Density 9 Icm] U7 t3 12 

OXIde Yield gil 180 100 66 

Free Nitric Acid MIl U 0.5 5 

'/oIUliI!! mJ 49 Itatall 757 Itohll 372 1~~lyJ 

]I O.t:a rllter to T.:Ink-(onlIlDsitian 540-12 

Figure 3.5. High"Level Liquid Waste Types (Grunewald, Koschorke, and Roth 1986) 

Glass Product 

WaSTe - Loading, lJeight-% 
Viscosity at 1150°(, dPas 

Electr. Resistivity at 1150 °C,n em 

o LEWC - Glass ~ HE we -Glass II HA we -Glass 

11 24.1 15 
50 74 55 
43 31 18 

~60~~--.---~----~-----r----~--------r-----~---r-----T--~~--~--~ 

, Si02 1 
:g, 50 . 
• ;u 

~ 40 

30 

20 
other 
Oxides 

10 CaO MgO Ti02 RU02 Rh Pd 

L1-~lL~~~~:E~LJ~I:~~~.l:6~:lo.m~ll:CJlIC:Cl~I~I~~n:lo.":I~ll:'JLJ~tJ o 

Figure 3.6. Glass Product Compositions for the K-2 Melter Operation (Grunewald, 
Koschorke, and Roth 1986) 
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During testing of the K-2 melter, 5.5 m3 of HAWC simulant was vitrified, producing about 
::;.5 metric tons of glass. Waste simulant was fed at an average rate of 15 Llh. along with glass beads 
ranging In size from 0.1 to 1.25 mm in diameter. The average glass production rate was 34 kglh. The 
2:1ass oroauc. form. known as VG 98112.2, was a borosilicate glass previously developed from the 
;aren~ 7ormuiatlon VG 98/12. Of the noble metals fed during this test, 67% of Ru and 63 % of Pd 
~ccumU1ateO on me melter door in the form of Ru~ and Pd-tellurides. The flat melter floor and a 
slightiy elevated cram hoie prevented these particles from draining. The Ru~ crystals were smaller 
;:nan ~ .J.ffi • .ma me Pd tellurides were about 5 ,um in diameter. The settled layer of noble metals had 
J.n increased VISCOSIty and a decreased resistivity compared to the bulk glass. Although the electrodes 
Jid :JOt :faii aurmg :he operation, a decrease in electrical resistance was observed between the bottom 
eie...--rroaes (Pentinghaus 1986). 

3.3..3 K-3 Melter 

As pail of tile mock-up facility VA-3 at KfK, the K-3 melter was developed and later used as a test 
:neiter :or :ne ?Ai\tiELA plant. It was designed by combining operating test results for materials and 
equipment from the previously tested K-l and K-2 melters. After the design was completed in 1980. it 
was put into operation in 1983 at KtK. Figure 3.7 shows a schematic of the melter design. The design 
features included a throughput of 30 LIh, a glass production rate of 30 kg/h, a glass pool surface area 
of 0.72 rn2, and a glass pool volume of 300 L. There were four pairs of air-<:ooled electrode plates 
made of Inconel 690, rwo lower and two upper sets. Their arrangement in the melter cavity is shown 
in Figure 3.8. The refractory material was ER 2161, and the melter plenum was surrounded by a 
ceramic refractory (ZAC 1681, composed of 51 % Al20 3, 33% Z~, 16% Si02). Twelve heating 
elements made of MoSi2, shown in Figure 3.9, were used as an external heat source during startup of 
the melter. In addition to a bottom drain system for glass removal, this melter also had a glass over
flow system used in the production of glass beads. During the tests, a total of 34 m3 of LEWC sim
ulant waste was vitrified, producing 37 metric tons of glass. At KfK, 19 m3 of simulant was first 
processed in three campaigns, and another 15 m3 was then processed at PAMELA in 1985 
(Grunewald. Koschorke. and Roth 1986; Weisenburger 1980). 

3.3.4 K-4 Melter 

The PAMELA vitrification plant, located in Dessel, Belgium at the Eurochemic site. was 
designed with an LFCM referred to as K-4. Its design was based on the K-3 melter with only a few 
modifications. After construction was completed in late 1984, the melter was put into hot operation 
in October 1985 following 1 year of cold test campaigns. The melter operated in four campaigns from 
October i985 co May 1988 (Buelt, unpublished, endnote 5). 

The K-4 melter, shown in Figure 3.10, is essentially the same design as the K-3 melter. It has 
outside dimensions of 2 x 2 x 2.6 m (1 x w x h) and is lined with the ER 2161 refractory. Four pairs 
of electrode plates (two upper and two lower) made of Inconel 690 provide the joule heating. These 
plates are air cooled to maintain the electrode temperature below 1120°C. At a maximum, the upper 
electrodes consume 55 kW and the lower electrodes consume 20 kW. Two outlets from the melter for 
removing the glass product include a bottom drain for the glass blocks and an overflow for the produc
tion of glass beads. The bottom of the melter is essentially flat, with approximately a 4 ° slope (Wiese, 
H6hlein, and Weisenburger 1986): 
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Figure 3.7. K-3 Melter Design (Weisenburger 1980) 

A.1.79 

cooling 

View port 

--- Meller 
Rerun 

__ :-!eaung 
.- r e!efTle1'lt 

1 to, ,ICrt .... 
MeUi'og 
ian!< 

__ Electrode 



Figure 3.8. K-3 Melter Cavity, Horizontal Cross-Section (Weisenburger 198Q) 
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Figure 3.9. K-3 Melter Plenum, Horizontal Cross-Section (Weisenburger 1980) 
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Figure 3.10. K-4 Melter Design (Hahlein et al. 1986) 

Two types of high-level waste solutions vitrified at PAMELA include approximately 50 m3 LEWC 
and 800 m3 HEWC. Their compositions and relative activities are shown in Figure 3.11. Because of 
the high sulfur content of the LEWC, the waste glass loading was limited to 11 wt% on an oxide basis; 
however, the HEWC glass waste content varied between 21 and 25 wt% on an oxide basis. The melter 
was designed to have a throughput of 30 kg/h for the LEWC and 12 kg/h for the HEWC glass (Wiese 
and Ewest'I988). 

During the first year of operation, 47 m3 of LEWC was vitrified, producing 467 glass blocks in 
stainless steel canisters and 100 Vitromet canisters. Vitromet is produced by incorporating glass mar
bles in a metallic matrix. The LEWC. containing 8 x l(Ji Ci and significant amounts of noble metals, 

_ was fed continuously at a rate of 20 to 30 kg/h for the glass block canisters, and 12.2 kg/h for the 
Vitromet canisters. Giass frit in the form of 2-mrn-diameter glass beads was fed batchwise at a rate of 
6 pulses per hour, In the 47 m3 of waste feed. there were about 90 kg of noble metals (pd, Rh, Ru), of 
which 64.4 kg was Ru (Wiese and Ewest 1988; Buelt, unpublished, endnote 5). 

After the first year. the throughput capacity dropped from 30 kg/h to 20 kg/h. A sample taken 
from the melter bottom showed areas of Ru concentration 80 times higher than the concentrations in 
the bulk glass, An overall noble metals balance, shown in Figure 3.12, shows that approximately 67% 
of the noble metals accumulated on the melter floor to form a layer approximately 5 cm deep. This 
layer had an electrical resistance about 3 times lower, and a viscosity about 5 times higher, than that of 
the bulk LEWC glass at 1150°C. Because the settled sludge layer was significantly more conductive 
than the bulk glass, the current field and electric potential in the melter was affected, as shown in 
Figure 3.13, where the density of lines represents the density of current and potential [Weisenburger 
(1989) unpublished, endnote 11; Wiese and Ewest (1988)]. 
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Figure 3.11. Composition of LEWC and HEWC (Wiese and Ewest 1988) 
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Figure 3.13. K-4 Melter Electric Potential and Current Field [Weisenburger (1989), ~npublisned. 
endnote 11]. Current density shown by line depsity. 

Approximately 215 m3 of HEWC was also processed by the K-4 melter during the last campaign. 
Compared to the LEWC waste, the HEWC was significantly less radioactive, containing 4 x 1 c1 Ci 
activity, with considerably fewer noble metals. The glass frit used for the HEWC was SM 539 (see 
Table 3.13 for the composition). This frit was chosen over the SM 527 frit listed in the table because 
of its lower viscosity at 1150°C of 50 dPa' s compared to 120 dPa' s (Wiese and Ewest 1988). 

During the entire melter operating period of 2-2/3 years, four electrode failures were obserVed. 
Some believe' the failure was caused by the shan circuiting through the highly conductive settled sludge 
layer of noble metals; others think the failures resulted from the asymmetry of the melter, which 
caused the current to flow off center and create a transfer of current from one pair of electrodes to an 
adjacent pair. This theory is supponed by the fact that three of the four failures occurred with the top 
electrode (Buelt, unpublished, endnote 5). 

In November 1986, the bottom drain of the K-4 melter failed. as shown in Figure 3.14. The sus
pected cause of the failure was an accumulation of heavy metal oxides on the floor. The overflow sys
tem then failed in May 1988, leading to the melter's shutdown and replacement with the K-5 melter 
(Buelt, unpublished, endnote 5; Tobie and Weisenburger 1990). 
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3.3.5 K-S Melter 

Table 3.13. Composition of Glass Frit, wt% (Wiese 1988) 

Si02 
~03 
N~O 
Li.,O 
TiO:z 
CaO 

Former Glass Frit 
(SM 527) 

50.0 ± O.S 
28.0 ± 0.5 
11.0±0.3 
4.0 ± 0.1 
2.0 ± 0.2 
5.0 ± 0.2 

New Glass Frit 
(SM 539) 

45.5 ± 0.5 
33.0 :: 0.5 
10.5 :: 0.3 
4.5 :: 0.1 

6.4 ± 0.2 

After the K-4 melter failed at PAMELA, the K-S melter was instailed. Durmg operation or' me 
K-S melter at PAMELA, there were some disturbances in the glass flow rate from the bottom drain 
assumed to have been 'caused by a sludge accumulation on the melter floor. Additional tests were 
performed in a glass laboratory in Dessel, Belgium, to investigate the cause of these disturbances. and 
to attempt to reduce the amount of A120 3 accumulated on the melter floor. The compound S~03' 
known as a refining agent in the glass industry, was tested in glass melts to determine its erreC'".5 on 
accumulation of alumina sediment on the melter fioor. The simulated inaCtive waste was made ITom 
80 wt% SM 539 FR glass frit (see Table 3.13) and 20 wt% waste oxides of HEWC from tank 540-12. 
The waste/frit mixtures were melted in corundum crucibles for 4 hours, allowed to cool to room tem
perature, and then cut in half (De, Wiese, and Demrnonie 1990). 

Results showed that with less than I wt% Sb20 3 in the melt, the accumulation of glass decreased 
considerably after 4 hours of melting. After 5 hours, the sediment layer disappeared completely, 
resulting in a completely homogeneous glass. The Sbz03 acts to "stir" the molten glass by producing 
oxygen that moves upward through the glass. The remaining Sb becomes totally dissolved in the glass 
and has almost no effect on viscosity, crystallization, and aqueous corrosion. There is. however. an 
observed decrease in electrical conductivity. Although these tests do not directly involve noble metals. 
the use of a chemical reagent to react and agitate the glass melt may become useful in future noble 
metals tests (De, Wiese, and Demrnonie 1990). 

3.3.6 K-W1 Melter 

In 1984, KfK began developing a melter. designated K-Wl, for use in the German reprocessing 
plant, WA-Wackersdorf (W AW). This plant was to be constructed by Deutsche Gesellschaft zur 
Wiederaufarbeitung von Kernbrennstoffen (DWK) to reprocess 500 tons of spent fuel from light water 
reactors. The reprocessing plant was expected to produce 370 m3/yr of HA We. This waste was pro
jected to contain high concentrations of noble metals. Although the Wackersdorf plant was never com
pleted, the insight gained during the melter development at KfK was very useful. 
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Figure 3.14. Bottom Drain of the K-4 Melter. Glass Leakage Detected at Point 'd' 
(Tobie and Weisenburger 1990) 

The K-WI melter was designed to be a full-scale test melter for the WA-Wackersdorf vitrification 
plant, and was operated in the V-.wI mock-up test facility at KfK. It was put into operation in 1986 
after its construction was completed in 1984. The waste processed by this melter was a simulant of 
HA WC. Its design fearures included a glass pool surface area of 1.4 m2, a design throughput of 
72 'lib, a glass production rate of 31 kglb, and a glass pool volume of 560 L. There were five pairs of 
electrode plates made of Ineanel 690, and the refractory material was ER 2161. The design permitted 
three methods of glass removal, inclu~iing a bottom drain, an overflow, and vacuum suction. The 
major change in this melter design was in the electrode arrangement 'relative to the geometry of the 
glass pool (Griinewald, Koschorke, and Roth 1986). 

3.3.7 K-W2 Melter 

A large-scale melter, designated K-W2, was designed and constructed in 1986-1988, and began 
operating in April 1988 at KfK. HA WC simuiant was processed in this melter during two campaigns 
(W4 and W5) in 1988 and 1989. This melter was very similar in design to the K-Wl melter, with a 
giass pool surface area of 1.4 m2 , a design feed rate of 72 Lib, and a glass production rate of 30 kglb. 
A major modification to the design was the 45° sloped melter floor. Shown in Figures 3.15 and 3.16 
are detailed sketches of the melter design [Weisenburger (1989), unpublished, endnote 11]. 

During· test runs for both campaigns, numerous samples of glass were obtained from the molten 
glass stream pouring from the bottom drain. In addition, samples were taken from a canister that had 
been sliced, as well as from the sediment on the melter floor collected after completion of the runs. 
The content of nQble metals was analyzed by optical emission spectroscopy of an inductively coupled 
plasma (ICP) and by x-ray fluorescence (XRF) analysis. Viscosity measurements were taken using a 
platinum spindle immersed in the melt. Also, the electrical resistance of each sample was determined 
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Figure 3.15. K-W2 Melter Design - View 1 [Weisenburger (1989), unpublished, endnote 1 I] 
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Figure 3.16. K-W2 Melter Design - View 2 [Weisenburger (1989), unpublished. endnote 11] 

by measuring the resistance between two Pt electrodes inserted in the side walls of a small ceramic cell. 
A transmission electron microscope waS used to identify the chemical composition of the noble metal 
particles (Krause and Luckschelter 1991). 

The first campaign, W4, took place from April 14 to May 26, 1988. The primary purpose of 
this campaign was to identify the effects of noble metals on melter operation. and to determine the effi
ciency of noble metals removal with the bottom crain. Approximately 33 m3 of high-level liquid waste 
(HLLW) simulant containing 157 kg noble metals (2.2 gIL Ru, 1.9 gIL Pd, 0.5 gIL Rh) was vitrified 

. to form 13.2 metric tons of glass at an average production rate of 22 kglb. Table 3.14 shows the com
positions of both the reference waste solution and the HLL W waste simulant used in this campaign. 
The melter was operated with an average waste feed rate of 55 Lib, and the required power input of 
75 to 90 kW was supplied by the upper electrodes only. The 13.2 metric tQns of glass product con
tained an average of 0.69 wt% Ru02' 0.45 wt% Pd, and 0.12 wt% Rh [Grunewald and Roth (1989), 
unpublished, endnote 12; Weisenburger (1989), unpublished, endnote 1 I]. 
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Table 3.14. Composition of the Reference Solution and the HLL W Simulant Used in Clinpaign W.1 
(Krause and Luckschelter 1991) 

Free HN03 

Element/Ion 

34Se 
37Rb 
38Sr 
39y 
40zr 
42Mo 
4Jrc 
44Ru 
45Rh 

46Pd 
47Ag 
48Cd 
50Sn 
52Te 
55es 
56Ba 
57La 
58Ce 
59Pr 

~d 
61Pm 
62Sm 
63Eu 
64Gd 
92U 

-93Np 
94Pu 

95Am 
96Cm 
14Si 

24Cr 
25Mn 
26Fe 
28Ni 

Total HL W -oxide concentration 

(a) Pm replaced by 0.04 gIL Nd. 
(b) Eu replaced by 0.19 gIL Nd. 

DWK 
Reference Solution. 

gIL 

0.08 
0.5 
1.2 
0.7 
5.2 
4.6 
1.1 
2.2 
0.5 
1.9 
0.03 
0.12 
0.04 
0.5 
3.7 
2.6 
1.8 
3.6 
1.7 
6.2 
0.04 
1.3 
0.2 
0.2 
3.0 
0.7 
0.04 
0.7 
0.05 
0.06 
1.1 
0.1 
3.7 
0.4 

5 maUL 
64 g/L57 gIL 
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0.5 
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0.03 
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During routine glass pouring with the bottom -drain throughout the campaign. 55 % to 62 % of the 
noble metals were removed. At the end of the campaign. the melter was flushed with noble metal-free 
glass and completely drained. increasing the noble metals removal efficiency to 67% to 93%. Fig-
ure 3.17 shows the locations of noble metals residue in the melter after the melter was completely 
drained [Weisenburger (1989). unpublished. endnote 11]. 

The second campaign. W5, ran from January 22 to March 11, 1989. Objectives of this campaign 
inciuded determining tile effectS of air bubbling in the melter on the settled sludge layer. as well as 
provmg that removing Rh- from the waste simuiant had no effect on the size and sedimentation of noble 
metal partIcles on the melter noor. Approximately 30 m3 of simulated waste was processed. This 
sImufant had the same composition as the W4 simulant (see Table 3.14), except Rh was not included. 
This simulated waste, fed at a rate of 45 to 50 Lfh, contained about 123 kg noble metals (2.2 gIL Ru. 
1.9 gIL Pd), and produced about 12.8 metric tons of glass at an average production rate of 20.3 kg/h. 
The 12.8 metric tons of glass product contained about 0.60 wt% Ru02 and 0.48 wt% Pd. Heating was 
supplied by the upper electrodes with a power of 75 to 85 kW, while the power from plenum heating 
was 15 kW [Grunewald and Roth (1989), unpublished, endnote 12; Weisenburger (1989). unpublished. 
endnote 11]. 

The use of air bubbling in the melter greatly increased the removal efficiency of the noble metals. 
however. it was not effective enough to completely prevent noble metals from accumulating. During 
routine glass pouring, the removal efficiency increased from 66% to 88% for Ru. and for Pd the effi
ciency increased from 74% to over 100% (assuming an analytical error). The use of air bubbling also 
allowed the noble metals to be removed in the glass overflow system with the same efficiency as with 
the bottom drain. Based on these results, it was "determined that the 45° slope was not steep enough to 
completely drain the settled sludge layer, and that the floor in the next melter design should have a 
greater slope [Weisenburger (1989), unpublished, endnote 11]. 

Glass samples taken during campaign W4 were analyzed using methods previously discussed and 
were found to contain between 0.5 and 16.5 wt% noble metals. The electrical resistance of these 
samples decreased significantly at noble metals contents greater than 2 wt%, and glass viscosity 
increased greatly at noble metals contents greater than 3.5 wt%. A semi-logarithmic plot shows a 
linear relationship such that as the noble metals content increases, viscosity increases, and electrical 
resistance decreases (Figure 3.18). Viscosity measurements taken as a function of shear rate indicate 
that the noble metals sludges behave very similarly to pseudoplastic liquidS. Figure 3.19 shows this 
typical behavior of the noble metals sludge. These viscosity measurements also demonstrate that the 
flow behavior of accumulated noble metals depends on the size and morphology of the panicles. As 
the size of panicles increases, especially with the Ru02 needles, the viscosity increases and the sludge 
behaves more like a pseudoplastic. non-Newtonian liquid (Krause and Luckschelter 1991). 

Texture analyses performed on glass samples taken from both campaigns found that the noble 
metals existed mainly as needle-like Ru02 panicles and spherical PdRhx Teypanicles. In the glass 
product, the Ru02 panicles were agglomerates of small grains with a few needle-shaped panicles up 
to loo-}Lm long, as shown in Figure 3~20. Samples taken from the melter bottom. however, contained 
mostly clusters of long needle-shaped Ru02 particles up to 500 }Lm long as shown in Figure 3.21. 
With an ~ncrease in melting time, these panicles become more compact and granular, with the Ru02 
needles enclosing the PdRhxTey sphere (Krause and Luckschelter 1991). 
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Figure 3.17. Residue in Melter K-W2 After Campaign W4 [Weisenburger (1989), unpublished, 
endnote 11] 
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Figure 3.18. Dependence of Viscosity and Electrical Resistance on Noble Metals Content 
(Krause and Luckschelter 1991) 
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Figure 3.19: Viscosity Dependence on Shear Rate and Temperature {Weisenburger (1989), 
unpublished, endnote 11] 
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Figure 3.20. Ru02 Panicles in the Glass Product. after Campaign W5 (Krause :mo 
Luckschelter 1991) 
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Figure 3.21. Ru02 Particles in the Melter Bottom after Campaign W5 (Krause and 
Luckschelter 1991) 

To characterize the shape of the noble metal panicles, the form factor parameter was defined as 

where F = form factor 
A = area 
D = diameter. 

F = 4 Al7r D2 
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A value of F = 0 corresponds to a circie, and F = 1 corresponds to a line or needle. Tnere appears 
to be a relationship between the Ru02 panicle form factor and the diameter of the PdRhx Tey spheres. 
where the mean diameter of the PdRh~ Te., spheres increases as the Ru~ form factor decreases. In 
campaign W5, where the Rh was left out: the mean diameter of the PdTey spheres was slightly larger 
than spheres from W4 campaign samples (Krause and Luckschelter 1991). 

Analysis of noble metal panicles also revealed a dependence of Rh content on time. In campaign 
W4 samples. the Ru~ panicles had high contents ofRh, whereas the PdRhxTey panicles had lower 
Rll contentS. When air buobiing was introduced later in campaign W4, this observation was reversed. 
The RuO:! panlcies then had a low content of Rh and the PdRhx Tey panicles had higher Rh contentS. 
This reversal was believed to be a direct result of the mobilization of particles from the sediment. 
allowing the panicles to remain in the melter for a longer period of time. Therefore, as the noble 
metals residence time increased, the fraction of Rh in the PdRhx Tey panicles also increased.. Another 
correlation was found to exist between the PdRllx Tey panicle diameter and the Rh content in W 4 glass 
sampies, where the sphere diameter increases by a faeror of about 1.5 with increasing Rh content. 
Finally, a plot of Ru02 form faCtor versus Rh content revealed a nearly linear relationship of 
decreasing form factOr with increasing Rh content. Based on these results, it was concluded that the 
omission of Rh in the WS campaign had no effect on the size and sedimentation of noble metal panicles 
(Krause and Luckschelter 1991). 

Through extensive laboratory-scale tests on noble metals, it was determined that the formation of 
Ru02 needles depends on the existence of other compounds in the waste feed stream. To obtain a high 
proportion of long Ru02 needles, there must be significantly more NaN~ and Mo03 than RuO:! in the 

, mixture, and the ratio Na!OlMo03 must be greater than 2. Figure 3.22 shows an example of the 
crystals obtained when these conditions are met. These laboratory tests also concluded that the RuO! 
needle formation can be decreased by creating a reducing environment in the melt. or by using glass 
frit powder (grain <500 ,urn) instead of glass beads. These results, however, have not yet been tested 
and verified in a full-scale melter system- (Krause and Luckschelter 1991). 

" 
.j 

T , •• 1 '. , ":;...' 

Figure ~.22. RuO! Needles Formed from a Mixture of Glass Frit, Mo03, Alkalinitrate, and RuO! 
(Krause and Luckschelter 1991) 
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3.3.8 VA-WAK K-6 Melter 

in 1988. the construction of a new mock-up facility, VA-WAK, was staned at KfK. The facility 
mcluded an advanced glass melter designated K-6 '. This facility began operating on June 4. 1990. 
·.l,Tltn me onmary objective of achieving an overall melter lifetime of 5 years. The melter. shown in 
Figures 3.:3 and 3.24. incorporated improvements to the K-4 PAMELA melter-specifically. an 
:nc:ease ill giass pooi surface area from 0.74 to 0.88 rrJZ, and a melter floor with a 75° sloped settling 
.:::amber. -:De walls between the two sets of electrodes above the settling chamber were sloped at 60 c • 

1JIltn vertical Walls above the main ele..--rrodes. Two pairs of main electrodes were used to maintain the 
JUlk glass temperarure at I 150o e, and power input from another set of electrodes was supplied to the 
lower section of the meiter (settling chamber) to maintain a temperature sufficient for glass drainage at 
!0500e to 1 100°C. Two methods of glass removal included an induction-heated bottom drain vaJve as 
well as. an overflow system. The bottom drain design shown in Figure 3.25 was improved to prevent 
5!a5S ieakage. For comparison, the previous design from the K-4 melter is shown in Figure 3.14 
'Tobie :md WeIsenburger 1990). 
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Figure 3.23. K-6' Melter Design, Cross Section [Weisenburger (1989), unpublished, endnote 11] 
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Figure 3.25. Advanced Bottom Drain Design for K-6' Melter (fobie and Weisenberger 1990) 

Table 3.15 compares the acrual HA WC waste composition and the simulant feed solution processed 
in the K-6' melter. In general, this waste has a high specific radioactivity, a high sodium content, and 
significant noble metals concentrations. The glass product waste loading was approximately 17 wt%, 
with 1 wt% noble metals in the glass (fobie and Weisenburger 1990). During test runs, the K-6' 
melter was operated 24 hours/day with ~ 24-L/h feed rate. Although the waste simulant was fed to the 
melter continuously, frit was added batch-wise in the fonn of I-nun glass beads. During operation, 
the plenum temperatUre was around 650°C, about 150°C higher than usual. At the inlet to the dust 
scrubber, the off gas temperature was 250°C to 260°C, with an outlet temperature of 76°C to 82°C. 
Pouring occurred about every 12 hours at an average rate of 50 kg/h, for a total of 200 kg of glass. 
Approximately 15 samples were taken from the pour stream during a pour. At the tip of the bottom 
drain, the average temperature was lOIOoC (Kruger, unpublished, endnote 6; Sevigny, unpublished. 
endnote 7). 

Test results from operating this melter showed that the noble metals accumulated on the melter 
floor as expected, but were then drained from the melter during pouring with the bottom drain. As a 
result, no decrease in electrical resistance between the lower electrodes was detected during the run. 
Samples analyzed at PNL indicated that the noble metals were primarily in the fonn of Ru02 needles 
and Pd-Te globules. A yellow phase in the glass product was believed to be a sodium molybdate salt 
with a high concentration of Ru and Pd. Based on all test results, it was concluded that the highly 
sloped walls of the melter bottom were sufficient to remove noble metals through the bottom drain 
(Kruger, unpublished, endnote 6; Sevigny, unpublished, endnote 7). 

An additional set of tests perfonned with the K-6' melter investigated the efficiency of noble 
metals removal using the bottom drain system versus the overflow system. In each test, the melter 
was operated continuously for approximately 500 hours with regular glass pouring. The first test 
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Table 3.15. Composition of Simulant HA WC Waste Used in K..Q' Melter 
(Tobie and Weisenburger 1990) 

HAWC-WAK S,mulanr 
Element. OXloe. 

;:.)nstltuent gIL gIL Oxide. gIL 

.'Yi510r MUlon ProdUcts 

34Se 0.08 0.11 0.11 
:7Rb 0.46 O.SO 
.38 Sr 0.9 1.06 1.06 
39 Y 0.7 0.89 0.89 
40Zr 6.2 8.38 8.38 
42Mo 4.6 6.90 6.90 
43Tc 1.0 1.57 
.l.4Ru 3.0 3.95 3.95 
~5 :Kh 0.83 1.02 
.l6Pd 1.8 2.07 1.07 
.J.7 Ag 0.1 0.11 
48 Cd 0.07 0.08 
52Te 0.8 1.0 1.0 
55 C, 3.0 3.18 3.18 
56 Ba 2.3 2.57 1.57 
57 LA 2.0 1.35 1.35 
58 Ce 3.1 3.81 3.81 
59 Pr 2.0 2.34 2.34 
.50 Nd 5.3 6.18 6.35 
62Sm 1.2 1.39 1.39 
63 Eu 0.16 0.18 
64Gd 0.8 0.92 0.91 

Actini.des 

92U 6.2 7.31 
93 Np 0.3 0.34 
94Pu 0.2 0.23 
95 Am 0.15 0.16 

Corrosion Production 

24 Cr 1.3 1.9 1.9 
25Mn 0.17 0.27 0.17 
26 Fe 5.1 7.44 7.44 
:8 Ni 1.1 1.83 1.83 
29 Cu 0.8 1.00 1.00 
30Zn 0.1 0.12 0.12 
82 Ph 0.1 0.11 0.11 

r.o.:eu ChemicalS 
and Others 

II Na 16.0 21.6 21.6 
12Mg 0.2 0.33 0.33 
13 Ai 0.2 0.38 0.38 
19K 0.4 0.48 0.73 

20C.! 0.4 0.56 0.56 PO 3- 0.6 0.45 0.45 4 
HN03 5.3M 5.3M 

Total Oxide Yield 95.4 78.0 
~adioactiviry (fJ/'O 515 Ci/L 
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was performed with glass pouring through the bottom drain system only; however, the second test was 
conducted using the overflow system. In addition, air sparging was used to help suspend the noble 
metal particles in the second test, with an air flow rate of 200-300 Lih introduced to the glass melt. 
Test results showed that 89.7 % of the Ru fed was discharged from the melter with the bottom dram 
system; however, only 58.6% of the Ru fed was discharged with the overflow system and air spargmg. 
indicating that air sparging is inadequate for avoiding noble metals accumulation (Griinewald'er at. 

1993). 

3.3.9 Summary of Vitrification Development in Germany 

Table 3.16 summarizes data obtained on melter development in Germany. Test results showed that 
the accumulation of noble metals can be greatly decreased by increasing the slope of the melter fioor. 
When using a flat-bottom melter with a bottom drain, approximately 65 % of the noble metals fed were 
retained in the melter. However, with a 75°/60° sloped melter floor, net deposits of noble metals were 
not detected by measuring changes in electrical resistance at the end of each pour through the bottom 
drain. After comparing two systems for glass pouring, the bottom drain was found to be more effic:em 
than the overflow system in discharging noble metals. For Ru, retention was 10.3% using the bottom 
drain and 41.4% with the overflow system. Air sparging was also tested to determine its effects on 
noble metals accumulation. With a melter having 45° sloped floor, agitating the molten giass resulted 
in a decrease of Ru retention from 38 % to 24 %, and a decrease of Pd retention from 45 % to 3 % . 
However, in tests with a 75°/60° sloped floor, it was found that air sparging was not effective enough 
at susp~nding noble metal particles to allow discharge through the overflow system. A thorough 
investigation of the behavior of noble metal depositS and a complete analysis of the individual particles 
was also performed, and the conclusions wer~ made that the removal of Rh from the simulant waste 
stream has no effect on the size and sedimentation of other noble metals. Also, general relationships 
were found between noble metal content and electrical, rheological, and morphological behavior of the 
accumulated sludge layer. 

3.4 Vitrification Studies in Japan 

In 1966, Japan'began generating nuclear power, which has since becom the major source of 
electricity in that country. By 2000, it is estimated that 40% of the total power generated in Japan 
will come from nuclear power. The first nuclear fuel reprocessing plant, Tokai Reprocessing Plant 
(TRP), has been ?perating since 1977. This plant had produced about 300 m3 of HLL W as of 1988, 
storing the waste in tanks onsite. In 1980, the Japan Atomic Energy Commission (JAEC) issued a 
policy for the treatment and disposal of HLL W, stating that the HLL W should be vitrified to form a 
borosilicate glass using a joule-heated LFCM. After storage for 30 to 50 years, the glass will be dis
posed of in a deep geological formation. As a result of this and other policies, Power Reactor and 
Nuclear Fuel Development Corporation (PNC) has been actively developing technology for use in 
Japan's first vitrification plant, the Tokai Vitrification Facility (TVF) (Tsuboya and Tsunoda 1988). 
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Table 3.16. Summary of Germany's Melter Development 

Meller 

K-INA-I 

K-2NA-2 

K-3NA-3 

K-41 PAMELA 

K-41 PAMELA 

K-51 PAMELA 

K-WIN-WI 

K-W2 

K-W2 

K-6" 

K-6" 

CharaClenSlics 

0.36 or aru. bottom drain. flal 
bottom 

0.64 or area. bottom drain. fial 
bottom 

0.72 or lru. bottom and ovemow 
drain. flat bottom 

0.72 m2 aru. bottom and overflow 
drain. 4 0 sloped bottom 

0.72 or area. bottom and ovemow 
drain. 4 0 sloped bonom 

(s) 

1.4 m2 area. bottom drain. ovemow. 
vacuum mction. flat bottom 

1.4 m2 area. bottom drain. overflow. 
vacuum auction. 4So sloped floor 

1.4 m2 aru. bottom drain. overflow. 
vacuum mction. 45° sloped floor. air 
bubbling 

0.88 or aru. bottom drain. 75°/60° 
sloped floor 

0.88 m2 aru. overflow system. 
75°/60° .Ioped floor. air rparging 

(a) Assumed 10 be the same as the K-4 design. 

3.4.1 Melters A, B, and C: PNC 

CampaignlRun 

::.5 toIlS glall 

::2 ~moelgns. 37 tolU ~I ... 

LEWC ~mpaign. 77.8 IOns glass 

HEWC ampaign. 243.3 tons gins 

Campaign W4. 13.2 tons glass 

Campaign W5. 12.3 tons glass 

8.5 tons gla" 

5.5100$ gla .. 

Dates 

1977·1979 

1980-

.983-\985 

1/35-12186 

::86-1139 

1987-

1986-

4/83-5/38 

1/39-3/89 

6/90 -
presenl 

6/90 -
presenl 

NObie Meta .. 
Relenllon 

Dua nOI ~veli"OI" 

,,7c:;, for Ru 
J3'% :or ~Q 

:)ata nor &Va1l401t: 

67% 10111 

Data nOI "vauaOI" 

Data nOI avallabie 

Dati nOI avaueole 

38% for Ru 
':5% for?d 
41 % lor Rh 

24% ior Ru 
3% for Pd 

10.3% ror Ru 

41.4% for Ru 

In January 1978, vitrification testing began at the Engineering Test Facility (ETF), operated by 
PNC. The purpose of these tests was to obtain experimental data from the processing of HLL W 
generated by the Tokai Reprocessing Plant. Specifically. vitrification equipment. inc1uaing the melter. 
the otfgas system, and the canister handling system, was studied. Seventeen campaigns were com
pleted by the end of 1981 using three joule-heated LFCMs: Melter A, Melter B. and Melter C 
(Okamoto et al. 1982). 

Melter A was designed as a two-chamber vessel with a separate melt chamber and a vertical riser. 
The surface area in the melt chamber was 0.3 m2. Glass was poured with an overflow system, where 
the glass flowed out the bottom of the melt chamber, into the riser, and out the overflow into a canis
ter. Originally, the rod-shaped side-entering electrodes were made of molybdenum, but were 
later replaced with Inconel 690 electrodes. Tests with this melter and Melter C showed that the molyb
denum electrodes wear 55 to 72 times faster than the Inconei 690 electrodes. The other two melters 
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used in the ETF tests. designated Meiter B and Melter C. had a glass-melting capacity of 80 Llday. 
These melters were jouie heated with a melting temperature of 12OO°C. Melter B had a melting vol
ume of 260 L. with a surface areala) of 0.59 m2, whereas Melter C had a volume of 145 L with a 
surface area of 0.3 m1. For glass pouring, Melter B had a resistance-heated overflow nozzle made of . 
Inconel 600 and Pt. whereas·Melter C had a high-frequency heated bottom drain nozzle made of 
Inconel 601. The electrodes in Meiters B and C were side entering and made of molybdenum. but the 
Melter C electrodes were fater replaced with Inconel 690 rods. All three melters had an alumina 
zirconium SiIiC3 (AZS) glass contact refractory. Melters A and C were operated from 1978 to 1984. 
and Melter B was operated from 1980 to 1983 [Okamoto et al. (1982); Bonner (1982), unpublIshed. 
enonore 131. 

Through the end of 1981, 51.3, metric tons of glass product was produced over a tot.a:l in-service 
operating period of 1406 days for the three melters. The glass was a borosilicate glass with an approx
imate waste loading of 29 wt%. Before feeding to the melter. the waste was first denitrated with for
mic aCId and then concentrated. The exact composition of the waste is not known. nor is it known if 
the waste contained nobie metals. During melter operation. the molybdenum electrodes showed sig
nificant corrosion in Melters B and C of 0.81 g/h and 1.06 g/h. respectively. As previous laboratory
scale tests indicated. the Inconel 690 electrodes showed a much higher resistance to corrosion, with a 
rate of about 0.05 g/h (O~oto et al. 1982). 

3.4.2 Mock-Up Test Facility: PNC 

Test results from the ETF operations were used to develop the melter for the Mock-up Test Facility 
(MTF), which was constructed in March 1982 by PNC and operated until 1983. The melter's two
chambered design was similar to that of the ETF Melter A. This melter, shown in Figure 3.26. was a 
joule-heated ceramic melter with a glass production capacity of 280 kg/d. Electrode plates made of 
Inconel 690 provided the heat required for glass melting at 1150°C to 12OO°C. The melter design 
included an AZS glass contact refractory. a glass-melting volume of 160 L. and both an overflow and 
a bottom drain system for glass discharge (Sasaki et al. 1984). 

During the fifth campaign of the MTF melter. approximately 12 m3 of simulated HLL W was 
vitrified. producing 3.5 metric tons of glass product. Tables 3.17 and 3.18 show the compositions 
of the simulated waste and the glass frit. Although the actual glass product compositions were not 
provided, calculations showed an expected composition as listed in Table 3.19. Noble metals that 
accumulated on the melter floor caused a change in the melter temperature distribution and was 
noticed for the first time in melter development. Analysis revealed that the deposits contained RuOz 
and metallic alloys CPd-Te and Ru-Rh). The average density of the noble metals layer was 3.45 g/cm3, 

significantly higher than the average glass product density of 2.80 g/cm3 . To help prevent the accu
l11ulation of noble metals. mechanical stirring or air sparging was suggested for future designs [Sasaki 
et al. (1984); Brouns (1984), unpUblished. endnote 14]. 

(a) Another source described Melter B as having a surface area of 0.45 m2. It is uncenain which 
value is more accurate. 
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Figure 3.26. MTF Mock-up Melter Design (Sasaki et al. 1984) 

3.4.3 Advanced-B Melter: PNC 

After operation of the B and C melters at the ETF,. the design was modified to become the 
Advanced-B Melter design. The purpose of this new design was to study the use of microwave heating 
for melter startup. A cross section of the design is shown in Figure 3.27; features include a 45° sloped 
melter floor. a melting surface area of 0.53 m2, a glass volume of 300 L, and Cr

2
0

3
-A1

2
0

3 
fused-cast 

refractory. A 915-MHz microwave heating device with a maximum capacity of 50 kW was installed. 
After approximately 86 hours of operation, the glass temperature in the melter reached 700°C. 
Although melter startup using the microwave system was successful, maintenance problems led to the 
decision not to use this system in future designs [Brauns (1987), unpublished, endnote 15]. 

Three nobie merais campaigns were performed with the Advanced-B Melter from November 1985 
to August 1986. A total of21.6 kg RuOz and 10.2 kg Pd~ was fed to the melter in the three cam
paigns. Based on data taken from the second campaign, it was assumed that 16.8 wt% of the Ru0

2 
fed 

and 0.2 wt% of the Pd~ fed would be volatilized. This prediction does not assume, however, that 
these compounds volatilize as oxides. Subtracting the quantities of noble metals assumed to be volatil
ized from the original amounts fed yielded the net amount incorporated in the glass. The net value was 
then used to calculate the melter drainage efficiency. At the end of operation, the glass product 
samples were analyzed and the melter was found to have an average drainage efficiency of 82 % for 
Ru02 and > 100% for Pd~ (assumed to be an analytical error) [Brouns (1987), unpublished, 
endnote 15]. 
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Table ~.17. Composition of the Simulated HLLW 

Components 

N~O 
P20 S 
F~03 
Cr203 
NiO 
R~O 
Cs:z0 
srO 
BaO 
Y203 
L~03 
ce02 
Pr203 

N~03 l_ 
Pm203 Yd20 3 

Sm203 
EU203 
Gd20 3 
Z~ 

. Mo03 
TC:z°7 

(Mn°2) 
Ru02 
Rh20 3 
Pd~ 

Ag20 
CdO 
Sn02 
Sb20 3 
Te02 
se02 
U03 
Np~ 

Pu°2 
(ce02) 

Am203 
Cm203 
Total 

- - -------
.' 

A. 1. 103 

Concentration 
(gIL) 

30.40 
0.90 
6.20 
0.30 
0.70 
0.34 
2.27 
0.91 
1.49 
0.55 
1.29 
2.62 
1.23 

4.20 
0.89 
0.14 
0.07 
4.45 
4.41 
1.14 

2.25 
0.43 
1.06 
0.04 
0.06 
0.05 

0.57 
0.06 

7.51 

76.53 gIL . 



Table 3.18. Composition of Glass Frit (Sasaki et al. 1984) 

Composition Wt% 

Si02 60.20 
Li20 4.00 
ZnO 4.05 
~O3 ~3.93 
BaO .i.05 

A120 3 4.73 
CaO 4.05 

Others Under 1.0 

3.4.4 Chemical Processing Facility 

In December 1982, laboratory-scale hot vitrification tests were staned in the Chemical Processing 
Facility (CPF) located near the Tokai Reprocessing Plant. Radioactive HLL W from the TRP was 
processed, but the actual waste composition is not known. The melter was a small-scale joule-heated 
ceramic melter, shown in Figure 3.28. As of 1987, 11 runs were successfully completed. In Ule SIXth 

run, about 1.5 L of waste glass was produced with a radioactivity of 3,700 Ci (SasaKi et ai. 19801: 
Tsuboya and Tsunoda 1988). At this time, additional information on the melter design, test resuits. 
and relevance of the melter design to behavior of noble metals is not available. 

3.4.5 SmaIl-Scale Melters 

In 1983, PNC performed vitrification tests with the MTF melter, as previously discussed in Sec
tion 3.4.2. and concluded that noble metals (Ru, Pd, Rh) tend to accumulate on the melter floor as a 
result of their low solubility in the molten -glass. To help develop an improved melter design that 
would prevent accumulation of noble metals, two small-scale melters with sloped floors were later 
tested. As shown in Figure 3.29, one melter had a 30° sloped floor with a 41 ° sloped sidewall. and 
the other had a 45° sloped floor with a 58° sloped sidewall. Both melter designs included one pair of 
electrode plates made of Inconel 60 I. a glass contact refractory made of AZS. a melter cavity surface 
area of 0.054 m2

, and a resistance-heated drain nozzle made of Inconel 601. The 30° sloped melter 
had a high glass capacity of 11.3 L, whereas the 45° sloped melter had a 12.6-L glass capacIty. Glass 
temperatures were monitored by thermocouples insened through the melter lid (IgarashI and TakahashI 
1991 ). 

Two batches of high-level waste simulants were fed to the melters, one containing noble metals and 
the other without noble metals. The target compositions of the two glass products are shown in 
Table 3.20. The melters were operated batch-wise, with <:l melting time of about 24 hours from feeding 
to draining. For each melter, the simulant without noble metals (P0699) was melted first for reference, 
then the simulant with noble metals (P0686) was processed. Multiple batches of each simulant were 
processed. and approximately 8 kg of cullet was added to the melter after each previous meir was com
pletely drained. A resistance heated drain nozzle made of Inconel 601 was used to control the glass 
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Table 3.19. Expected Glass Product Composition-(Sasaki et aI. 1984) 

Component wt% 

Si02 45.00 
~O3 14.20 
Li20 3.00 
Cao 3.00 
ZnO 3.00 
SaO 3.49 

AJ20 3 3.60 
N~O 10.00 
P20 3 0.30 
F~03 2.04 
Cr203 0.10 
NiO 0.23 

Rb20 0.11 
~O 0.75 
srO 0.30 
Z~ 1.46 
Mo03 1.45 
Mn02 0.37 
Ru02 0.75 -
Rh20 3 0.14 
Pd~ 0.35 

Ag20 0.02 
CdO 0.02 
Sn02 0.02 
SeOz 0.02 
Te02 0.19 
Y203 0.18 
L~03 0.42 
ce02 3.34 

Pr6011 0.42 
Nd20 3 1.38 
Sm203 0.29 
EU203 0.05 
Gd20 3 0.02 
Total 100.00 
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Figure 3.27. Advanced-B Melter Cross Section [Brouns (1987), unpublished, endnote 15] 
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Figure 3.28. CPF Melter Design (Sasaki et aI. 1984) 
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Figure 3.29. Design of Sloped-Floor Melter (Igarashi and Takahashi 1991) 

pour rate between 12 to 20 kglh. Samples of the molten glass were taken during each pour and 
analyzed for noble metal content by XRF. To examine the accumulation of noble metals. the melters 
were allowed to cool with a small amount of glass inside, and were cut vertically through the sloping 
floor (Igarashi and Takahashi 1991). 

Figure 3.30 shows the operating results for the melter with the 30° sloped floor. While the power 
and electrode temperature were kept relatively constant during operation with noble metals. the glass 
temperature on the melter floor gradually increased as the electrode resistance decreased. This indi
cates an accumulation of noble metals on the melter fl'oor was providing a much higher electrical 
conductivity than that of the surrounding molten glass (Igarashi and Takahashi 1991). 

Operating results for the melter with the 45° sloped floor are shown in Figure 3.31. The power 
and electrode temperature were kept relatively constant during operation, except for batches 8 and 9, 
in which the power was changed deliberately. During operation, the electrode resistance and glass 
temperature did not fluctuate significantly as a result of noble mefuls. Therefore, no effects of noble 
metals accumulation on the melter floor were observed (Igarashi and Takahashi 1991). 
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Table 3.20. Target Compositions of High-Level Waste Glasses (Igarashi and Takahashi 1991) 

Component 

Glass Batch 

Si~:: 

~O) 
Al::03 
l..i .. O 

Na-O(a) 

~o 

Zno 
BaOCa) 

Simulated 
Wastes 

~o 
Sn02 
~O) 
Cr::03 
NiO 
PZ0 3 
srO 
zrOz 
Mo03 
TeOz 
COO 
YzO; 
~O; 
ceCz 

Pr60 U 
Ndz°) 
Sm::O; 
MnOz 
RbzO 
C~O 

Euz°3 
Gdz°) 
RuOz 
Rh20 3. 

Pd~ 

AgzO 
CdO 
seCz 

Glass P0699 

45.00 
14.20 
3.60 
3.00 

10.00 
3.00 
3.0 
3.49 

0.86 

2.78 
0.10 
0.58 
0.30 
0.30 
1.46 
I.4S 
0.19 
0.14 
0.18 
0.42 
3.34 
0.42 
1.38 
0.29 

0.05 
0.14 

(a) Na20 and BaO contents include an amount from the waste. 

P0686 

45.00 
!4.20 
3.CQ 
:.00 

:0.00 
:.CO 
3.00 
3.49 

0.02 
2.04 
0.10 
0.23 
0.30 
0.30 
1..16 
1.45 
0.19 

0.18 
0.42 
3.34 
0.42 
1.38 
0.24 
0.37 
0.11 
0.75 
0.05 
0.02 
0.74 
0.14 
0.35 
0.02 
0.02 
0.02 

Upon examination of the sedimentation layers after the melters cooled, the maximum thickness of 
noble metals in the 30° sloped-floor melter and the 45° sloped-floor melter was 40 mm and 20 mm, 
respectively. Figures 3.32 and 3.33 depict the relative locations of the sediments in relation to the 
melter bottom. Although a layer of noble metals did accumulate on the floor of the 45° melter. it had 
no observed effect on electrode resistance or glass temperature. Most likely, the electrodes were too 
far from the sediment layer to permit electrical conduction through the layer (Igarashi and Takahashi 
1991). 
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Figure 3.30. Operating Results for Melter with 30° Sloped Floor (Igarashi and Takahashi 1991) 
R Reference Batch (No Noble Metals) 
o Glass with Noble Metals 
1-8 Batches with Noble Metals 

Analysis of the sediments showed that the noble metals existed as needle-shaped Ru02 particles, 
ranging in size from 5 to 12 I'm, round Pd-Te alloy particles with a size of 15 to 20 I'm, and Ru-Rh-Pd 
alloy particles of 5 to· 10 I'm. Drain efficiency (the mass of noble metals drained divided by the mass 
of noble metals fed) was calculated for each batch processed. The estimated overall drain efficiency 
for the 30° sloped-floor melter was 20% for RuOi and 35% for Pd. For the 45° sloped-floor melter, 
the estimated overall drain efficiency was 70% for Ru~ and 90% for Pd. The authors concluded that 
the 45° sloped floor melter was effective in draining the noble metal sediment. However, subsequent 
tests with noble metals conducted at PNC indicated that a 70% drainage efficiency was insufficient for 
successful long-term melter operation, and additional tests were required to improve the melter design. 
These tests were performed with the Mock-up Melter III as described later in this report (Igarashi and 
Takahashi 1991). 

3.4.6 Pilot-Scale LFCM: IHI 

Ishikawajima-Harima Heavy Industries (IHI) designed and constructed a pilot-scale LFCM based 
on technology developed by PNC. A physical modeling test was conducted to develop a melter design 
that would avoid accumulation of noble metals on the melter floor. Copper powder was used as a sim
ulant in tests of three-electrode melters with sloped floors to determine temperature distributions and 
convection flow patterns, as well as noble metal precipitation. In a two-electrode melter, the fluid on 
the melter floor is poorly heated and therefore is not stirred by natural convection. In a three-electrode 
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Figure 3.31. Operating Results for Melter with 45 0 Sloped-Floor (Igarashi and Takahashi 1991) 
R Reference Batch (No Noble Metals) 
o Glass with Noble Metals 
1-13 Batches with Noble Metals 

melter, temperature distribution should be uniform during operation. Results of the modeling tests also 
showed that the stirring of noble metals from natural convection should prevent electrical shorting 
between the electrodes in a three-electrode system with a sloped bottom (Asano et al. 1986). 

Figure 3.34 is a schematic of the IHI pilot-scale melter in which the basic design is based on results 
of the physical modeling tests. Design features included a molten glass surface area of 0.25 m2, " 

molten glass volume of 93 L. a liquid waste throughput of 150 Llday, and a glass production rate of 
70 kg/day. Two main electrodes and one bottom electrode, made of Inconel 690, were included in the 
design. Glass was poured every 24 hours from the melter through the bottom drain system. To help in 
~he ;-emoval oi accumuiated noble metals, the melter floor was designed with a 45 0 and 53 0 sloped 
oonom (SaKal et ai. 1989; Asano et al. 1988). 

Three simulated waste streams were processed during the melter operation: two with and one 
without noble metals. Five campaigns in 1987 produced about 2.3 metric tons of glass. In the second 
campaign, a thermocouple-well detected a 20- to 30-mm sedimentation layer of noble metals on the 
melter floor. After complete drainage of the melter, no noble metals sediment was detected on the 
bottom electrode CAsano et al. 1988). 
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Figure 3.32. Noble Metals Layer in 30 0 Sloped-Floor Melter (Igarashi and Takahashi 1991) 
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Figure 3.33. Noble Metals Layer in 45 0 Sloped-Floor Melter (Igarashi and Takahashi 1991) 
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Figure 3.34. Pilot-Scale LFCM Design (Sakai et al. 1989) 

3.4.7 Tokai Vitrification Facility: PNC 

In 1984, PNC completed the detailed design of the Tokai Vitrification Faciiiry \i'/F). wOlch wIiI 
process HLL W from the Tokai Reprocessing Plant. Construction was completed in Aprii i 992. and 
the plant is currently under test operation. Several improvements and design decisions for the TVF 
were made based on previous operating test results. To decrease the volatilization of Ru during melt
ing, a denitration process of the HLLW with formic acid was investigated. However, the process was 
too difficult to operate and the investigators decided to remove volatilized Ru in the offgas system. To 
reduce the entrainment of particulates in the offgas, cylindrical glass fiber was selected as the glass 
additive to be used in the melter. This material reduces the particulate entrainment by one-tenth com
pared to glass beads (Sasaki et al. 1986). 
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The LFCM designed for the TVF is shown in Figure 3.35. Design features of this melter include 
a melting surface area of 0.66 m2, a maximum glass pool volume of 350 L, an operating temperature 
of 1050°C [0 1150°C. a two-zone induction-heated bonom freeze valve for draining. a glass contact 
refractory made of Monoirax K-3~, and a 45'0 sloped fioor. Full-scale melter tests of 3 to 8 days. 
completed in 1986. confirmed that a 45 c sloped floor would prevent accumulation of noble metals: 
more than 90% of the noble metals were drained from the melter during normal operation. Two pairs 
of electrodes made of Inconel 090 are used: a main pair and an auxiliary pair on the melter bottom. 
BLL W is fed at a rate of 15 Llh (150 g oxide/L) with fiber glass additive at 6.6 kgfh. Cylinders 
(70 mm aiamerer x 70 mm length) of the additive are soaked in the HLL W before feeding; the fibers 
nave a maximum liquid holding capacity of 4 mL/g. Tne final glass production rate is about 8.8 kgih 
WIth a 25 wt% waste loading (Yoshioka et al. 1989; Torata et al. 1988; Sasaki et al. 1986). 

3.4.8 Mock-Up Melter ill: PNC 

A fuJI-scale mocx-up meiter for the TVF was consttucted in 1987 and began operating in 1988. 
This Mocx-up Melter ill is the same size and has the same design as the TVF melter shown in Fig
ure 3.35. During the first four campaigns (16 to 19), 12.4 zn3 of simulated HLLW was vitrified. 

Glass Fiber 
Additive F~ed 
Pipe \ 

Containment 
Vessel '-_ 

I 
Bottom Freeze 
Valve 

Off-Gas Pipe 

Figure 3.35. TVF Melter Design (Uematsu 1986) 
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uroducim:! 8 metric tons of glass product. In campaign 19, 3.7 m3 of processed simulated waste 
included 24.2 kg RuO~, 10.5 kg PdO. and 3.6 kg Rh20 3. The gl~s composition was about 0.9 wt% 
R.uO.,. tL3.! wt% Pd. and 0.11 wt% Rh. (a) During campaigns 16 to 18. no deposits of noble metals 
were-detected. However. during campaign 19, the electrical resistance decreasea approximately 20% 
:::erween me main eiectrodes and an approximate 35 % decrease was detected between the bottom elec
::-oaes. .;c cne· end of t.1e C:m1paign, an accumulation of noble metals was present on the melter floor 
:C:aoman '19R9) .. moublished. endnote 16; McElroy (1989), unpublished, endnote 17; Yoshioka and 
~ .:.'(unasni . 90 01. 

:-'l.JLt1ougn i'uii-scaie me!ter tests completed in 1986 showed that regular glass draining could remove 
> 90% of nobie metais fed to a melter, the remaining 10% could cause problems in melter operation 
over time. Additional tests performed with Mock-up Melter ill investigated a way of decreasing the 
accumuiation or noble metals on the melter floor. In two campaigns (20 to 21), power to the bottom 
-:!eaToaes ?las :lQjusred to mamtain an internal electrode temperature of 800°C. It was thought that the 
.i!c:-e35ea VISCOSIty OT coider g!ass near the melter bottom would significantly slow the settling rate of 
aoble :netals partIcies. The giass temperature near the melter bottom was 800°C to 950°C during 
periods -;;then pouring did not occur, but it climbed to 900°C to 1050°C during glass pouring 
IYosnIoJea and Takahashi 1990). 

Table 3.21 shows the amounts of noble metals fed and the resulting glass compositions for 
campaIgns :0 :md 21. Electrical resistance between the main electrodes did not change significantly 
dUrIng :r.eiter operatlon. Resistance between the bottom electrodes dropped as noble metals were fed 
to the melter, but rose to its original value after each batch was poured. As shown in Figures 3.36 and 
3.37, the efficiency of noble metals discharge improved significantly in the 20th campaign, in which 
the bottom melter temperature was reduced. For Ru02' the average drainage efficiency went from 
57% in campaign 19 to 83% in campaign 20. At the end of campaign 21, a balance of noble metals, 
shown in Figure 3.38, indicated that less than 1 % of the total noble metals fed to the melter actually 
remained in the melter. The investigators concluded that the method of melter operation used in 
campaigns 20 and 21 effectively prevents accu~ulation of noble metals accumulation (Yoshioka and 
Takahashi 1990). 

3.4.9 Large-Scale LFCM: PNC 

PNC designed a new. large-scale LFCM, and construction was completed in September 1991. 
Although tile design was based on the TVF melter, it was considerably larger with a melting surface 
area of 2.2 m2 (compared to 0.66 m2). Figures 3.39 to 3.41 show sketches of the actual design. Two 
pairs of eieen-oaes made of MA690 were used. The MA690 is equivalent to Inconel 690/Ni-Cr alloy. 
Tne meiter bottom had a 49.6°/53.3° sloped floor with a bottom drain freeze valve [Igarashi (1992), 
unpublished, endnote 18]. 

(a) An additional source also provided information on noble metals processed in campaign 19, 
however, the amounts reported of noble metals fed in the waste simulant were lower by 11-20 %. 
The values given here are assumed to be more accurate because they are the most current. 
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Table 3.21. Noble Metals Amounts and Glass Compositions (Yoshioka and Takahashi .1990) 

Campaign Feed Amount Content in Feed Content in Glass 

Number 

20 

21 

Noble Metal (kg) (gIL) 

Ru02 40.8 5.6 
Pd~ 22.9 3.2 

Rh20 3 
Ru02 41.6 5.6 
Pd~ 17.7 2.2 

Rh20 3 1.3 1.0 

80 

60 

40 
9 
~ 
0 

20 

2 :> 4 5 6 

Batch NO. 

Discharge Efficiency 9f Noble Metals during 
the Melter Runs (19th Campaign) 

(wt%) 

0.84 
0.53 

o o. 
.O~ 

0.37 
0.17 

RU02 
Rh:o J 
PdO 

Figure 3.36. Noble Metals Discharge Efficiency During Campaign 19 [Chapman (1989). unpublished. 
endnote 16] 

A total of 40.9 m3 of simulated HLLW was processed in the large-scale melter. producing 
30,309 kg glass at an average rate of 44 kg/h. Two waste streams were vitrified: 19.7 mJ containing 
noble metals (133.7 kg Ru02 and 18.5 kg PdO) and 21.2 m3 without noble metals. Tables 3.22 and 
3.23 show 'target compositions of the glass products. At the end of operation with the waste stream 
containing noble metals, the melter floor contained residual noble metals, including 0.1 1 kg Ru02 and 
0.07 kg Pd~, 0.08% retained and 0.09% retained, respectively [Igarashi (1992), unpublished, 
endnote 18]. . 
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Figure 3.37. Noble Metals Discharge Efficiency During Campaign 20 [Chapman (1989'. 
unpublished. endnote 16] 

FEED 
RuO z 
Pd~ 

40785 g 
22970 

RuO 2 110.0 
Pd~ 100.0 

VOLATILE 
RuOz 4078 
Pd~ 0 

RESIDUE (measurement) 

RuO 2261 g I RuO 2 0.7 I 
Pd~ 149 Pd~ Q ;; 

g no.ol 
LQ&J 

DISCHARGE 
RuO 2 34549 g 

EFFICIENCY(calculatlon} 
Ru02 94.1 

Pd~ 23052 Pd~ 100.4 

Figure 3.38. Noble Metals Balance Aft~r Campaign 21 (Yoshioka and Takahashi 1990) 
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2750 

2200 

1510 

Large-scale Melter 

(C-C verticaJ section) 

Figure 3.39. Large-Scale Melter, C-C Venical Cross Section [Igarashi (1992), unpublished. 
endnote 18] 

bonom electrode 

Large-scale Melter 

(8-8 vertical section) 

Figure 3.40. Large-Scale Melter, B-B Venical Cross Section .[Igarashi (1992), unpublished, 
endnote 18J 
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2740 

c-j 

c-j 
2290 

Large-scale Melter 

(A-A horizontal section) 

t 
8 

Figure 3.41. Large-Scale Melter, A-A Horizontal Cross Section [Igarashi (1992). unpublished, 
endnote 18] 

Several tests were later completed-to determine the effects of temperature and Na20 content on 
the length of Ru02 crystals. Changing the melting temperature from lOOO°C to 1200°C resulted in 
an increase of RuO: crystal Jength from 0 to 8 )Lm _ Increasing NazO content from 5% to 15 wt% 
increased !he RuO., crjsta! length from 0 to 6 )Lm [Igarashi (1992), unpublished, endnote 18]. 

Ia.Ole 3.24 provIdes a summary of data on melter development in Japan. In general. the accumu
iatlon of nODie metais decreases as the slope of the melter floor increases. With a 30° sloped floor, 
retention of Ru02 and of Pd~ were approximately 80% and 65%, respectively. Increasing the slope 
to 45° decreased the retention of noble metals. with values of 12.5% to 43% for Ru0

2 
and 0% to 39% 

for PdO. In addition to increasing the slope of the melter floor, a method of glass cooling near the 
melter floor proved successful in limiting deposition of noble metals. The cold, viscous glass near the 
bottom acts as a barrier to particles of noble metals. The noble metals therefore remain in the molten 
glass above the layer of cold glass. A decrease in the bottom electrode temperature to 800°C resulted 
in a decrease of noble metals retention from 43 % to 17 % for Ru0

2, and from 39 % to 3 % for PdO. 
As mentioned earlier, it was recommended that mechanical stirring or air sparging be incorporated into 
furure designs. It lppears that tests using these methods have not been completed. Therefore, informa
tion on the effects of glass stirring is currently not available. 
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Table 3.22. Target Composition of Glass Product With Noble Metals [Igarashi (1992). unpublished. 
endnote 18J 

Oxides wt% 

Glass Additives Si02 
46 ... ., 

.1-

Bz°3 14.21 
N~O 6.25 
A120 5.04 
Li20 3.01 
Cao 3.01 
ZnO 3.01 
Total 81.26 

N~O 3.75 
PzOs 0.17 
Fez03 1.55 
Ctz0 3 0.29 
NiO 0.25 . 

~O 0.10 
~O 0.69 
srO 0.24 
BaO 0.44 
zrOz 1.61 
Mo03 1.2-1 
MnOz 0.57 
CoO 
Ru02 0.87 
Pd~ 0.51 
Ag20 0.02 
CdO 0.03 
SnOz 0.03 
se02 0.02 
Te02 0.15 
R. E. 6.25 
Total 18.75 

Replacements: Rb - K. Tc - Mn. Rh - Pd Gd. Y. Sb. La, 
Ce, Pt, Nd, Sm, Eu. Actinides - Rare earth mixture (RE) 
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Table 3.23. Target Composition of Glass Product Without Noble Metals [Igarashi (1992). 
unpublished, endnote 18] 

Glass Additives 

Oxides 

SiO., 

Ez°3 
N~O 
.-\1.,0 
Li20 
CaO 
ZnO 
Total 

N~O 
P20 S 
F~03 
Cr203 
NiO 
~O 
C~O 
srO 
BaO 
Z~ 
Mo03 
Mn02 
CoO 
Ru02 
Pd~ 

Ag20 
CdO 
Sn02 
se02 
Te02 
R. E. 
Total 

wt% 

• A -r"I !.-;o. __ 

3.01 
3.01 
3.01 
81.26 

3.75 
0.17 
2.42 
0.29 
0.63 
0.10 
0.69 
0.24 
0.44 
1.61 
1.21 
0.57 
0.13 

0.03 
0.03 
0.02 
0.15 
6.26-
18.74 

Replacements: Ru -. Fe, Pd -. Ni, Rb -. K, Tc -. Mn. Rh -. Co 
Gd, Y, Sb, La, Ce, Pr, Nd, Sm, Eu, Actinides - Rare earth 
mixture (RE) 
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Tahle 3.24. Summary of japan's Melter Development 

Melter Char:lcterisucs C.1mpaignlRun Dales Noble Metals RelentlOn 

ETF· .~ 0.3 m= area. ovemow oraln. fiat 1978-1984 N/A 

bottom 

ETF- 8 0.59 m! .2rea. oJVemcw oram. fiat 1980-1983 N/A 

bottOm 

sn= .. .,: 0.3 m= :tn~s. bottOm dr3m. JUt 1978-1984 N/A 

bottOm 

MTFMock-u? 160 L volume. ovemcw &. 5 Dmpaigns 1982-1983 Fim deteC1Cd noble metals. 
bottOm drain. llat bottOm Total data not available 

Advanced-B 45· floor. 0.53 rrr area. bottom Campaign #1 11185-12185 12.5% for Ru~. 0% for 
d::ltn PdQ 

Advanced-a 45° ~oor. 0.53 rri- area. DottOm Dmpaign#2 5/86-6/86 27.5% for Ru~. 0% for 
drain PdQ 

Advanced-a 45· !!oor. 0.53 rrr area. llottOm Campaign #3 7/86-8/86 13.9% for Ru~. 0% for 
drain PdQ 

CPF bottOm drain Il Runs Total 12182-1987 Data not available 

Small-Scale 30· floor. 0.054 rrr 3re4. bottOm 8 Batches Total Estimated 80% for RuQ:? 65% for Pd 
drain 1983-1984 

Small-Scale 45· floor, 0.054 rrr area, bottOm 13 Batches Total Estimated 30% for RuQ2' 10% for Pd 
drain 1983-1984 

Pilot-Sc:de nil o.is m2 area, 45"153° floor, 5 Campaigns. 1987 Data not available 
bottOm drain 2.3 tons glass 

Mock-up. II Data not available 1984-1986 Data not available 

Mock-up m 0.66 m2 area, 45° floor, bottom Campaign 16, 2188-3/88 Reponed no accumulation 
drain 2.6 tons gl&l' 

Mock-up m 0.66 m2 area. 45" floor, bottOm Campaign 17, 6/88 Reponed no accumulation 
drain 1.1 tons gl&ls 

Mock-up ill 0.66 m2 area, 45" floor, bottom Campaign 18. 7/88 Reponed no accumulation 
drain 1.8 tons gl&l' 

Mock-up ill 0.06 rrr nea, 45· floor. bottom C.,mpaign 19, 1189 43% for RuQ:? 39% for 
drain 2.5 tOns glass PdQ 

Mock-up m 0.66 m2 area. 45° floor, bottom Campaign 20, 17% for RuQ:? 
drain, 8oo·C bottom electrodes 5.6 IOns glass 3% for PdQ 

Mock-up m 0.66 m2 area. 45° floor. bottom Campaign 21 <1% 
drain, 8oo·C bottom electrodes 

La rge-.5 cal e 2.2 m2 area. 49.6°/53.3° Iloped 30.3 IOns glass 1991 - 0.08% for RuQ:? 0.09% for 
floor. bottOm drain PdQ 
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3.3 Yitrification Studies in England 

In me iate 19705. me AtOmic Energy Research Estabiishment-Har.well in Oxfordshire. England. 
oegan ro ta..>ce an interest in the joule-heared ceramic melter (lCM) process. Harwell developed a final 
~esign ;lITer sruaymg various conceptS developed from observation of U.S. melter designs; a schematic 
:s sncwn :n ?igure 3,";'2. KTG Lm. a company that specialized in glass-making furnace and construe
:lOn. JUlit a :uii-scaie JC\1 melter and delivered it to Harwell in March 1982. Because of itS unique 
.1CSIgn. l( '''''as cXDec~ mat tIllS meiter would remain in operation more than five years (Morris 1985: 
\.1oms .-:t J.l. . 986iJl. 

During installation of the full-scale JCM in August 1982, financial difficulties canceled the project. 
Sarwe!l men designed a one-third scale JCM, which was similar to the full-scale JCM except for its 
~ma1ier size. It ~ad a me!ting cavity of 0.2 m x 0.2 m compared to the full-scale melter cavity of 
).0 m x 0.0 m. CunstruC:lOn of tile new meiter was completed in October 1982. Design features of 
:ne one-dura SCale meirer. snown in Figure 3.43, inciuded a pair of Inconel 690 electrode plates that 
were supported from above and stood on the melter fioor. This electrode configuration was chosen to 
:nmimI.Ze c:.ment density at the electrode. The melter cavity was constructed from Monofrax K-3 
brickS. A vertical pipe was installed to withdraw the glass product using suction through the top of the 
melter into small lO-L canisters. The tip of the glass removal pipe was about 10 mm above the melter 
Joor iMor:is 1985: Morris et aI. 1986a, 1986b). 

Vi .... Kft9 Of' 
InstrUlTt4'nLQhon DOrts 

S ... hng lid 
!In con.' 60tJ 

SUOffSlrucu.rt> 
n.Qtf'ls 

Coohnq cOII& --~ 

P\at. tif'C1rOd.s 
(tncun~' 6~O I 

connf'ctlon 

Glass mould 

.......:l.~-- all -gcs pIp. 

Illooo=-:~~+---Io4ICC 

IHo-e:;...,,~~+--- Embocrd 

H40''''-,.,.c....."...+--- Allrc. 56 
'I...-HH:.".z:.~£....-+--lo4onOIrQ' K-3 

Figure 3.42. Full-Scale lCM Design (Morris 1985) 
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FIgure 3.43. One-Third JCM Design (Morris et al. 1986b) 

During 10 months, the one-third scale JCM operated approximately 6000 hours. but was idling at 
1000°C most of that time. During operation, 7 canisters were filled in 64 hours of pouring, with an 
average glass quantity of 16.7 kg/canister. The melter feed usually consisted of 75 wt% M9 frit and 
25 wt% Magnox calcine; compositions are shown in Tables 3.25 to 3.27. At times, the Magnox cal
cine was replaced with an L WR simulant. After 7 months of operation, the electrical resistance 
between, the electrodes had noticeably dropped. The melter power supply became current limited about 
a month later, causing the idling temperature to fall below lOOO°C. When the cold. viscous melt could 
no longer be poured (at 850°C), the melter was shut down and cooled; it was dismantled in February 
and March 1984 (Morris et al. 1986b). 

Table 3.25. M9 Frit Composition (Morris et al. 1986b) 

Oxide wt% 

NazO 11.0 
LizO 5.4 
~O3 29.5 
SiOz 54.1 

A.1.123 



Table 3.26. Waste Simulant Compositions (Morris et al. 1986b) 

Wt% as Oxide 

Element Magnox LWR 

Total fission products 39.16 3.4 
Total actinIdes 0.: . " l.~ 

Al 20.0 
Fe 10.6 2.7 
Cr 2.2 0.7 
Ni 1.4 0.5 
Mg 24.8 
Zn 1.7 
Gd 31.3 

Examination of the melter electrodes showed localized corrosion in the lower sections. ':.Iith 

material weight losses of 14.6 % and 4.2 % from the two electrodes. In two places corrosion had 
penetrated completely through the electrodes. Samples of the electrodes taken from areas of minimal 
corrosion showed evidence that the slow corrosion was a result of oxidation of Cr to Cr

Z
0

3
" However. 

a large quantity ofRu (average concentration 15.8 wt%) was found near areas of high corrosion. The 
glass target composition was only 0.6 wt%. A layer (estimated at < 10 mm thick) on the melter floor 
contained a high concentration of Ru. Further examination of the bottom of the electrodes showed 
signs of melting, indicating localized, excessive heating of the glass, which accelerated the rate of elec
trode corrosion. Separate tests showed that the high Ru concentrations did not directly affect the 
electrode corrosion. It was concluded that, because deposition of Ru cannot be prevented. a new 
melter capable of removing the sediments as they are formed should be designed (Morris et ai. 1986b). 

3.6 Vitrification Studies Conducted at PNL 

Noble metals have been included in glass development studies since some of the earliest waste 
solidification and vitrification work at PNL. The insolubiHty of noble metals in glasses was ooserved 
at those early stages and was also known from the literature; however, the effect this insoluoliity 
could have on melter operation was not known. Early work focused on waste-form durability and 
leaching behavior rather than processing concerns. As the processing concerns related to noble metal 
insolubility in glasses became known, studies became focused on determining particle agglomeration 
mechanisms, settling behavior, and related subjects. 

Early work at PNL (Mendel et al. 1977, Ross et al. 1978) addressing low-melting « I 1000C) 
borosilicate waste glasses used several high-level waste sImulants and glass-forming frits. Melts were 
conducted at laboratory-scale ( - 1 DOg). The simulant preparation and melting procedures are not well 
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Table 3.27. Waste Simuiant Compositions (Morris 1~85) 

Highly Active Liquid Waste Simulates Oxide 
Concentraaons giL 

OXIde Magnox LWR 

55IJte U 

leO Ute U 

Ag?O 0.11816 
.;1'!O3 51.53083 
BaO 4.11682 9.15526 
CdO 0.29701 
C~04 

CrZ03 3.18885 2.04618 
C.;.O 7.62:374 13.67646 

F~~ 25.99508 7.57757 
I~03 8.7e-03 
1I::zO 
u.."o 
MgO 51.25580 
Mo03 13.84362 25.50500 
NazO 
NiO 2.08229 1.27252 
RbzO 1.03275 1.85912 

Sbz°3 0.07183 
seO:: 0.36537 
SnOz 0.31740 
srO 2.82749 4.96692 
Te02 1.78952 2.75170 
Y203 1.69149 2.92086 
Zno 2.26311 
P04 4.54545 0.47000 
RuOz 7.15273 13.69264 
ZrOz 13.28438 24.71940 
G~OJ 87.02262 

Uz°3 3.80140 7.09008 
ceOz 8.65360. 16.14004 
Pr60 Il 3.77048 7.03241 

Ndz°3 12.51679 2:3.34536 
3mZ03 2.16339 4.03499 
RE:!0J 30.90567 57.64288 
Totals 225.12964 256.45760 

All oxides in the HALS are present as the nitrate fonn 
except CdO. InZ03' Mo03• Sb:z03' se02• SnO:!. and 
TeO:!. 
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described: lJowever. frit and waste compositions are available in the references. The waste glasses 
desIgnated 77-107.77-260. and 72-68 contained phases high in Pd and Ru. X-ray diffraction (XRD) 

srudies :demified the ;(u species as Ru02' 

;. Jermied J . .!1aiVSIS was Derformed for !:lass 72-68. The XRD analvsis showed tetragonal RuO ... 
':~ySra1S ,:amce -;onstants a,,'= 4.5 A, CO =- 3.1 A) after melting at 1000°C. These crystals comprised 
:. - '::tS vI tIle 11asS. Jut dia ::lot exceed approximately 1 J.Lm in size. They were not visibly altered 
liter . :~:rr::'1 -00°":. -:-ne proauC! giass contained Pd at 1.0 wt% with a maximum particle size of 
.:} .!ffi ::""la.:.;, OO-am?J1 partIcle. TIle observed increase in concentration of Rh toward the top of the 

3amDle ·.lIas iJresumeu i:O nave been caused by particles rising with bubbles. 

L:J.ter. work was done at PNL to examine the recovery of noble metals from fission product waste 
(Jensen et 3..1. i 9831. Investigators found that adding a metal oxide and ,a reducing agent to the waste 
lIla :g!ass-,:ormers 'Oemurs :ecovery or most of the noble metals. The reducing agent reduces the metal 
JXIOe to 'Jure !11e~, :vmC:1 ;:nen aCtS as a "scavenger" to collect the noble metals. The metals fall to 
'Be aottom OT me melter, from where they can be drained, separated, and purified. Investigators 
;>ropcsed dlar the metal mixture could be drained from the bottom of a melter through a freeze valve. 
:i1e :'reeze valve con~pt had been rested using glass but required evaluation for use in draining molten 
metals. 

L:looratory srudies were performed to determine the efficiency of this process in noble metal 
recovery. A rruxrure of slmuiated waste, glass-formers, a scavenger oxide, and a reducing agent was 
melted in a porcelain crucible at llOO°C for 2 hours. The melts were then poured onto a steel plate, 
where the metal nodule, if formed, would separate from the glass. The metal and glass were then 
analyzed to determine recovery of the noble metals by the scavenger metal. Various metal oxides and 
reducing agents were evaluated. In general, 70% to 100% of the palladium, 70% to 100% of the 
rhodium, and 30% to 70% of the ruthenium could be recovered. At that time, the motivation for noble 
metal recovery was economic, and was not related to melter operational concerns. 

After it became known that the noble metals had the potential to form a sludge that would interfere 
with melter operation, tests were done to obtain a preliminary characterization of noble metals in simu
lated HWVP glass [Geldart et al. (1987), unpublished, endnote 19]. These tests included crucible 
melts and a continuous liquid-fed minimelter (LFMM) run, all using the reference HW-39 waste and 
rm. Tne noble metals were added as the oxides Ru02' Pd~, and Rh20 3 with average particle sizes of 
approximateiy 15 p.m, 5 p.m, and 2 p.m, respectively. The noble metal oxide concentrations in the glass 
were as foilows: 

0.16 wt% 
0.05 wt% 
0.05 wt% 

Tne crucible melts were performed to determine the effects of redox state, temperature, duration 
of melt, and noble metal concentration on the behavior of noble metals in the melt. Ferrous/ferric 
(Fe-2iFe-3

) ratios studied were 0.0, 0.03. 0.27, and 0.65. Temperatures studied were 940°C, 
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11OO°C, and 1170°C. The various melt durations were 2.4. 24. and 240 hours. and total noble metal 
concentrations used were 0.26. 2. and 11 wt% of the total glass oxides. An increased Fe "1"2/Fe-

3 

(redox) ratio caused a decrease in the number of spinel crystals present in the glass product: however. 
the degree to which this occurred depended on the reducing agent used. For example. no spmels were 
observed at a Fe +21Fe +3 ratio of 0.27 when formic acid was the reducing agent. However. when 
'sugar was the reducing agent, spinels were present at a Fe+2lFe +3 ratio of 0.65. At higher 
Fe+2/Fe+3 ratios, noble metal panicleS were of high purity, with little mixing of elements. It Jppears 
likely that the panicles were not metallic, but that is not stated in the repon. Increases m temnerarure 
enhanced the settling rate of agglomerated panicles and therefore decreased rile number ana SlZe of 
panicles suspended in the melt. Increases in duration of the melt caused increases in me SlZe 01' 
panicle observed in the melt and in the amounts of settled panicles. The only apparent effect of 
increasing concentration of noble metals was to increase the total number of panicles and 
agglomerates. 

Most of the agglomerated panicles observed in these crucible melts were < to urn. Some of the 
panicles were alloys of Ru, Rh, and Pd, with traces of Cu, Fe, Ni, and Cr. Palladium was ooservec 
alloyed with Te in some cases. XRD analysis showed panicles that were pure Ru02 and Rh02. Par
ticles were seen adhering to bubbles, and some noble metals had accumulated at the surface or :he 
melts. 
r~ 

The mini-melter test was conducted to create more representative melter conditions than the cruc
ible melts. The LFMM is a laboratory-scale continuously fed melter. It consists of an Inconel crucible 
with an overflow tube where glass is discharged. The crucible is located in a furnace, as shown in 
Figure 3.44. The cross section of the Inconel crucible is shown in Figure 3.45. Liquid feed was fed to 
the LFMM at a rate of between 180 and 300 mLlh. The reference HW-39 feed was used. The glass 
depth waS approximately 10 cm. The temperature at the bottom of the crucible varied from 1095°C (Q 

1150°C, and the temperature at the top was 660°C to 1030°C. 

The discharged glass was analyzed by XRF, SEMIEDAX, and ICP. The results showed mostly 
, submicron Ru and Pd panicles. A cor~ sample taken upon completion of the LFMM test revealed a 

0.5 cm metal nodule at the bottom of the crucible, which was mostly an alloy of all three noble metals. 
Numerous other metal nodules were found at the bottom of the melt, many of which were under the tip 
of an Inconel thermoweU. The thermowell is believed to have caused the precipitation of noble metals. 
possibly by oxidation of chromium in the Inconel and corresponding reduction of the noble metals. 
The chromium concentration in the discharged glass was higher than the target concentration; thus. 
some of the Inconel may indeed have oxidized. The behavior of noble metals in the LFMM may not 
be representative of their behavior in the HWVP, because the noble metals were added as oxides r:lther 
than as soluble nitrates or other complexes. In addition, redox conditions could not be accurately 
controlled in the LFMM. The expected rmge of Fe+2IFe+3 ratios (from crucible melts) was 0.0 to 
0:3. Actual values obtained in the LFMM were 0.18 to 0.51, again, a likely result of oxidation of the 
Inconel. 

Because the method of noble metal panicle agglomeration was not well understood. an effon was 
made to generate ideas on how such agglomeration might'occur. Rough calculations (Hrma. unpub
lished, endnote 8) assuming that all panicles in a typical glass melt are micron:-sized RuO., panicles 
evenly spaced throughout the melt showed that settling o~ individual panicles cannot acco~nt for the 
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Figure 3.44. Schematic of Experimental Apparatus Used in LFMM Srudies 

sludges formed on melter floors. Furthermore, it was believed ~at the individual panicles could not 
significantly agglomerate solely due to random collisions in the melt. The proposed mechanism was 
shear-induced agglomeration at the cold cap-melt interface. 

A relatively simple model was created to determine if agglomeration rates caused by shear could 
be significant (Lessor et al., unpublished, endnote 9). Results indicated that shear-induced 
agglomeration could be significant, especially when combined with other agglomeratIon mechanIsms, 
such as electric field interaction, hydrodynamic interaction, and bubble phenomena. 

Additional crucible studies were performed to examine agglomeration and settling of noble metal 
particles, particularly Ru02 (Cobb and Hrma 1990). Glass with a total noble metal oxide concentration 
of 0.45 wt% (0.27 wt% Ru02, 0.09 wt% Pd~, 0.09 wt% Rh20 3) was mixed as oxide panicles 
< 100 ILm and was melted at 1150°C for 95 minutes. The glass was then cooled, crushed, and disc
milled, and a portion was remelted at 1150°C for 25 minutes. The samples were then heated in 
alumina crucibles at 1050°C for 15 minutes, 2 hours, 6 hours. 14 hours, 64 hours. or 140 hours. and 
the product glasses were examined by optical microscopy. In addition, two samples were heated In 

platinum crucibles for 16 and 64 hours. The Ru02 was initially present as particles approximately 
1 ILm in diameter. 

A.1.128 



i 
~.~. 

FIgure 3.45. Cross Section of the Inconel Crucible Used in the LFMM Studies 

Examination of the glasses indicated that much of ttie agglomeration occurred in the melt meniscus, 
where velocity gradients would be expected to be greatest. The 2-hour sample showed agglomerates of 
up to 50 p.m dispersed throughout the melt. although most particles were only I to 2 p.m. Agglomer
ates were present mainly in the upper half of the 14-hour melt, whereas at 16 hours agglomerates were 
again dispersed throughout the melt. In meltS conducted for longer than 14 hours. a layer of large 
agglomerates covered the bottom of the crucible. The 64-hour melt contained a 3.5- x l.5-mm 
agglomerate beneath the center of the upper melt surface and smaller particles of metallic Rh and Pd. 

Calculations using Stoke's Jaw estimate that a spherical Ru02 particle with a diameter of I p.m 
would settle I em in 2i8 days. Therefore. agglomeration must precede settling. Because the mecha
nism for agglomeration was velocity-induced shear. particularly in the crucible meniscus. these results 
cannot be directly correlated to noble metal behavior in a melter. Therefore, it was necessary to 
examine agglomeration in a representative melter environment. 

A.1.129 

------- -- ,-
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Data Package 1, Appendix B 

Low-Temperature, Joule-Heated, Ceramic-Lined Melter: 
Evaporator Coupled to Melter 

Dunng the June meeting, it was suggested that the size of the LCTM could be reduced by evaporating 
me feed ber"ore adding it to me melter. The suggestion was to put a vertical wiped-film evaporator (WFE) 
jirectiy above me me1ter SUCD r.ilat the Cned solids would fall onto the melt pool surface. This appendix 
provid~s sizing mformarion ior evaporators for various configurations of the LTCM. During the course of 
putting together the other data packages, it was ,suggested that the other melters could also benefit from the 
use of an evaporator. Information on dry-fed versions of the CCM, stirred melter, and Pochet melter were 
included in the respective data packages. but information on evaporators for these configurations was not 
lvailable. Tnerefore. lDIormation on eV:l90rators for the other melter configurations will also be included 
in this appendix. This appendix win cover oniy evaporators; calciners are discussed in the CCM data 
package. 

Description of Technology 

WFEs, also called agitated thin-film evaporators, can dry liquids down to solid powders; their heating 
surface consists of one large-diameter tube, which may be either straight or tapered. horizontal or vertical. 
The outside of the tube is heated with steam, oil, or other high-temperature media, such as Dowtherm. 
Liquid is spread on the inside tube wall by a rotating assembly of blades that either maintain a close clear
ance from the wall or actually ride on the film of liquid on the wall. The high rotor speeds (tip speeds of 
20 to 40 ftlsec) allow handling of viscous materials. WFEs are used only for the most difficult materials 
because of their expensive construction (Perry and Chilton 1973). 

, Evaporators that have been tested,for drying HLWs include horizontal WFEs. vertical WFEs. and 
thermosyphons. The CCM pilot plant in Russia is designed to pre-dry the nitric acid feed down to 20% 
moisture with a vertical WFE. Testing with WFEs has been done at PNL, and is currently being done at 
Oak Ridge National L,aboratory (ORNL). 

Wiped Film Evaporator Work at Pacific Northwest Laboratory 

Horizontal and vertical WFEs were tested at PNL in the 1970s for predrying feed before sending it to 
an in-can melter. a metallic melter. or a ceramic melter. All of this work was done with Purex simulants 
(various metallic nitrates and oxides in 1 to 3 molar nitric acid). A horizontal WFE with a 5 fe heat tran
sfer area was initially tested (Dierks and Bonner 1975). This evaporator operated at 450 rpm with a tip 
speed of 22 ft/sec., and water cooled, graphite-to-stellite mechanical seals were used to seal the evaporator. 
The feed solution was preheated to a few degrees below its boiling point The feed was concentrated to 
50% solids (the consistency of mayonnaise) because the WFE was found to foul at higher solids 
concentra~ons, and in some instances, the product had to be pump able. When the WFE was directly 
coupled to a continuous metallic melter (1150°C), the frit was added to the evaporator feed. When the 
WFE was directly coupled to an in-can melter the frit was added to the canister separately. When the 
evaporator was indirectly coupled to the ceramic melter, the concentrate was collected and later pumped 
into the melter. For the ceramic melter demonstrations. frit was added both in the evaporator feed and as a 
separate feed stream [Q the melter. Feeding a wet evaporator concentrate to a melting system reduced 
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;neiunl! caoacities to 20% to 50% of those of comparable systems receiving calcined wastes. This reduced 
:ne:un~ c~acitv 1S assumec to be a result of incomplete drying of the slurries. Clogging occurred when 
me c31~me~ w~ coupled directly to a melter. Heat transfer from the melter would calcine the partially 
jned feed· near the exit of the evaporator. This was felt to be a result of incomplete drying of the ·slurry in 
:'l.e :!'I:loor.uor. "·;arlOus "-"aler-cooled nozzles were tested with limited success. 

-:-wo -;enes ot testS Wtth flLlREX simulants were also completed in pilot plant facilities of two 
.:ommerc::u :.Ilanuiacrure::s oi~N""FEs (McElroy 1975a). These tests were done to detennme if a simulated 
:-rL'N .;1UITV CQuid be evaporated to a free-flowing solid in a single pass through a WFE. These short tests 
·Jia aemonsrrare mat the siurries could be evaporated to 10% to 20% liquid (free flowing). Processing 
rates were estimated to be in the range of 2 to 1llJh·fe of evaporator heat transfer surface. A 0.88 ft2 
horizontal. Rototherm Artisan WFE, a 10.8 ft2 LUWA D-21O horizontal dryer, and a 3 ft2 LUWA CP-150 
vertic:ti \VFE were tested with steam and hot oil as heat transfer media. All of the units evaporated the 
S,UIT'J dOwn to a . ir",!' ;roauct (10% (Q 20% of about 17 molar nitric acid). Little, if any, denitration was 
.!!:.:!levea in me e'/aporarors . .md Che products were 55 wt% to 58 wt% oxide. The vertical WFE operated at 
1575 rpm with a 5-ap moror and was tested only with hot oil as a heat transfer medium. The product was a 
".miform powaer that averaged 11 wt% liquid (17 molar nitric acid). It was noted that the vertical WFE had 
a higher sotids buildup on the paddles on the rotor shaft than with either of the two horizontal machines. 

Wiped FUm Evaporator Work at Oak Ridge National Laboratory 

OR.NL is currently developing a WFE for concentrating radioactive salt waste. The waste is a sodium 
nitrate and potassium nitrate supernate containing calcium carbonate, magnesium hydroxide. and alum
inum hydroxide solids. All testing so far has been on simulants dried to either a near-dry slurry or a dry 
powder with a vertical WFE. Drying to a cake causes vibration in the WFE as solids accumulate on the 
wipers. The contact at ORNL suggested drying the Hanford Site waste to a toothpaste-like consistency 
because of problems with dusting and carry-over from the melter system if the waste is dried to a powder. I 

The OR..~ WFE is a vertical unit that does not have a lower bearing and is therefore remotely 
replaceable. It can evaporate 0.5 gpm. It has a 5.4 fe heat transfer area. The evaporator shell is a 
lO-in sch. 40 pipe that is 2 ft long. The overall unit is 7-to-8-ft tall and 2 ft in diameter (see Figure B.l.l). 
It uses 150 psi steam as a heating medium and has 0.62 fe of steam jacket volume. They maintain a 
30 ft/sec tip speed on the wipers. The unit uses a 7.5 hp electric motor. They use an agitated kettle heater 
to preheat their feed because sensible heat takes twice as much waste treatment facility (WTF) heat 
transfer area as does latent heat. 

:lR...'.fI:. ~las not done a lot of testing with high solids concentrations. They are currently testing a 
soiution with 20 Wt% suspended solids and plan to test 30% and 40% solutions by October. 

They do not have to perform routine maintenance, but they have had some operations problems with 
the pins on the wiper blades. Two different types of pins have failed during tests. They are now using 
Ultimet (similar to Stellite) pins that are welded into position. The services required for their unit are 150 
psi steam. cooling water for the bearings, and electricity for the motor. 

Estimated Increase in Melter Production Rate from Using an Evaporator 

The assumed benefit of coupling an evaporator to a melter is that the size of the meIter can be reduced 
because the evaporative heat load is removed from the melter. This brings up a difficult question that has 
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Figure B.l.l. Vertical Wiped Film Evaporator at ORNL 

appeared before: what production rate increase should be assumed for dry feeding versus slurry feeding? 
A rule:-af-thumb for production rates in the commercial glass industry is 3 to 5 ft2/ton/day for dry feeding. 
which converts to 17 to 28lblheft2 (82-135 kglhem2

) or an average of21lblheft2 (102 kglhem2
). The 

nominal production rate assumed for slurry-fed HWVP melter was 40 kglhem2 or a factor of 2.5 less than 
dry-fed commercial glass melters. Obviously, this is a-crude approximation because these melters process 
different &lasses at different temperatures. 

Ceramic-lined,joule-heated melters for.HLW vitrification have been tested using dry feeding. A 
search of PNL reports was carried out to identify work that would allow a reasonable comparison of melter 
processing rates for a slurry-fed ceramic melter (SFCM) and a calcine-fed ceramic melter (CFCM). Most 
of the work was done with calcined feed, not dried feed. Applicable data fOWld in these reports was then 
used to estimate the required melter surface area for processing 16.3 metric tons of waste glass per day. 
The following is a brief summary of the data fOWld in these reports, the calculated required melter areas. 
and an overall discussion of the applicability of these data to a direct comparison of slurry and calcme-fed 
melter areas. 

Table B.l.1 presents glass melt rates reponed for a number of tests in thee different melter systems. 
The glass melt rate for a melter fed with dry material tends to be significantly higher than the correspon
ding slurry fed rate, especially in the ESCM and LFCM runs, but less so in the calcine-fed ceramic melter 
Ipilot-scale ceramic melter (CFCMlPSCM) runs. This is indicative of factors other than just dry or slurry 
feeding of the material that influence the process rate. Table B.l.2 presents calculated melter areas 
required to produce 16.3 MT/day of glass at the feed rates reported in Table B.l.l. 
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Table B.1.1. Glass Melt Rates for Dry and Slurry Feeding in Severallv1elter Systems 

Melt Rate (k!!/m:h) 
MelterRun Feed Calcine Slurrv Sourc~ 

CFCM-7 SRP-TDS-211 74.-4 ?~·3:387 

CFCM-8 SRP-TDS-211 51.5 ?NL-3:387 
PSCM-4 SRP-TDSF-131 ~" ~ ;~.O PSCvi~ Run Summar: 
PSCM-5 SRP-TDSF-165 -~ 0 J~ .. ?SC'l1-5 ~un '::UIIL"1l3IY 

LFCM (avg.) Simulated Hanford waste and 74.0 23.4 PNL-SA-,5867 
LFCM (max.) unreacted chemicals 128 33.3 PNL-SA-6867 
ESCM (avg.) Calcined waste and formers or 170 33.2 PNL-SA-6867 
ESCM (max.) HNO, slurry of waste and formers 220 ~8.0 PNL-SA-·,)86"i 

The above data show that the effect of dry feeding to the joule-heated melter ranges from no change in 
the production rate to an increase of about 5-fold over slurry feeding. The CFC~f/PSC:..1 runs '.ve:e 
performed with basically the same melter and the same feeds. The frit in each of the runs was different. 
but the final glass compositions were similar. These runs show the least difference between dry- and 
slurry-fed material. Waste slurry was calcined in a spray calciner. mixed with melted glass frk :ma fea ~o 
the CFCM. The CFCM runs were characterized by numerous foaming incidents, which reauired stopping 
the feed and allowing the foam to melt into the glass, thereby greatly reducing the processing rate. Melter 
control problems were encountered, which likely contributed to the foaming. Additionally, the plenum 
height in the CFCM was not sufficient to allow full coverage of the melter surface because the dry feed 
piles up rather than spreads like a slurry. The PSCM rates were among the highest slurry-fed rates, pos
sibly because plenum heating was used to boost the melt rate. 

The LFCM dry-fed tests used a purchased batch of oxides. carbonates, and minerals to simulate the 
waste, and glass formers were added as unreacted chemicals. This mix of dry chemicals was then fed to 
the melter. Generation of gas from the hydrates, carbonates, and other substances relative to calcined 
waste/premelted frit was significant, and the gases escaped by percolating through the powdered feed on 
top of the glass. The melt rate was adversely affeeted by plugging of gas vents in the cold-cap by. feed 

Table B.l.2. Melter Area Required for Producing 16.3 MT/d of Glass 

MelterRun 

CFCM-7 
CFCM-8 
PSCM-4 
PSCM-5 
LFCM (avg.) 
LFCM (max.) 
ESCM (avg.) 
ESCM (max.) 

Melter Area (m2
) Required for Production of 

16.3 MT/d of Glass 
Calcine-Fed Slurry-Fed 

9.1 
13.2 

9.2 
5.3 
4.0 
3.1 
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material spread by the solids disuibutor. Modifications to the solids disuibutor eliminated this problem. 
and melt rates at the end of me test were the highest obtained. It was reponed that even higher melt rates 
were thought to be possibie. Liquid feeding in the LFCM te·Sts was carried out in tests of short duration 
(less than 12 h) and may be somewhat less accurate. 

lhe ESCM was the smailest of the melters for which data are reported here (0.27 m2 versus 0.76 m2 for 
the UCMJCFCM and 1.05 m~ for the PSCM) and the earliest in operation. The data reported are from two 
ye:l!S of operauon. Many I)r the rests were short. one-day tests. Commercial and defense wastes fed over 
two ye:l!S oi operauons inciuded PW-4b. PW-7 -2. high fission product waste, a purchased synthetic Cal· 

';me. :md hIgh iron and ruummum Savannan River wastes. A frit used in some of the tests was 72 to 68. 
During dry feeding, the ESCM typically had about 50% of the melt surface covered and may have oper
ated substanually below its maximum production rate. Although no long term tests appear to have been 
done in this melter and different feedslfrits were apparently used, the data presented represent the average 
of many short tests and should he reasonably representative of calcine versus slurry feeding. 

Attempts were made to use data that were comparable (e.g., same melter. same feed, same temp
erature) with the only difference being slurry or calcine feeding. Nevertheless, numerous factors other 
than dry/slurry feeding have a marked impact on the melt rate. A few of these are discussed below. 

1. Some of the data come from rather short operating periods of just a few hours and may not represent· 
the steady-state value. 

2. An indirect effect of dry feeding on the bulk glass temperatUre may enhance the melt rate. The weight 
of the'large feed pile pushes unmelted feed below the glass surface in the center of the pool, resulting 
in a smaller conduction path, increased resistance, and increased heating. Temperatures were as high 
as 1280°C in the CFCM runs. 

3. Calcined feeds will already be hot as they leave the calciner and will require less energy to melt; how
ever. melt rates of dry feeds not from a coupled calciner are also high. 

4. The melt rate can depend on the operating conditions, such as the means of control, cold-cap coverage. 
and/or plenum heating. which may not be constant from test to test. In the \=FCM tests. it was thought 
that poor controlled to much of the difficulties with foaming. In other tests, complete cold-cap cover
age prevented venting of gases and reduced the melt rate. The same observation was made with the 
LFCM when vents were covered by the disuibuted feed. 

5. The melt rate will also depend on the feed. Premelted frit can cause foaming due to entrapment of 
evoivea gases in a viscous meit at the cold cap. The glass formulation and/or glass frit can also have a 
marked influence on the melt rate. ESCM melts used a glass that was fluid at the higher melting 
tempercuures of these tests. The behavior of the feed may also be different i~ a dry-fed versus slurry 
fed system, and this behavior can vary from feed to feed. 

6. The melter design can affect the melt rate. The plenum height in the CFCM limited the melt rate, 
probably by not allowing a sufficient feed pile to completely cover the melt surface. 

7. The slurry oxide loading can affect the melt rate, and the oxide loading in the slurry varied greatly 
among the reponed tests. 
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: . .,'1 summary, past data from several melters operated at PNL shows that the effect of dry-feeding a 
.;cute·heated me!ter c:m range from no mcrease to a five-fold increase in melt rate relative to slurry feed
:n£. nowever. cxnenence has shown that many other factors other than dry or slurry feeding can also 
:n;lue.::::ce tne melt :ate. TI1ese fac:ors have not been carefully controlled in the test data reviewed here: 
:.:.~ere!ore . ..he ~ncre:lSed meit rate should be viewed with caution. Experienced ·melter personnel agree, 
.1owever. :..t'1at dry ~eeding :s likely to result in some measurable increase in the melt rate if all other factors 
:.re :!Ccountea ::J!. 

-=or "JUfDoses or· c:llcdation. a production rate of 100 kglh.m2 will be assumed for dry-fed melters in 
·.illS appenaix: :rus 1S a ":.5X increase in production rate over slurry-fed melters. As stated, this estimate 
wouid de:lI1Y have to be derermined experimentally as a function of feed composition and melter type. 
Basic parameters for the LTC~ with an evaporator are presented in Tables B.L3 and B.1A. Table B.1.3 
represents the case where the frit is added to the waste at the exit of the evaporator. This allows a more 
~8ncemralea fe~a soiution (200 g waste oxide/L) to be pumped to the calciner and therefore requires less 
=vanorauve capac:ty. -::IDle B.1A represents the case where the frit is added to the feed upstream of the 
evaporator. The addition of the frit in the waste slurry reduces that allowable concentration of waste down 
to 125 g waste oxide/L. This results in a larger stream going to the evaporator. 

Sizing of Eyaporators 

~G C.)rporation (formerly UJWA) manufactures WFEs. Mr. Bill Glover ofLCI was contacted and 
JSked to recommend 'fiFEs to pre-dry the Hanford Site HLW slurry.2 The first question was how dry the 
product should be. He said that they do not like to dry to chunks or pastes because they plug their 
discharge. They prefer to go to a dry and flowable powder. Mr. Glover also stated that melting of 
hydrates can be a problem. as can early-melting salts that gum up the evaporator. Each salt acts differ
ently; some simply will not process in a WFE. Early melting salts can form a "goo" that clogs the evap
orator tube. 

Table B.l.3. Operating Parameters for Low-Temperature, Ceramic-Lined Melter 
with Evaporator (frit added after the evaporator) 

Specific Glass Production Rate 
Waste Loading in Glass 
Oxide Loading in Slurry to Evaporator 
Bulk Glass Temperature 
Plenum Temperature 
Glass Depthla

) 

Glass Residence TIme 
Total Operating Efficiency 
Number of Melter Lines 
Glass Surface Area (m2/melter) 
Glass Production Rate (MT/day/melter) 
Glass Production Rate (kg/hlmelter) 
Slurry Feed Rate to Evaporator (lJh) 
Glass Holdup (MT) 

(a) Assumed based on VlHC Phase I study. 
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1 
6.8 

16.0 
680.0 
850.0 

14.0 

100 kglh.m2 

25wt% 
200 g waste oxidelL 

1150°C 
650°C 
0.8m 
20h 
60% 

2 
3.4 
8.0 

340.0 
425.0 

6.8 

3 
2.3 
5.4 

230.0 
283.0 

4.5 

4 
1.7 
4.0 

170.0 
213.0 

3.4 



Table B.l.4. Operating Parameters for Low-Temperature. Ceramic-Lined 
Melter with Evaporator (frit added before the evaporator) 

Specific Glass Production Rate 
Waste Loading in Glass 
Oxide Loading in Slurry to Evaporator 

Bulk Glass Temperature 
Plenum TemperatUre 
Glass Depth(·) 
Glass Residence TIme 
Total Operating Efficiency 
Number of Melter Lines 
Glass Surface Area (m2

) 

Glass Production Rate (MT/day/melter) 
Glass Production Rate (kgJh·melter) 
Slurry Feed Rate to Evaporator (IJh) 
Gl~s Holdup (MT) 

(a) Assumed based on WHC Phase I study. 

1 
6.8 

16.0 
680.0 

1360.0 
14.0 

100 kgJh.inz 

25wt% 
125 g waste oxide/L 
500 g total oxideIL 

1150°C 
630°C 
0.8.ill 
20h 
60% 

2 3 
3.4 2.3 
8.0 5.4 

340.0 230.0 
680.0 453.0 

6.8 4.5 

4 
1.7 
..l.O 

170.0 
340.0 

3.4 

To go to a paste (to avoid dust carryover to the melter off-gas), we should use a vertical evaporator 
without exit obstructions should ~e used. Vertical WFEs operate at a higher speed (30 feet/sec tip speea) 
and have the advantage of less accumulation; early drying phases fall free. They also have better water 
boilup rates per surface area. LCI usually estimates 10-20 lblh·fr water boilup to go to a powder and 
30-40 Ib/l1.ftl water boilup to go to a dilute liquid. Vertical WFEs have less control on the amount of 
dryness because partially dry solids fall free. Horizontal units operate more slowly, and longer residence 
time provides better control over the product dryness and size. The dryer the product. the lower the 
specific boilup rate because the heat transfer coefficient is lower when the slurry turns.to a solid. 

The blades ofWFEs need to be replaced every 6·months when us~d with harsh salts and up to 2 years 
in less harsh environments. The tube will last indefinitely. The bearing needs to be greased regularly . 

. The approximate sizes of vertical evaporators required to feed an LTCM are shown in Table B.1.S (frit 
added after the evaporator) and Table B.1.6' (frit added before the evaporator). When these evan orators 
were sized it was assumed that the incoming slurry is preheated to near boiling. If the inconm{g slurry is 
cool, the evaporator size will increase. The evaporator sizes were calculated based on an assumed water 
boilup rate of25Iblh·ft2, which is shown to be optimistic by the specific boilup rates normally used at LeI 
Corp. As shown in the tables, these evaporators are tall, up to 21 ft, which may cause a head room prob
lem in the melter cell. The diameter of the evaporators may also interfere with the other penetrations on 
the lid of the melter. The height problem can be resolved by going to a horizontal WFE. Because hor
izontal WFEs are less efficient, the evaporator size would have to be increased over those shown in 
Taples B.I.5 and B.1.6. 

The WFEs required for·a stirred melter(s) are the same as those presented in Tables B.1.5 and B.1.6. 
Similar informatio~ for the CCM is shown in Table B.1.7 (assuming that the frit is added after the 
calciner). Sizing information was not obtained for CCMs with the frit added before the evaporator. but the 
evaporator sizes would increase similarly to those in Tables B.1.5 and B.1.6. 
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Table B.loS. Evaporator Sizes for the Low-Temperature Ceramic Melter 
(frit added after the evaporator) 

Method of Feeding Dry 
Concentration of Feed to Evaporator 200 g waste oxidelL 
Slurry Solids 23 wt% 
Solids in Dry Product 90 ';1;"t% 
~umber of Melter Lines I 

~umber oiEvaporators per Melter 1 
Boil-up Rate per Evaporator (lblh) l5GO 740 ;-;.iQ ~-;O 

Required Heat Transfer Area (ft2) 63 32 
~., 

J_ 
,-
.0 

Evaporator Height (feet) 19 14 14 9 
Evaporator Diameter (inches) 28 21 21 ,;: 

~-' 

Drive (hp) 30 20 :0 " 

Table B.1.6. Evaporator Sizes for the Low-Temperature Ceramic Meiter 
(frit added before the evaporator) 

Method of Feeding Dry 
Concentration of Feed to Evaporator 125 g waste oxide/I. 
Slurry Solids 40wt% 
Solids in Dry Product 90wt% 
Number of Melter Lines 1 1 2 2 
Number of Evaporators per Melter 1 2 1 :2 
Boil-up Rate per Evaporator (lblh) 2600 1300 1300 650 
Required Heat Transfer Area (ft2) 106 50 50 25 
Evaporator Height (feet) 21 15 15 14 
Evapol1l!or Diameter (inches) 39 27 27 21 
Drive (hp) 40 30 30 20 

Table B.1.7. Operating Parameters Cold Crucible Melter with an Evaporator 

Oxide Loading in Waste Slurry (w/o frit) to Calciner 
Waste Loading in Glass 
Number of Melter/Calciner Lines 
Slurry Feed Rate to Each Calciner 
Total Glass Production Rate (kglh) 
Boil-up Rate per Evaporator (lblh) 
Required Heat Transfer Are~ (fe) 
Evaporator Height (feet) 
Evaporator Diameter (inches) 
Drive (hp) 
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25wt% 
4 
250Uh 
800 
440 
16 
9 
15 
15 

200 elL 
50 wt% 
2 
500Uh 
400 
880 
36 
14 
21 
20 



The following sections contain infonnation that should be added to the LTCM. 

1. Process Range of Composition 

As discussed in the introduction. early melting salts can cause sticking and clogging in a WFE. This 
'';:lIlllot be preaicred ·.:vithout pilot-scale testing. Preliminary infonnation from ORNL is promising. 

3. Range oi'i'Vaste Handling Capabilities 

The wtde vanauon in Hamord Site wasres will make it necessary to test a broad range of wastes in 
a WFE before irs accePtan~. This would have to be done for any melter technology, but potential 
sticking problems complicate the issue. . 

C. Incorporation of Semivolatiles 

Passing dry or semi-dry feed through the plenum of the melter is expected to cause increased 
volatilization and c3nyover to the off-gas system. This was a significant problem during testing 
ofWFEs with melters atPNL (McElroy 1975b). The carryover can be captured in the off-gas 
system ana recycled to the evaponu:or~ but this will be an additional burden. 

2. Control Product Quality 

As discussed in the CCM data package, addition of the frit to the waste after the evaporator compli
cates the qualification of the product glass. The equipment that meters the frit to the melter must be 
qualified as well as the glass composition. It must be clearly demonstrated that the evaporator does 
not accumulate waste in a cyclic nature such that the ratio of waste and glass formers varies with time. 

D. Minimum and Optimum Residen~ TIme 

Because the increased processing rate exceeds that of a slurry-fed melter, the residence time is 
leSS, 20 hours versus 50 hours. The 20 hours should be adequate for proper homogenization, but it 
limits the capability of the system to dampen feed variations. If this is a problem, the melter depth 
can be increased. The shorter residence time may be an advantage because insoluble particles 
have less time to settle to the bottom of the melter. 

E. Unpredictable Evaporation (Segregation) of Glass Components 

It is not clear if the carryover to the off-gas system will be enriched in specific compounds. If so, 
the recycle will have to be carefully controlled so that the glass composition does not vary. 

3. Develop Technology on Schedule 

This category deals mainly with the maturity of the technology. The WFE technology is mature. As 
discussed, WFEs have been demonstrated with ceramic melters, although testing was not extensive. 
From a survey of the literature, it appears that all testing was done with nitric acid solutions and not 
alkaline solutions, such as the Hanford Site wastes. The effectiveness of drying Hanford-type wastes 

. with WFEs is yet to be demonstrated. It is not clear whether this is an issue. 
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3. Demonstrated Scale oi Operation 

Class processmg rates of 5 to 18 kgi'h were demonstrated with a WFE coupled to an in-can melter 
l?vicElroy i975c). Nitric acid feed stocks were used for these experiments. . 

~e ~usslan CC\1 pilot plant has a single WFE that supports three CCMs. The WFE can dry 
.1lmc ac:d soiuucns to 20% moisture (1000 to 1100 kg salt/m3) to supply three 30 kg/h melters. 

:;I~anlluael Amount oi Tecbnology Development Required 

Tecnnoiogy development needed to determine the effectiveness of drying alkaline slurries with 
WFE involves answering the questions: 

1 \ i:;o e:rriy meiting salts cause dogging of a WFE with Hanford simulants? 

\:) If cady meiting phases appear. can they be prevented using additives? 

If :he 'NFEs are found to be effective in drying Hanford-type wastes. the following questions 
would have to be answered: 

': 1) 'iVhat is the best configuration ofWFE and melter (vertical or horizontal WFE. stearn 
heating or oil heating, direct coupling or indirect coupling to the melter. glass formers 
added before or after the WFE. number ofWFEs per melter)? 

(2) What is the optimum product dryness to allow good coverage of the melt pool while 
avoiding extensive dusting and carryover to the off-gas system? 

(3) What increase in melter production rate is realized from dry feeding versus slurry 
feeding? 

(4) Does the optimum combination ofWFE and melter give a distinct advantage over a 
liquid-fed melter (is there a space savings. added simplicity. reduced risk. reduced cost. 
etc.)? 

G. Processing Rate 

See "Estimated Increase in Melter Production Rate from Using an Evaporator" in the introduction. 

H. Extent of Mock-Ups and Test Facilities Required 

Pilot-scale testing ofWFEs is available at LCI Corporation or ORNL (5.4 fe vertical WFE. 0.5 
gpm capacity). It is not clear if there is a facility with a WFE coupled to a melter. If there is not. 
this could probably be accomplished at any of the meiter facilities listed in Data Package 1. 

5. Control and Maintenance of Process and Facility 

This section includes a discussion of the capability of the me Iter technology to allow safe and efficient 
operation of the vitrification facility. 
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B. Remoteability 

Vertical WFEs for remote environments are currently being developed at ORNL and in RUSSIa. 

This does not appear to be an major issue. Remote horizontal calciners are currently in operauon 
in France and England. 

C. Reliability 

According to inibrmation from QRNL, these units appear to be reiiabie: howeve:-. connnnlinon 0': 

pilot-scale testing remains to be done. 

D. Maintainability 

The wiper blades on the WFE would have to be adjusted or replaced about every six months. :::'1e 
mechanical seals would probably be serviced at the same time. Automatic lubnc:uors JIe ~eqU1rea 
for the WFE bearings. 

G. Potential for Radioactive Source Buildup and Achievement of ALARA 

There will be some buildup of radioactive feed materials in the WFE. If proper comrol is main
tained, this should not be a large source of contamination. Increased maintenance of the wiper 
blades will also contribute to contamination. 

H. Sealing and Containment Relative to Melter 

"A pair of water-lubricated, graphite-to-stellite mechanical seals on each end of the rotor shaft 
effectively eliminates air in-leakage into the evaporator" (Dierks and Bonner 1975). 

I. Modular Design Concepts that Simplify Replacement or Repair 

Adding a WFE to the melter would make the melter system modular and would reduce the size of 
the melter (see Tables ~.l.3 and B.l.4) and the associated disposal costs. 

M. Operati~nal Simplicity 

Adding a WFE to the ceramic meltet increases the complexity of the system. The WFE increases 
the number of moving parts in the melter system and increases control requirements. 
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Endnotes 

1. Telephone conversation between M. BOring of OR.~ and M. Elliott oi PNl... 
August 2, 1994. 

j -:-dephone conversation between B. Glover ofLC Corporation ~u .'vi. E::iiott \JI ?!'~. 
August 2, 1994. 
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Data Package 1, Appendix C 

Low-Temperature, JouIe-Heated, Ceramic-Lined Melter With 
Agitation (Bubbling System) 

This appendix to the data package for the low-temperature, joule-heated, ceramic-lined meiter. 
describes a melter with a proprietary bubbling system that can be used for melt pool agnatIon. .-\11 

information contained in this appendix was obtained from GIS Duratek, and therefore, lpplies 
specifically to their own system, the DuraMelter™. In addition to infOrmation on Duratek's 
proprietary bubbling system, information on the balance of their melter design is also included because 
Data Package I did not incl~de it. <As with the other appendices, only sections that differ from the 
original data package are included. 

When gathering the information to include in this appendix, we received written answers to most of 
our questions about the DuraMelter™ system, but the answers were mostly qualitative. We also 
received copies of a few published papers that provided some additional, general information. During 
a telephone conversation, we requested references or actual data to support claims being made about 
the bubbling system (such as production rates, etc.), and were informed that we would first have to 
sign a non-disclosure agreement. 1 As a result, the information in this appendix is very sketchy and 
cannot be confirmed with operating data. Efforts are under wtrj to get actual operating data for the 
DuraMelters TM. 

Description of Technology 

The DuraMelter™ .is a completely enclosed joule-heated melter, equipped with lid/plenum heaters 
(if desired), a bottom drain to completely empty the melt cavity at the end of processing, and a surface 
sulfate drain to remove undesired fluid second phases, which can collect on the melt surface and 
exacerbate processing. Normally, glass is discharged through side-exiting risers activated by airlifting. 
Glass can be poured directly into receiving containers or converted into DuraGems (flattened glass 
marbles). 2 

The DuraMelters are constructed from the following materials (Bowan 1993a): Inconel 690 elec
trodes, Monofrax K-3 contact refractory, Zirmul AZS refractory and 95 % alumina castable backing the 
K-3, Inconel housing/interior liner, refractory ceramic fiberboard insulation around the melter, and a 
304L stainless steel external shell. 

Figure C.I.I is a schematic of the DuraMelter™ 300, which is a nominal 300 kg glass/dtrj melter 
that has been used for testing. This melter is similar to previous HLW melter designs except for the 
horizontal air sparge, the inner Inconel shell, and the lack of a cooling jacket. 

Each DuraMelter™ is equipped with a gas bubbling system, as shown in Figures C.l.2 and C.1.3 
(Macedo 199;1-), which consists of one or more multi-orifice Inconel 690 tubes positioned directly 
between the pairs of electrodes, and lying horizontally near the floor of the melter. In the figures, the 
Inconel tube is #110, and the bubbles are #107. During operation, the bubbling system produces a line 
of bubbles that rise up through the molten glass pool between the electrodes. Use of air, enriched air, 
or oxygen in the system is preferred. Duratek has optimized their bubbling rate by using a feedback 
loop from a processing variable that could not be disclosed.3 
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Figure C.l.3. DuraMelter™ Bubbling System~ End 
Sectional View 

"A curtain of gas bubbles produced by the tubes in the glass melt will have ~ volume fraction of gas of 
10% to 60%, preferably 15% to 40%, and ideally 20% to 30%. Maximization of the rate of power 
delivery and an optimized temperature profile are thereby achieved. If there is a region where the bub
bles occupy 33% of the volume of the melt. the power will be 50% high~r and the additional tempera
ture as well as the effective lower density of this column of glass will give the column of glass an 
upflow motion" (MaCedo 1993). 

Using the bubbling system in the melter has three main advantages (Bowan 1993a; Bowan 1993b; 
Bowan 1994; Macedo 1993): 

1. The bubbling creates a vigorous stirring action. which enhances the convection in the melt pool. 
This has a significant impact on the melter production rate, and also helps to suspend any particles 
that would normally settle and accumulate on the melter floor. such as noble metals or crystals. 

2. Using air or oxygen to produce the bubbles helps control the oxidation state of the melt pool by 
providing a strong oxidizing condition in the melt and thereby allowing higher concentrations of 
organics and metallics in the waste stream. . 

3. The bubbling action can help disrupt a sulfate layer. which might form on the surface of the glass 
pool and could decrease the electrical performance of the electrode circuit. 

More thorough discussions of these advant;lges are included in the appropriate sections of this 
appendix. 

To produce a glass with 25% waste loading at a production rate of 16 MT/day and a 125 kgJh.m2 

specific process rate requires a total glass surface area of 5.3 m2 with this technology. This can be 
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accomplished with either one me1ter or multiple melter lines. For example, the glass pool geometry for a 
single, 16 MT /day melter would be about 2.3 m x 2.3 m. If two melter lines are used, the glass surface 
would be 1.6 m x 1.6 m (2.6 m2

). Basic parameters for this meiter technology are presented in Table c.l.l. 

1. Process Range of Composition 

B. :~ange of Waste Handling Capabilities 

Waste streams that have been tested or will be tested in the Dura.i\.1eiter:M include mixed waste 
simuiants and asbestos wastes. Table C.1.2 lists some borosilicate glass compositions reponed in 
the literature, and Table C.1.3 shows a typical asbestos waste feed. As indicated in Table C.1.2, 
the waste sludge used to produce the Fernald Test Glass had a relatively high concentration of 
magnesium fluoride. The literature and conversations with Duratek do not make it clear which of 
these compositions have been tested and what the processing rates were, although it is likely that 
the M Area Sludge has not been processed. These compositions are in addition to those presented 
in the original Data Package 1. 

Acceptable Glass Properties -

• Viscosity and Electrical Conductivity 

In addition to the composition shown in Table C.l.2, the data in Table C.lA below was 
presented in the literature for the Fernald Test Glass. They provide acceptable values for 

Table C.l.I. Operating Parameters for the DuraMelter'IM 

Specific Glass Production Rate 
Waste Loading in Glass 
Oxide Loading in Slurry 
Bulk Glass Temperature 
Plenum Temperature 
Glass Depth(a) 

Glass Residence TIme 
Total Openumg Efficiency 
Number of Melter Lines 
Glass Surface Area (m2) 

Glass Production Rate (metric ton/day) 
Glass Production Rate (kg/h) 

12S kglhem2 

2Swt% 
SOO gIL 

l1S0°C ± SO°C 
600-900°C 

2.Sm 
SOh 
60% 

1 2 
S.3 2.7 

16.0 8.0 
667.0 333.0 

Slurry Feed Rate (lJh) 1334.0 667.0 
Glass Holdup(b) (metric tons) 33.3 16.7 

(a) Calculated based on a SO h residence time. This could easily be 
reduced if a lower residence time is accepta;hle. 

(b) Assumes a molten glass density of2S00 kg/m). 
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Table C.l.2. DuraMelter1'M Glass Compositions 

Fernald Test Savannah River 
Oxide Startup Glass Glass (F5-46) MArea Waste 
(wt%) (Bowan 1993a) @owan 1993a) (Bowan 1994) 

AIlO3 3 4.4 9.51 

BlO, 16 12.2 11.22 
BaO 0.02 
CaO 20.8 0.30 
CrlO3 0.02 
CuO 0.01 

Fez03 12 3.09 

Kz° 1.09 
LilO 3.07 
MgO 0.14 
MgFl 15.6 

Mn°l 0.03 
NazO 16 6.4 13.31 
NiO 0.47 
PlOS 2.48 
PbO 0.05 
Sial 46 33.6 47.18 
TIOl 0.05 
U30 S 1.93 
Zno 0.23 
Zr02 6.10 
gthers 

(-
7 7.0 

Total 100 100 100.3 

(a) Composition of "others" not specified in references. 

viscosity and electrical conductivity. The viscosity and conductivity are lower than in normal HLW 
glass. The following quote also describes the effects of tlie gas bubbling on the electrical resistance of the 
glass melt: 

"By introducing gas bubbles into the melt. which are voids and which will not conduct elec
tricity, one decreases the cross sectional area of the melt through which the current passes, 
thus increasing the resistance of the melt If the power supply is arranged to be a constant 

. current supply (rather than constant voltage), the additional resistance will increase the power 
density and thus the temperature and will form a highly oxidizing hot region into which the 
waste materials are introduced" (Macedo 1993). 
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• Redox 

Table C.l.3. Typical Asbestos Waste Feed 

Feed Constituent Wt%ofFeed 

WASTE 
Water 11.6 
Polyethylene 2.9 
Chrysotile(&) 21.8 
Gypsum 8.7 
Cement 10.9 
Iron 2.2 

. ADDITIVES 
Silica 19.3 
Sodium Carbonate .22.6 

TOfAL 100.0 

(a) Chrysotile 3MgO*2Si02 *2HP comprises 
about 95% of the asbestos consumed in the 
United States. 

"Most high-level nuclear wastes contain a variety of transition metals capable of assuming variable 
valence states in glass melts. The steady state oxidation state of the melt pool can change suddenly 
with melt temperature fluctuation or waste feed chemistry shifts. Ideally, through empirical data. the 
chemistry of the feed is adjusted to a point which yields a melt oxidation state that is tolerant of 
temperature fluctuations. Absence of this type of control can result in melt foaming (analogous to the 
foam head on a root beer poured over ice) which can clog or impede gas flow to the off-gas treatment 
system. The bubbling system in the DuraMelter fixes the oxidation state of the glass pool and makes 
it completely tolerant of feed chemistry or melt temperature shifts .. During an asbestos vitrification 
demonstration on the DuraMelter™ 1000, whole polyethylene bags of asbestos containing materials 
were fed to the melter. It was expected that the combustion of the bags would result in a highly reduc
ing melt pool. However, periodic glass samples from the melter discharge were analyzed and all iron 
in the glass was found to be trivalent.'~2 

C. Incorporation of Semi volatiles 

"Thermal stabilization processes can volatilize some of the waste components they are trying to 
capture and stabilize. Vitrification also risks losing some fraction of certain elements which bond 
weakly in glasses or have low solubility in glasses. Cesium, iodine, chlorine, and technetium are 
some such species. It is wise to minimize the processing temperature of the glass pool to maxi
mize capture and vitrification of semivolatile species. This limits losses of these components to 
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Table C.l.4. Viscosity and Electric~ Conductivity Data For Test Glass F546 (Bowan et at. 1993al 

Viscosity Conductivity 
Temperature (oq (uoise) (stcm) 

1000 13.6 0.03 
1150 4.9 0.10 

the off-gas treatment system. minimizing secondary waste generation. This was the premise of 
lower melting temperatures for West Valley and DWPF and remains sound for waste streams con
taining substantial activity in the form of semivolatiles. Again, the DuraMelter™ operateS at a 
temperature of 1150°C, and we believe this to be the lowest reasonable melting temperature which 
maintains an economical operating process."2 

Most LTCMs are operated with a cold cap, which helps minimize the amount of volatilization by 
providing a protective blanket over the glass pool. The information quoted in Section 1.D 
suggests that the bubbling system vigorously agitates this mel~ pool, which could disrupt the cold 
cap and increase volatilization. Volatilization would also be increased in low-viscosity glasses 
similar to the glass shown in Table C.1.4. No datahas been provided to prove either case. 

D.. Ability to Handle Insoluble and Conductive Compounds 

"Noble Metals: Most high-level nuclear wastes contain noble metals which originate from the 
fission process. The concentrations of these species vary depending on the history (rate of burn 
up and length of cool down) of th~ reactor fuel from whi~h they are generated. Noble metals are 
those of the platinum group (ruthenium, rhodium, palladium, etc.), which either in the metal or 
oxide state have poor to nonexistent solubility in most glasses. Since these species are dense and 
electrically conductive, their presence jeopardizes qui~scent operation of joule-heated melters. At 
the PAMELA facility in Mol, .?elgium, a failure stemming from the collection of noble metals on 
the floor of the melter occurred. The operators of this facility were able to recover and restore 
operation of this system by sparging the floor of the melter with an air lance. As mentioned ear
lier, the DuraMeiter™ is equipped with a proprietary bubbling system which vigorously agitates 
the melt pool. This agitation would easily keep noble metal inclusions suspended in the melt bath, 
allowing them to be discharged with the glass during normal melter operations. III 

2. Control Product Quality 

B. Waste Homogenization Capabilities 

The main contributor to product quality that can be improved by the bubbling system is homoge
neity resulting from increased agitation and enhanced convection. Further, particles (such as 
crystals and noble metals) can remain suspended and througbly mixed in the glass melt. rather 
than settling to the melter 1100r. The presence of undissolved feed in the glass is more likely than 
with the non-agitated melter. Convection cells, which are much faster in the agitated melter than 
in the non-agitated melter, could draw some undissolved feed material down and out of the melter 
before it has a chance to cOlPpletely homogenize. This has not been confirmed with any experi
mental tests. 
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E. Unpredictabie Evaporation (Segregation) of Glass ComponentS 

In the "All-Blend" composition. sulfate is not expected to cause a problem because of itS relatively 
low content (0.3 wt% SO,). However, a wide range of possible waste compositions depend on 
different tank waste blending scenarios, one or more of which might result in a high sulfate glass 
that could phase separate and accumulate in the melter. The highest SO, concentration reponed in 
:lata Package 1, Table 1.3, was 0.59 wt% SO,. The DuraMelteriM is designed with a special sys
tem for removing accumulated layers from the melt pool surface. The following describes how 
ibis accumulauon might occur, and the DuraMelter™ design feature that could remove It. 

"Once sufficient scum has accumulated to significantly affect operation of the furnace, a cycle 
is staned for scum removal. Feed to the furnace (both waste and other materials such as 
fluxes) is temporarily halted, causing the temperature at the top of the furnace to rise. It may 
be necessary to use roof heaters (placed above the melt line of the furnace) to accelerate the 
process of bringing the temperature above the melt line in the furnace above the decompo
sition temperature of all the waste (T>900°C). This temperature range will destroy waste in 
the air and on the surface of the melt 

Once the temperature above the melt line is above the decomposition temperature for all of the 
waste, one can be sure that all the asbestos in the scum and plenum has been decomposed. At 
this point a top outlet (an output at a level approximating the melt line) is opened. This will 
allow for the removai of the scum on the meit. During this operation the furnace could be fed 
with non-waste material. Skimming the melt can be employed for greater efficiency. Once 
the scum removal has been accomplished, the upper outlet is closed and normal processing of 
waste is commenced. 

In the present invention, control of sulfate levels in the glass melter is extremely imponant in 
order to minimize corrosion. Upon heating, sulfates are expected to accumulate in a super
natant gall. layer. Additionally, in the present invention, the bubbling of air through the melter 
may promote and accelerate the separation of this layer from the main melt. In the presence of 
high levels of sulfates, which may amount to as much as approximately 10% of the batch 
composition, this layer can be expected to grow rapidly in thickness during continuous feed
ing and operation of the melter (Macedo 1993). 

3. Develop Technology on Schedule 

B. Demonstrated Scale of Operation 

"GTS Duratek and its partner, the Vitreous State Laboratory, have extensive experience vitrifying 
lo.w-Ievel and mixed wastes throughout the U.S. DOE complex. Waste vitrification studies have 
been conducted on waStes from Weldon Spring, Oak Ridge, Hanford, Fernald, Idaho Falls, and 
Savannah River. ,,2 

Duratek has developed the following meiters (operating data were not provided to confirm the 
quoted production rates, which are the design production rates): 

• DuraMeiter™ 10: 10 kg/day nominal glass production. located at the Vitreous State 
Laboratory. 
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• DuraMelter™ 100: 100 kg/day.nominal glass production. began testing in early 1993. nearly 
1000 kg test glass processed through the system so far (Bowan 1993b).located at the Vitreous 
State Laboratory. 

• DuraMelter™ 300: 300 kg/day nominal glass production. mid-1993 startup. located at 
Fernald, Ohio, as part of the DOE-sponsored Minimum Additive Waste Stabilization 
program.2 . 

• DuraMelter™ 1000: 1000 kg/day nominal glass production, located at the Vitreous State 
Laboratory. 

• DuraMeiter™ 5000: 5 ton/day nominal glass production (15 ton/day maximum with 
agitation), scheduled to be operational in 1995, will be used to process Savannah River 
M-Area waste (Bowan 1994).2 

• DuraMeiter™ Pilot-Scale Asbestos Melter: 1.22 m2 area, 900 kg/day glass production. unsure 
if actually tested. 

G. Processing Rate 

''The DuraMelter™ is equipped with a proprietary bubbling system which enhances convective 
heat transport to the conventional vertical melting process. GTS Duratek has demonstrated 
production capacities near 3 tons glass/m2 melter surface/day, with this system. This compares to 

. a design basis of 0.64 ton glass/m2 melt surface/day for West Valley and 1 ton glass/m2 melt 
surface/day for the DWPF. Actual demonstrated production capacities of these systems have been 
lower."2 

H. Extent of Mock-Ups and Test Facilities Required 

"GTS Duratek manages its pilot plant facility at the Catholic University's Vitreous State 
Laboratory. This facility is equipped with three DuraMelter™ systems able to conduct actual 
waste vitrification demonstrations for· GTS Duratek's clients. A DuraMelter™ 1 0 and 
DuraMelter™ 100 are dedicated to low-level radioactive and mixed waste tests (low dose rate, 
utanium, technetium, etc.), while the largest (DuraMelter™ 1000) is used for hazardous and 
simulated waste vitrification studies. This largest unit has an idling melt volume of 1180 liters of 
glass and a productio~ capacity from two to three tons of glass per day."2 

The above-quoted production capacity of " ... two to three tons of glass per day" for the 
DuraMelter™ 1000 is believed to have been obtained with the air bubbling system and the 
nominal 1000 kg/day without air bubbling. No information has been provided to verify this. 

5. ContrQI and Maintenance of Process and Facility 

1. Refractory Life 

The combination of vigorous agitation and a low viscosity glass may significantly increase 
corrosion of the fused cast refractories and other glass-contacting materials (such as electrodes. 
thermowells). 
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K. Electrode LifelReplacement 

"Illconel as well as other metals have a current per unit area limit above which significant 
corrosion occurs. The exact current depends on the temperature of the electrode/melt interface, 
redox conditions, and the expected furnace life. A typical result obtained is in the range of less 
than 50A per square inch, preferably less than 20A per square inch. and more preferably less than 
lOA per square inch. Production rates for this type of furnace can be- limited by the rate of power 
delivery to the melt" (Macedo 1993). 
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Endnotes 

1. T~lephone conversation between B.W. Bowan (Duratek) and P. Shafer (pNL) on 
August 12, 1994. 

2. Letter from B.W. Bowan (GTS Duratek) to P. Shafer (PNL) dated June 22, 1994. 

3. Telephone conversation between B.W. Bowan (Duratek) and P. Shafer (pNL) on 
August 12, 1994. 
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Data Package 2 

. Low-Temperature, Joule-Heated, Metal-Lined ·Melter (Stirred MeIter) 

Description of Thchnology 

The baseline melter is a system proposed by Stir-Melter Inc., which has the following features (see 
Figures 2.1 and 2.2): 

• a melting pot and agitator made of Inconel 690 

• a rectangular melt cavity 

• a nominal operating temperature of lOS0oe 

• auxiliary resistance heaters surrounding the melting pot for easy startup 

• refractory, insulation, and cooling water panels surrounding the melting pot a water-cooled 
bottom drain for emptying the melter 

• an overflow system for routine glass pouring 

• multiple feed stock capability: dry, liquid, or slurry. 1 

Stir-Melter, Inc. recommended that the waste be dried before feeding to the melter and that it be 
fed separately from the dry glass formers. Although Stir-Melter, Inc. did not specify a drying method, 
evaporation systems similar to those shown in Data Package 1, Appendix B could be used. The study 
done by Fluor Daniel, Inc. asSU1Ded that concentrated waste slurry is fed separately from the dry glass 
formers. The Savannah River melter design assumed that the waste slurry and glass formers are mixed 
before being fed to the melter. The reasons for these assumptions are further discussed in Section I.B. 
The information provided in this data ·package is based on dry feeding of waste and glass formers 
separately. Selection of combined feeding of waste and glass formers would affect: 

1. the feed preparation system (evaporator no longer required) 

2. the off-gas system (increased off-gas system capacity with more units), 

3. waste form qualification (mixing procedure and results obtained for combining the slurry waste 
with the dry glass formers) 

4. requirea melter size for a given production rate. 

To provide joule heating in the melt, the InconeP'" agitator acts as an electrode by passing current 
through the glass to the InconeP" metal pot. The physical properties of Inconel-690 at higher 
temperatures limit the nominal operating temperature to 1OS0oe (see Section 1.A). The two zones of 
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Figure 2.1. Stirred Melter 
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external resistance heaters surrotinding the melter pot are used during stanup and for additional 
temperature control during normal operation. These electric plate heaters are applied to the outside of the 
melting P9t; they are embedded in ceramic with an air gap between the heaters and the pot. The bottom 
zone provides heat to the glass melt. and the upper zone maintains the required plenum temperature. 
typically at a minimum of 900°C. 2 Bickford specifies a minimum plenum temperature of 600 °C for 
destroying organics (Bickford 1991). 

The double-wall construction of the Inconei™ melting vessel serves as a glass containment system. 
The outer wall would contain the leaking glass if a breach of the melting tank occurred. Redundant leak 
protection sensors would alen operators of the breach so that a planned shut-down procedure could be 
started.l 

The two systems for glass removal include a bottom drain and a primary glass pouring overflow 
system. The overflow drain is a continuous, gravity-controlled system. To initiate glass flow at the drain. 
the water cooling is shut off to allow a plug of frozen glass at the end of the drain to melt. Auxiliary 
heaters are also located at the bottom and overflow drains to maintain glass flow. If a superheater were 
added to the melter system (like the reference design for Savannah River), molten glass would flow into 
the superheater through the melter overflow system. The glass would travel by gravity through serpentine 
channels built into the superheater to provide a minimum residence.time and eventually would reach the 
pour spout. Four zones of auxiliary resistance heaters would be used to heat the molten glass in the 
superheater, which would have refractory, insulation, and cooling water panels around the exterior. The 
superheater would be constructed from Inconel-690 in a box/vault shape. 

The 220 kglhem2 assumed specific glass production rate for dry feeding the melter, based on data 
reported from testing with a 1 if melter (Bickford 1991), is 5.5 times the assumed production rate (40 
kglhem2

) for the low-temperature, ceramic-lined, joule-heated melter (LTCM). The specific production 
rates for sPIred melter generally depend on whether the waste is slurry fed or dry fed and on the degree of. 
surface agitation. These producti<?n rates and the method for determining the baseline value will be 
discussed in Section 3.G. 

The baseline assumptions presented in this data package (25% waste loading in the glass, 16 MT/day 
glass production, and 220 kglhem2 specific processing rate) led to suggest that the total glass surface area 
required for this technology is 3 m2 (32.3 if). Stir-Melter, Inc. recommended2 use of four melters. each 
having a 9 if (0.836 m2

) surface area and a 3-ft glass pool depth. The same size melter is planned for 
testing at Savannah River. The 16 MT/day production rate includes an assumed 60% total on-line 
efficiency: Rounding the number of melters up to obtain the desired production rate provides a total 
predicted rate that is higher than required and therefore includes more down-time for repairs 
(approximately 55% on-line efficiency is required). 

The baseline system for this data·package does not include a superheater, unlike the systems planned 
for Savannah River and assumed by Fluor Daniel, Inc. Instead, the melter provides a minimum glass 
residence time of approximately 10 h to ensure good glass qUality. Also, the melt pool is divided into two 
regions. The upper region is intensively mixed, and gas bubbles rise from the lower. unmixecI region to 
produce a more dense and homogeneous glass product. The reason for not including the superheater in the 
baseline melter system is based strictly on information received from Stir-Melter. Inc. (see Section 8). 
Tables 2.1 and 2.2 provide basic parameters for both dry feeding (baseline) and slurry feeding (optional) in 
various melter sizes. 
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Table 2.1. Operating Parameters for Low-Temperature, Joule-Heated, Metal-Lined Melter(s) 

Waste Feeding Method 
Specific Glass Production Rate, (kglheml) 
Waste Loading in Glass . 
Oxide Loading in Waste Slurry 
Bulk Glass Temperature 
Plenum Temperature 
Glass Depth. (nominal) 
Glass Residence Tune (bours) 
Total Operating Efficiency 
'Internal Dimensions(c) 
Number ofMelter Lines 
Glass Surface Area (ml) 
Glass Production Rate (Ml'/day)(4) 
Glass Production Rate (kglh) 
Slurry Feed Rate (LIh) 
Glass Holdup(l) (metric tons) 

Dry 
220 

25wt% 
125 gIL 
1050·e 
lOOO·e 
0.9m 
10.4 
60% 
3ft 
4 

0.84 
4.4 
182 

364(b) 

1.9 

Dry 
220 

25wt% 
125 gIL 
1050·e 
lOOO·e 
12m 
13.9 
60% 
4ft 
3 

1.49 
7.9 
3-28 

656(b) 

4.5 

Dry 
220 

25-wt% 
125 gIL 
10sO·e 
lOOO·e 
i.5m 
17.3 
60% 
5 ft 
2 

2.32 
12.1 
510 

1020(b) 
' 8.8 

(a) Assumes a molten glass density of 2500 kg/ml
• 

(b) slurry fed to evaporator. 
(c) dimensions of molten glass pool, assumes length x width x depth are equal • 
.cd) production rates are per melter line. 

Dry 
220 

25wt% 
125 gIL 
10s0·e 

)Ooo·e 
1.7m 
19.7 
60% 
5.7 ft 

1 
3.03 
16 

667 
1334(b) 

13.1 

Most of the information in the following sections was supplied by Stir-Melter, Inc., Savannah River 
Technology Center (SRTC), and Clemson University Research Park. Westinghouse Hanford Company 
(WHC) contracted Fluor Daniel, Inc. to evaluate the effect of the six candidate melters on the balance of 
the plant equipment This study was released as a separate document 3 The sections of this data package 
that are coyered in the Fluor Daniel, Inc., study are left blank and the reader is referred to the other 
document as appropriate. Because of similarities between the LTCM and the stirred melter, some of the 
information provided in this data package is the same or siDiilar to that provided in the data package for 
theLTCM. 

1. Process Range of Composition 

For the low-temperature melters,the waste form is assumed to be borosilicate glass. This assumption 
is based on several reviews (DOE/RL 1990), which recommend borosilicate glass for low-temperature 
melteis because ofits durability and processability. In 1981, an independent peer review panel 
evaluated eight waste forms for the solidification and disposal.ofHLW:4 borosilicate glass, SYNROC, 
porous glass matrix, tailored ceramics, pyrolytic C .and SiC coated particles, concrete, metal matrices, 
and plasma spray coatings. Borosilicate glass was recommended because it immobilizes a wide range 
of wastes and is insensitive to radiation damage, thermally stable, chemically durable, and processible. 

A Temperature 

The maximum operating temperature of these melters is limited by the physical properties of the 
InconeJ-690. The nominal operating temperature, recommended by Stir-Melter, Inc., is not to 
exceed 1050°C. 
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Table 2.2. Operating Parameters for Low-Temperature, Joule-Heated, Metal-Lined Melter(s) 

Waste Feeding Method Slurry Slurry Slurry Slurry 
Specific Glass Production Rate (kglhem2

) 150 - 150 150 150 
Waste Loading in Glass 25wt% 25wt% 2Swt% 2Swt% 
Oxide Loading in Waste Slurry 125 gIL 125 gIL 125 gIL 125 gIL 
(DOElIlC 1981) 
Bulk Glass Temperature lOSO°C lOSO°C lOSO°C lOSOoe 

Plenum Temperature lOOO°C lOaOoe lOaOoe lOOaoe 

Glass Depth (nominal) a.9m 1.2m l.5m 2.1 m 
Glass Residence TIme (hours) 15.2 20.3 25.4 34.9 
Total Operating Efficiency 60% 60% 60% 60% 
Internal Dimensions(b) 3ft 4ft Sft 6.9 ft 
Number of Melter Lines 6 3 2 1-

Glass Surface Area (m2
) 0.84 1.49 2.32 4.44 

Glass Production Rate (MT/day)(C) 3.0 5.4 8.4 16 
Glass Production Rate (kglh) 125 224 348 667 
Waste Slurry Feed Rate (Uh) 250 448 696 1334 
Glass Holdup(·) (MT) 1.9 4.5 8.8 23.3 

(a) Assumes a molten glass density of 2500 kglm3
• 

(b) dimensions of molten glass pool, assumes length x width x depth are equal. 
(c) production rates are per melter line. 

"We have found that there is an operating temperature limit of about 10S0°C on the stir melter 
unit This temperatUre limitation is mostly due to the temperature limitation of the Inconel 
material used to fabricate the melter tank and impeller. At one point, this temperature limit 
was at 1150 DC, but extended times at this temperature caused the impeller to degrade. When 
the original impeller failed due to excessive temperatures, corrosion from high levels of B and 
P were also seen. These levels were >20 wt% B20 3 and about 1.7 wt% P20S."s 

This information was confirmed by David Bennert at the Clemson University Environmental 
Systems Engineering Department, who stated that the actual temperatUre limit is probably between 
lOSO°C and ~!OO·oC because of stress on the impeller. They have' only operated'successfully one 
time at a temperature higher than !OSO°C, which was about 1070°C. A test done at 11S0oe 
ended very quickly because of degradation of the impeller, however, it was felt that they may have 
actually been at a higher temperature (possibly 1220 0 e because of a bad thermocouple extension 
wire). Also, the failure may have been attributed to a high boron content in the glass (about 20% 
Bl 0 3).6 

B. Range of Waste Handling Capabilities 

The following waste streams and waste stream simulants have been vitrified by this melter 
te!:hnology (see also Table 2.3): 

e Simulated Savannah River Laboratory (SRL) HLW feed . 
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Table 2.3. Glass Compositions Processed wi~ the Stir-MeIter™ 

Simulated SRL 'Simulated West Valley 
Oxide HL W (Richards and' Simulated Batch 1 Simulated SRS M-Area Simulated Oak Ridge WETP UL W (Richards and 
{wl%} _LacsQllen 1221L SGM Pe~ Peed' (I) Sludge' Sludge' Jain 1993) 

Target glass 20% Borax 15% Borax 45% sludge 40% sludge 

:j (no resin) 

AllOJ 3.8 4.82 16.17 19.00 7.59 6.93 6.00 
B10) 8.4 7.:46 16.45 12.33 - 15.67 12.89 
BaO 0.13 0.02 0.03 0.05 0.04 
CaO l.6 1.24 1.03 0.54 25.89 27.25 
ce02 0.13 0.12 

1 

Cr10J 0.08 0.10 0.04 0.33 0.05 0.04 
C~O 0.08 
CuO 0.21 0.36 0.01 0.02 0.11 0.09 

1 p~OJ 12.5 12.42 0.92 3.71 2.11 1.49 12.02 
I K10 1.8 '3.06 1.06 1.14 0.14 5.00 
I 

LilO 4.0 4.48 6.06 3.71 
I 

N MgO 1.0 1.38 ' 0.42 0.22 1.04 1.14 0.89 ~ 
'l Mn01 (MnO) 2.4 2.51 0.31 0.49 1.01 

N~O 11.6 8.89 21.48 21.73 10.72 8.08 8.00 
NdlOJ 0.60 
NiO 0.9 0.74 0.72 1.04 0.12 0.10 
P1O, 0.05 0.03 3.19 3.79 0.49 0.50 1.20 
PbO 0.12 0.10 0.08 0,03 0.02 
Ru01 0.03 
Si02 50.6 50.45 37.54 34.97 35.78 48.10 43.06 
srO 0.02 0.03 
TiOl 0.8 0.58 0.04 0.04 0.08 0.80 
ZnO 0.1 0.09 0.51 0.53 0.02 
zr01 0.4 3.40 

Other(b) 0.14 2.02 
Total 100 100 100 100 100 100 100 

(a) composition not available at the time of writing 
(b) composition of "other" not specified in references 



• Scale Glass Melter (SGM) feed. which is imulated sludge from the inital Defense Waste 
Processing Facility (DWPF) vitrification demonstrations at the SRTC 

• Simulated Batch 1 feed from DWPF with secium-Ioaded ion-exchange resin 

• Simulated Savannagh River Site (SRS) M-Area siudge with various amounts of hydrous borax 
additives." 

• Simulated Oak Ridge Reservation West End Treatment Facility (WETF) sludge with mixtures 
of diatomaceous earth, hydrous borax, and a combination of -silica. lithium carbonate, and 
sodium carbonate added 

.. West Valley high-level waste (HLW) simulants. 

The acceptable range of melter feed/glass compositions from the Hanford Waste Vitrification 
Plant (HWVP) is shown in Table 2.4 ~ 1992). This glass contained 25% to 28% waste by 
weight, which was developed for Hanford Site neutralized current acid waste (NCAW). The 
NCAW is only a small fraction of the waste to be treated in the current vitrification planL As 
shown later in Table 2.6, the NCAW glass must have a viscosity of20 to 100 poise at 1150°C. At 
that temperature. it is believed that the ranges shown in Table 2.4 can produce a glass with a 
viscosity below 100 poise. the upper viscosity limit of the stirred melter (discussed later in this 
section). 

Table 2.4. HWVP Melter Feed Constraints (wt%) 

Oxide Component 
Lower Upper 
Bound Bound 

Single-Component Constraints 
SiOl 
BlO; 
N~O 
LilO 
CaO 
MgO 
F~03 
AIl 0 3 

ZrOl 

Others 

46 56 
7 17 
7 12.5 
2 6 
o ·7 
o 5 
4 12 
1 11 
o 10 
2 8 

Solubility Components 
CrlO; 
F 
PlOS 
Sulfur as SO; 
RhlO; + Pd~ + R~O; 

2.8 

0.5 
1.7 
1.0 
0.5 

0.25 



· . 
The actual compositions' of the Hanford Site wastes remain to be determined. Initial scoping 

studies have been completed with various assumptions about the extent of blending that will be 
possible among the 177 Hanf~rd Site tanks. The first study was done using an "All-Blend" com
position that assumed perfect mixing of all 177 tanks. The "All-Blend" waste composition was 
calculated from tank inventory records, which are only approximate. The Compositional Vari
ability Study·(CVS) model developed for the NCAW predicted that this melter technology can 
produce a glass with 45% to 50% waste loading at 1150°C (which would require a superheater). 
This has not'yet been confirmed experimentally. At 1050°C in the stirred melter, a waste loading 
of 40% to 45% might be achieved with the "All-Blend" waste composition; this also remains to be 
confirmed.B 

A more realistic scenario is that complete blending of all tank wastes will not be possible. The 
CVS model predicted maximum waste loadings for 15 wastes at 1150°C when only the wastes 
from each tank farm were blended. The result was high waste loadings for some tank farms and 
low waste loadings for others, ranging from 17 wt% to 65 wt%. Table 2.5 lists the 15 waste 
compositions, the "All-Blend" waste (Case C in the table), and the NCAW. The row labeled 
''Low-T' is the predicted maximum waste loading achievable at 1150°C. The first row shows the 
limiting constituent in each glass formulation (zirconia phase, spinel formation. etc.). Again, this 
preliminary information cannot be used for final flowsheet development. These waste loadings 
may change for the 1050°C stirred melter, but the change is not expected to be significant The 
changes will depend on whether the waste stream is high in refractory compounds or high in 
fluxes. Without knowing the mass of waste oxides in each tank farm it is not possible to predict 
the average waste loading for this blending scenario. A conservative 25 wt% waste loading is 
assumed for sizing estimates. WHC is evaluating which waste compo&ition(s) should be used for 
flowsheet development and will distribute the results to the working group at the August meeting. 

Compounds or eleme~ts that require special treatment in the off-gas system: 

Tritium, mercury, carbon-14, and iodine cannot be incorporated into glass at 1050°C; they must 
be captured in the off-gas system and sent out as a secondary waste stream. Carbon-14 will 
probably be released to the ~osphere as long as the Clean Air Act standards are met. 

Chlorine, fluorine, tellurium, technicium, cesium, cadmium, and ruthenium are partially soluble 
in the glass but require special considerations in the off-gas treatment system for recycle. They 
are discussed in Sections 1.D and 4.B. 

Noble Metals: .rhodium, palladium, and ruthenium are virtually insoluble in the reference 
borosilicate glass and all other expected glasses made from Hanford Site blended wastes. 
Previous tests and studies (Elliott et al. 1994) indicate that accumulation of these metals can cause 
electrical short circuiting and consequent premature failure of the LTCM (without agitation) at 
concentrations as low as 0.1 wt% in the glass. The "All-Blend" composition4 contains only 
0.07 wt% total noble metals (RhZ03 + Pd~ + ROz03), so that at 25% waste loading, the total noble 
metals concentration would be only 0.02 wt%. Noble metals are not expected to accumulate as 
much in this melter as in non-stirred melters. The agitation of the glass melt occurs primarily in 
the upper zone of the melt cavity. Lower fluid velocities in the lower zone allows bubbles to rise. 
which may provide an opportunity for the noble metals to settle. It has been suggested that 
sludges could be removed from the bottom of the stirred melter by lowering the agitator into the 
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Table 2.5. Tank Farm Waste Compositions 

Othera Component. Zr-phuc Spinel DurabilitY Si AI 

TF-B TF-T TF-SX TF-C TF-DST TF-A TF-AX TF-TY TF-BY TF-S TF-DSSF TF-U TF-TX TF-BX Ca.eC NCAW 
Oxide (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) Oxide ~I~ (WI%) 

Si02 0.76 0.49 9.37 0.06 8.31 0.32 0.57 29.20 5.84 2.13 29.44 18.85 17.33 21.37 Si02 10.00 4.03 

8203 0.47 0.00 0.00 8203 0.00 0.01 

Na20 52.19 56.03 33.93 10.38 31.98 17.31 51.89 22.29 23.75 69.31 66.00 39.89 30.07 25.14 Na20 25.30 21.42 

Li20 0.01 0.00 Li02 0.00 0.00 

CaO 0.03 0.00 1.24 9.39 0.79 0.03 2.79 0.00 5.~ 0.00 0.62 0.00 0.01 0.12 CaO 2.06 0.79 

MgO 0.27 0.00 0.00 MgO 0.08 0.2(] 

Fe203 7.93 8.95 12.76 11.00 8.75 59.60 23.52 15.42 9.85 2.70 0.00 2.28 3.91 5.91 Fe203 11.00 28.21 

AI203 1.20 0.66 22.74 7.55 2.65 1.48 1.46 10.06 12.33 13.20 2.00 16.73 15.83 22.98 Al203 13.00 • 9.04 

Zr02 0.22 0.42 0.01 25.85 35.20 0.04 .0.05 2.52 0.22 2.93 0.30 0.40 0.33 Zr02 7.08 15.11 

Other. 37.67 33.45 19.93 35.77 11.56 21.23 19.71 20.51 42.31 9.74 1.94 21.96 32.45 24.14 Othera 31.41 21.1~, 

t'l 
TolIl 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 TolIl 100.00 100.00 

..... 
o Bi203 6.43 8.83 0.05 0.33 0.03 0.04 0.05 0.04 Bi203 1.95 

CC02 4.23 5,38 2.07 0.03 0.08 0.48 0.33 1.05 1.99 1.11 2.24 2.76 2.96 Ce02 2.73 0.60 

Cr203 0.02 0.02 3.92 0.Ql 0.40 0.00 0.43 0.03 0.00 0.72 0.02 0.19 0.01 0.00 Cr203 0.45 0.26 

F 0.72 0.50 0.04 1.56 1.43 0.00 0.01 0.04 0.52 0.12 0.07 00.07 0.12 0.17 F 0.56 0.10 

La203 0.04 0.12 0.66 IA03 0.43 0.65 

Mn02 0,48 1.09 1.67 7.76 0.87 7.18 11.48 CpO 0.41 0.46 0.00 0.21 0.75 0.84 Mn02 1.82 2.14 

NiO 0.23 0.03 0.30 5.69 0.47 0.22 0.66 0.00 11.64 0.17 0.00 0.01 0.25 1.25 NiO 2.27 2.3(] 

n05 14.20 15.39 0.4~ 0.28 00.34 0.02 0.02 3.47 1.82 0.54 0.02 0.74 4.10 2.56 P205 4.71 0.81 

S03 0.18 0.03 0.22 0.16 0.43 0.41 0.02 0.59 0.23 0.28 0:07 0.06 0.51 0.54 S03 0.34 0.6S 

srO 0.00 0.00 0.01 0.00 0.02 0.02 0.00 0.00 3.45 0.00 0.00 0.00 0.00 0.05 srO 0.41 0.12 

U308 9.95 1.88 9.19 19.87 2.67 12.76 6.51 lUI 21.99 5.89 0.01 18.35 23.72 14.12 m08 14.30 4.74 

Subtolll 36.47 33.27 17.84 35.40 7.37 21.09 19.45 20.32 42.08 9.29 0.19 21.90 32.27 22.53 Subtoll 29.97 12.43 

Balance 1.20 0.18 2.09 0.37 4.19 0.14 0.26 0.19 0.23 0.44 1.75 ~.()() 0.18 
-

1.62 Balanc 1.44 8.76 
-- - .. ------- -

Wlsle wading (wt%) 

ww-T 21 19 26 35 31 17 38 65 51 33 35 58 64 61 ww-T 45-50 33 
I 
i 
I 

High-T 21 19 26 46 40 25 43 84 64 39 41 60 73 61 High-T 62 SO I 
Limit P P Cr Cryllli 1'1. Fe Na P Others Na Na Others P P Limit P Crysl.1 

--- -- ----- -
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melt pool, which should re-suspend any sludge accumul~ons. It is not clear whether noble metals are a 
concern for the Hanford Site:m.W melter. Finally, if the noble metals do accumulate, they may not cause 
melter failure before other components fail. -

- Spinels: for several of the Hanford Site wastes, spinels (iron, chrome, nickel compounds) are the first 
crystals to form as NCAW glass cools. The Waste Acceptance Preliminary Specifications (WAPS) do 
not specify a limit for the amount of crystalline material in the glass (Larson 1989). The concern 
regarding formation of spinels (or any crystalline phase) is that the crystals will either reduce the 
durability of the waste form or affect the operation of the melter by filling the melt cavity with 
crys~s. The two ways to deal with spinel formation are to design a melter that is compatible with 
crystals so that they do not affect durability or to formulate the glass so as to minimize crystal 
formation. 

1. This agitator designed into the melter will help keep any crystalline materials suspended in the 
glass melt and thereby help prevent accumulation on the melter floor. However, agitatioll does 
not extend through the entire melt volume, and crystals could settle out in the lower melting zone. 
As mentioned, a sludge layer might be resuspended into the melt by lowering the agitator to near 
the melter floor. 

''For the most part, Clemson has been able to produce a consistent quality glass product. This 
is hampered the most when the drain spout temperature is not kept high enough. This can 
allow the formation of crystals at the drain spout, depe~ding on glass composition. ,,5 

, David Bennert later explained how they had problems with crystal formation near the drain spout. 
During processing ofWETF feeds, which are primarily calcium-based wastes, one batch was 
processed with low silica and a consequent highcalcium-to-silica ratio. Near the drain, the 
temperature was about 900°C, and caSi92 crystals formed and clogged the drain. This was more of a 
glass-formulation problem than an operational problem, and the waste being treated was much 
different from the Hanford Site wastes. Clemson is using a torch on the drain to keep the temperature 
high enough to prevent clogging and crystal formation. For about six months, Stir-Melter has been 
operating anew weir-type drain with clamshell heater(s) on their 114 if melter.6 

2. Glass development for the "All-Blend" waste is directed on minimizing crystal formation. 
Devitrification tests are conducted for each composition for 24 h at 100°C below the expected 
bulk glass temperature. The acceptance criterion is less than 0.1 wt% crystals in the glass. As 
stated, this may not be necessary for the stirred melter. If more crystals are present, waste form 
development will have to predict their type and quantity and their effect on d~i1ity. 

Acceptable glass properties: The acceptable physical properties, (HWVP 1992) for HWVP NCAW glass 
are shown in Table 2.6. This information-may not be completely applicable to the stirred melter, but no 
other data is available. 

• TlJ.e redox (ferrous-to-ferric iron) ratio is controlled because overly oxidized glass tends to foam in 
the melter, and overly reduced glass tends to precipitate metals and spinels. David Bennett 
explained that they have observed increased impeller attack for wastes containing organics and 
good melter performance with oxidized glasses at 1050°C. They have tested a system for oxygen 
sparging into the glass melt, and found that it helps prolong the impeller life. He notes that it is 
important to stay within the specified range of oxidation state for DWPF.9 
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Table 2.6. Acceptable Glass Property Ranges for NCAW Glass 

::..Pro=p~ert::.:;Y",-___________ Lower Bound Upper Bound 

Redox: Fe+2IFe+3 

Viscosity at 1150°C (Pa-s) 
Liquidus Temperature (OC) 
Electrical Conductivity at 1150°C (S/cm) 

0.005 
2 

N/A 
0.18 

(p=60-cm) 

0.3 
10 

1050 
0.5 

(p=20-cm) 

• 1'1.le viscosity is controlled because above 10 Pa-s (100 poise) glass does not mix well and the 
melter does not operate properly. 'Thin or inviscid glasses may increase etching or corrosion of 
the Inconel-690 pot. 

"There is also a viscosity limit of about 100 poise. At viscosities greater than this. we found 
that the stir melter could not handle the mixing and would not operate properly. We have 
processed 1) Scale Glass Melter (SGM) Feed. which is simulated sludge from the initial 
DWPF vitrification demonstrations at SRI'C, 2) Simulated Batch 1 Feed for DWPF with 
cesium loaded Ion Exchange resin, 3) simulated SRS M-Area sludge with various amounts of 
borax additives, which was how we determine the viscosity limit of the melter, and 
4) simulated Oak: Ridge Reservation West End Treatment Facility sludge with both borax 
added and a combination of silica and Li2C03 added."s 

David Bennert later confirmed that the viscosity limit is about 100 poise. Because prediction of 
the viscosity during processing is difficult, they are installing a torque meter on their impeller that 
can act as a viscometer. He also clarified that the SGM Feed processed was glass that had already 
been melted two to three times by Stir-Melter, and they (Clemson) were simply re-melting the 
cullet. He was not able to verify the actual composition of this material because changes may 
have occurred during processing.6 

• The maximum liquidus temperature is set 100°C below the average melter temperature so that 
crystals do not accumulate in the melter. Accumulation may not be a problem if agitation 
prevents settling of crystals to the melter floor or if the crystals are removed through the bottom 
drain. 

• Electrical conductivity is controlled to permit joule heating of the glass. The electrical 
conductivity limits are not fum, because they are dependent on the distance between the melter 
electrodes (agitatqr and melt tank walls). If the melt is too conductive, the current limit will be 
exceeded for the Inconel™ electrodes, and consequent localized heating at the electrode surfaces 
will increase the corrosion rate. Electrode current limits are discussed further in Section 5.K. 

Ability to handle slurry feeds: The stirred melter can be either dry- or liquid':fed. The baseline is 
to dry feed the waste separately from the dry glass formers, however either feeding option is 
equally acceptable. The Fluor Daniel, Inc. study assumed the waste would be slurry fed separately 
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from the dry glass formers. The choice between slurry and dry feeding will remain arbitrary until 
further testing and evaluation are completed. The dry feeding option was chosen as the baseline 
for this data package only because it was recommended by Stir-Melter. Inc. An evaporation 
system similar to that presented in Data Package 1. Appendix B. could be used to dry the waste. 
As discussed in Data Package 1. reliable nozzles for slurry f~g have been developed. 

Slurry can be fed to the stirred melter in different ways. One (preferred by Stir-Melter. Inc.) is to 
increase the agitation of the melt pool and feed the slurry directly into the vortex. This can 
exacerbate foaming and off-gas enttainment in the melter. but it also tends to increase the glass 
production rate. A more conservative approach (preferred by Clemson University) is to slow the 
agitation and feed the slurry on the outside of the melt pool. closer to the walls. Although the 
production rate may not be maximized, less foaming and off-gas enttainm.ent ~y lead to steadier 
melter operation.6 

C. Incorporation of Semivolatiles 

Volatile losses from a liquid-fed melter appear to be affected by cold cap coverage, plenum 
temperature, and feed/glass composition. The baseline operation for this melter is without a cold 
cap (use of a cold cap limits the production rate), which may enhance volatilization of certain 
species (as compared to a llSO°C ceramic-lined unstirred melter). However, the slightly lower 
melting temperature could counteract the volatility effects of not having a cold cap. Because of 
its high specific activity, cesium volatility is of particular iilterest. The volatility of cesium was 
discussed in Data Package 1. . 

Off-gas data are available only for melters operated with a cold cap; therefore semivolatile 
incorporation for the stirred melter was not estimated. Clemson is initiating studies of off-gas 
entertainment and volatilization but has not yet reported data. 

D. Ability to Handle Insoluble and Conductive Compounds 

See Section l.B. 

E. Waste Loading 

The waste loading in the glass is defined as the weight percent of waste (as oxides) in the final 
glass. The·waste loading determin~ both the required production rate of the melter and the 
quantity of glass that will be produced from the Hanford Site tank wastes. The quantity of glass 
produced from the tank wastes is important for several reasons, primarily the high costs to place 
canisters in the federal repository. 

The design basis for the HWVP with the NCAW glass at IIS0°C was 25% to 28% waste loading, 
3% recycle oxides, and 69% frit. Initial experiments indicate that this waste loading can easily be 
achieved for the "All-Blend" waste at llSO°C (45% to 50%). Waste loading of 40% to 45% may 
be achieved with the lOSO°C stirred melter, although the glass durability may be affected.8 This 
has not been proven experimentally. The extent and method of blending are not yet known, but 
tank wastes with problem constituents will likely be blended whenever practical to reduce impacts 
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to the melter. Some of the tanks have high concentrations of problem compounds, such as Cr~03 
and P zOs. Waste loading will be less than 20% if the contents of these tanks cannot be diluted by 
blending with the other tanks. For calculational purposes, 25% waste loading assumed for the 
1050°C stirred melter. The impact on melter production rate will be discussed in Sections 3 and 4. 

2. Control Product Quality 

For reasons stated in Section 1, the waste form for the low-temperature, metal-lined, joule-heated 
melter is assumed to be borosilicate glass. 

A. Product Quality 

There may be concerns about product quality because of the melter operating temperature limit of 
1050°C. Although the baseline system does not include a superheater (secondary soak tank), one 
could be added to the melter to increase the glass temperature for any required time. The action of 
the impeller creates bubbles in the glass melt, the relative amount of bubbles depending on the 
impeller's speed and the depth In the melt. Clemson University prefers to operate their melter 
more conservatively. with lower agitation speeds and raising the impeller closer to the surface to 
provide a larger refining region near the bottom of the tank. This helps minimize both bubble 
formation and the amount of bubbles remaining in the glass. During normal operations, they 
achieve a glass product with a theoretical density of approximately 95%.9 Stir-Melter initially 
produced glass with a theoretical density of 75% by operating their melter with the agitator deeply 
submerged in the glass (Richards and Lacsonen 1991). Current information on glass density as a 
ftmction of feed rate, impeller speed. and impeller level is not available. 

Glass durability data is not available at this time. 

B. Waste Homogenization Capabilities 

This mel.ter is designed with an agitator, which thoroughly mixes the feed into the molten glass. 
This agitation facilitates dissolution of the waste, which reduces the required residence time to 
obtain a homogeneous product. The DWPF reference melter had a residenCe time of two days, but 
that of the 9 ftz stirred melter is 10 to 15 h. Homogeneity can be further controlled by increasing 
the melter depth and adjusting the depth to which the agitator penetrates the glass pool. 

C. Analytical Requirements for Quality Acceptance 

The stirred melter system is capable of accepting any qualified feed stream, either dry or liquid. 
The baseline technology includes an evaporator for drying the waste before it enters the stirred 
melter. After the waste solution is dried, the dry glass formers are fed separately to the melter. 
This reduces the amount of water that must be evaporated in the melter, but it also complicates the 
qualification of the product glass. Glass quality depends on control of the equipment that meters 
the frit to the melter. However, this method of product qualification is accepted for vitrification of 
HLWs in other countries. The conventional US method of qualifying the complete batch (glass 
formers and frit) in one tank is no longer possible. The DWPF in SRS and the West Valley 
Nuclear Services (WVNS) plant in New York propose mixing all of the feed constituents (waste, 
recycle, and frit) before acceptance of each batch. 
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D'. Minimum and Optimum Residence TIme 

The baseline residenCe time for the stirred melter is about 10 h. Stir-Melter. Inc. suggested that a 
2-to-4-h residence time was sufficient for the tests of a one square-foot melter. and a superheater 
was not required.2,1 

At ,a constant production rate per melter surface area. the residence time is a function only of the 
melter depth. This melter technology has no significant depth requirements except enough depth 
is ,provided so that the current density limit for the elC?C1IPdes is not exceeded (see Section 5.K). 

E. Unpredictable Evaporation (Segregation) of Glass Componl?llts 

This melter operates continuously under steady conditions, so that process upsets are rare. No 
other information has been provi~ed .. 

3. Develop Technology on Schedule 

This category deals mainly with the maturity of the technology. The low-temperature, joule-heated. 
meta1-I~ed stirred melter technology has been tested on several waste streams in small-scale melters. 

A. Ability to Meet TPA Milestones(l) 

Information has not been supplied by the technology proponents. 

B. Demonstrated Scale of Operation 

This technology has been demonstrated at Clemson University and at Stir-Melter, Inc. on various 
waste simulants, as explained in Section 1.B, but not on actual radioactive feeds: 

• 6 in. x 6 in. melter at Clemson University (no superheater, 2 to 4 lb glass/h, slurry fed) has 
logged approximately 4500 h9 

• 1 it. x 1 it. melter at Stir-Melter, Inc. (no superheater, 32lb glass/h, slurry fed, 47 lb glass/h, 
dry fed) 

• 6 in. x 6 in. melter at Stir-Melter, Inc. (no superheater, 10 lb glass/h, slurry waste and dry glass 
formers fed separately) has logged more than 3000 h at Stir-Melter, Inc. (Stir-Melter, 
Inc. 1993) 

• 3 ft. x 3 it. melter at Savannah. Riyer (with superheater, not tested) 

C. Availability of Data or Access to Data to Allow Evaluation for Melter System Technology 
Assessment and Melter System Candidate Selection 

Data has been provided by Savannah River, Stir-Melter Inc., and Clemson University. 

(a) Fmal melter selection by the end of 1998, plant startup by 2009, completion of campaigns by 2028. 
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D. Magnitude/Amount of Technical Development Required 

As with any of the melters being evaluated, the tank waste characterization and glass development 
efforts will be significant. "It appears that this technology also relies heavily upon waste blending 
strategy development and glass composition development as do some of the other technologies 
being evaluated."l 

This technology needs to be proven over extended periods with melter(s) larger than 1 ft. x 1 ft.. 
the largest stirred melter actually tested to date. This would provide information on corrosion and 
lifetime of materials, volatility of feed components, production rates, preferred methods of 
operating. etc. The following is a list of key issues that were identified by Fluor Daniel, Inc. in a 
study completed for WHC in August 1993: 

1. erosion/corrosion resistance of the agitator and melter pot 

2. creep resistance of the Inconel-690 pot 

3. glass ttanspon system control between the melter and superheater, and pour control from 
the superheater to the canister 

4. process opticization (vertical adjustment of the agitator and foam control) 

5. ability to remove agitator, pot, and superheater from the melter frame 

6. melter off-gas generation characteristics 

7. current density limitations between primary glass melting electrodes 

8. waste processing rate 

9. agitator/pot seal performance. 

The work required to scale up this technology is significant. Extensive testing would be required 
for the nine items listed above, and possibly others, each time a larger-scale melter is designed and 
constructed. A 3 ft. x 3 ft. stirred melter has been constructed for testing at Savannah River, but 
testing has not been initiated. An even larger melter may be required for the Hanford HLW 
vitrification plant, depending on the ~ethod of feeding and the numb ex: of parallel melter lines. 

The following text :was taken from a report written in April 1991, indicating the research and 
development programs'felt necessary to develop a full-scale stirred"melter for DWPF: 

"As necessary steps to adapt this technology to the DWPF. the following are recommended (in 
chronological order): . 

1. A Laboratory Stirred Melter capable of processing simulated HLW and possibly non
HLW should be installed in a hood in SRL. This should begin immediately, as it is 
required to demonstrate melter sealing features and for melter operation studies to 
suppon the follOwing recommended programs. 
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2. Conduct design studies to develop a modular Full-Scale DWPF Stirred Melter design 
to facilitate repairs and to optimize a method for secondary glass containment. 

3. A Full-Scale DWPF Stirred Melter should be designed. built. and tested. The feed 
and off-gas sysiems should only be built on the baSis of demonstration of connections 
and sufficient support to allow the stirred melter to operate with simulated HLW feed. 
It is believed that it will take two to three generations of stirred melter development 
before the design could be used at DWPF. These generations, however. should be 
relatively short because they involve changes only to Inconel and thermal insulation. 
and will not require refractory construction or procurement as was necessary in earlier 
designs" (Bickford 1991). 

E. Additional Technical Development Required for Deployment 

This is unknown at this time: . 

F. Probability of Technical Success Within Schedule and Resource Constraints 

The proponents have provided no input with respect to the Hanford HL W vitrification; however 
th~ following statement was made regarding the use of the stirred melter as the second generation 
DWPF design: 

"It was determined that a program for developing the stirred melter for DWPF is clearly 
needed, and would have a high confidence of making ·major beneficial impacts on the safe and 
efficient disposal. of HLW at SRS and at other DOE Sites. The high probability of success is 
based on the fact that small-scale stirred melters have already shown to be feasible and that 
sufficient technical. experience is available through onsite personnel, other DOE Sites, and 
contractors to develop and demonstrate melters for radioactive waste" (Bickford 1991). 

A 3 it. x 3 it. stirred melter is currently ready for installation and testing (at Savannah River). This 
system is similar to the baseline design chosen for this data package, except it includes a 
superheater to hold the glass at 1150 °C for 4 h. Also, the Savannah River design is slurry fed and 
the waste and glass. formers are mixed before feeding. 

G. Processing Rate 

As stated, the assumed processing rates for the low-temperature, metal-lined, joule-heated melter 
are 220 kglhem2 for dry feeding and 150 kglhem2 for slurry feeding. As will be shown, determin
ing scaled production rate estimates with existing information is difficult. 

Testing performed by Stir-Melter, Inc. and sponsored by SRL with simulated HLW slurry in a 
I-ft2 stirred melter (denoted F1) with a slurry feed of 60% water and 40% solids produced a glass 
with a composition shown in Table 2.3, colu~ #1. Without stirring, the maximum glass output 
was 1.8 kglh (19.4 kglhem2

) at 1050°C. This production rate was significantly increased by 
agitating the melt and minimizing the depth of the agitator in the glass. A maximum glass output 
of 14.5 kglh (156 kglhem2

) was reached when the agitator was 15 in. from the bottom of the 
melter, and density of the glass exceeded 98% (Richards et al. 1991). This is an 8-fold increase in 
production rate over the unagitated stirred melter at 1050°C, but not necessarily over other 
comparable melters. 
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Further testing with a dry feed of similar composition achieved a maximum melting rate of 
21.4 kglh (230 kglheml

) (Richards et al. 1991), a 1.5-fold increase in maximum specific 
production rate versus that obtained with slurry feeding. Stir-Melter indicated that the design 
production rate for the Savannah River 9-fe slurry-fed melter is 275 lblh (150 kglheml ) and we 
should expect to achieve 500 lblh (272 kglheml

) when dry feeding, a 1.8-fold increase. This 
500 lblh rate has not been verified with actual data; therefore the observed 1.5-fold increase is 
used to scale the 9-:et2 production rate from 150 to 220 kglheml for the baseline· melter. 

H. Extent of Mock-Ups and Test Facilities Required 

Existing testing facilities include 

e the 114 :et2 stirred melter at Clemson University, 

e the 114 :et2 stirred melter at Stir-Melter, Inc., and 

e the 1 :et2 stirred melter at Stir-Melter, Inc. (decommissioned and disassembled)l 

e the 0.5 :et2 stirred melter at Stir-Melter, Inc.l 

e the 9 :et2 stirred melter at Savannah River 

The baseline system chosen for this data package is not actually available for testing; the most 
likely available system to be used for testing purposes is the 9-:et2 Savannah River stirred melter. 

I. Necessity for New Inventipns 

This is unknown at this time. 

4. Integration with Process and Facility - This section was provided by Fluor Daniel, Inc. 3 

5. Control and Maintenance of Process and Facility . 

This section includes a discussion about the ability of the melter technology to allow safe and efficient 
operation of the vitri.fication facility. 

A Ease of Control 

Information is currently not available. 
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B. Remoteability 

The agitator/coluinn lift assembly will have the capability to be removed and replaced separately 
from the remaining melter system. It may 'also be possible to remove the Inconel 690 melter pot 
from the remainder of the assembly (Fluor Daniel, Inc. 1993). When the HWVP reviewed the 
stirred melter concept for increased capacity, it was expected that the entire melter would need to 
be removed upon melter failure, not just the metal pOL 

''For the most part, the stir melter requires little 'hands-on' operation when operating 
correctly. Some of the p~oblems that have occurred could have been performed remotely, but 
would have been more difficult. The biggest concern with operating remotely would be 
pluggage of the drain,tube, because this would be hard to clear remotely. II ••• II As mentioned 
earlier, when the stir melter is op~g correctly, it can easily be operated remotely. The 
video camera that has been installed with the unit has greatly aided Clemson in knowing what 
their operating conditions were and this would be a great advantage in a remote setting. 
During the demonstrations with the ion exchange feed, loading of the resin did cause some 
violent reactions because of the large amo~t of foaming and sparking, so we had to take care 
to remove the video camera equipment: so it wouldn't be ruined. If there was a potential to 
operate with this type of material, this should be considered."S 

C. Reliability 

The reliability is measured by the total op~g efficiency (TOE). The TOE is defined as the . 
total number of hours that the melter operates divided by the total number of hours that the melter 
is in place, including the time required for melter change ouL The assumed TOE for this melter is 
60%. Stir-Melter, inc., Clemson University, and Savannah River have provided no operational 
data (including operating efficiencies); therefore the assumed 60% TOE may change. 

The given production rate of 16 MT/day glass would require 4 melters, each with a 9-fe proc
essing area (as discussed in the introduction). That glass production rate includes a 60% TOE 
assumption. The total glass production rate actually achieved with 4 melters is slightly higher 
(17.7 MT/day) than the required value, thus allowing for ~ore down-time for repairs 
(approxiniately 55% on-line efficiency actually required). Note that the multiple melter 
vitrification facility produces 13.3 MT/day even if one of the four melters was off-line for 
maintenance, thus maintaining the facility's production at - 83% of normal. 

D. Maintainability 

Information in this area has not yet been received. 

E. Estimated Lifetime 

The minimum melter lifetime of the HWVP melter was two years, and the expected lifetime was 
three to five years. Estimates of the stirred melter lifetime have not yet been completed because of 
limited data on reliability of melter components and materials life during processing Hanford 
HLWfeeds. 
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"Melter Lifetime: The biggest limitation we have seen sO.far was the corrosion interaction 
between the impeller and the feed streams. We have had very little corrosion in the tank itself, 
but did have the problems with the welds. "s 

"To the best of our current knowledge. all components in the design (WV-20) are intended to 
have a two year life minimum. Experience derived from the WSRC tests may modify the 
present designs. No items in the present design are anticipated to have a life less than six 
months" (Stir-Melter. Inc. 1993). 

F. Ability to Confine Radioactive Materials 

"Glass melter tank failure with subsequent leakage of radioactive waste glass is difficult to predict. 
Stir-Melter's double wall alloy melt vessel provides glass leak containment."l 

A. vacuum on the melter plenum minimizes the likelihood of airborne release of radionuclides to 
the vitrification cell. The accumulation of deposits (e.g., cesium) in the off-gas line can be 
controlled by using a film cooler to quench and dilute the hot off gas leaving the melter or by 
regularly cleaning the off-gas line with either a reamer or an air ''blaster.'' 

Maintainance of equipment is a significant source of radioactive materials; this does not appear to 
be directly related to the melter technology. 

There was a concern raised during the June meeting regarding air in-leakage. The following are 
tWo responses received: 

"Air Inleakage: During one of the demonstrations recently performed at Clemson. they were able 
to completely seal the stir melter system. so this does not appear that it would be a great 
problem."s 

"Air Inleakage Concern: This is assumed to reference the seal required at the impeller's rotating 
shaft. An engineered electriCally insulated, minimal inleakage, seal system has been developed 
for the impeller shaft which allows impeller height adjustment within the melt vessel. Since the 
off-gas system is assumed to pull negative pressure on the melt vessel. a small controlled air 
inleak is designed into the shaft seal so there is no potential for out-gassing to the outside of the 
melter."lo 

Also, David Bennett confirmed that improvements have been made to the melter seals on the 
6 in. x 6 in. melter at Clemson.9 Greater improvements may be required for a larger melter. 

G. Potential for Radioactive Source Buildup and Achievement of ALARA 

Off-gas treatment is discussed in the Fluor Daniel, Inc. report) 

This melter has a bottom drain, which can be used to drain the glass from the melt cavity at the 
end of the melter life. This may be optimistic. Melter failure could occur such that the glass could 
not be drained from the melter. This is an unresolved problem for most of the melters being 
considered in this evaluation. 
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H. Sealing and Containment Relative to Melter 

Measures are taken' to seal the melter to prevent leakage into the off-gas system and out to the 
melter cell, a longstanding and significant challenge for designing remote melters. Metal bellows 
seal the canister to the melter during glass pouring. Packing materials are used to seal all flanged 
connections such as the melter lid, off-gas pipes. and lid penetrations. 

Also see comments in Section 5.F 

I. Modular Design Concepts that Simplify Replacement or Repair 

The proposed Stir-Melter™ system consists of two modules: the agitator/column lift assembly 
and the primary melter pot assembly. If a superheater is included in the design, it would also be 
added as an additional module to the system. The module concept will facilitate removal and 
replacement of components with a reduction in the number of jumper removal operations 
(Fluor Daniel, Inc. 1993). 

J. Refractory Life 

The low-temperature stirred melter does not have refractory, but instead an Inconel™ alloy 
melting pot that is subject to COIIOsion. The small-scale melter at the Clemson Research Park was 
constructed of 0.2-in.-thick Inconel-601 plate. The comer joints of the melting pot were non
structural seal welds, and cracks developed from a mechanical overload caused by bulging side 
walls on the melter vessel. This bulging was a result of differential thermal contraction between 
th~ solid glass and the metal container during cooling. Analysis of the weld joints showed that the 
failure wa,s a result ofloading on the comer welds, which were structurally inadequate. and that 
COIIOsion was evident on sUIfaces exposed to the glass melt or process vapors. The welds have 
been repaired with Inconel-690 and structural supports ha~e been added to the outside comers.l1 

David Bennett later clarified that although the comer welds had cracked, substantial corrosion had 
not been present Although some coIIOsion was evident, he stated that is was a result of the comer 
welds cracking, whiCh is not a normal or expected pccurrence .. The comer welds were repaired. 
and the vessel continues to be structurally·sound.12 He also stated that tank coIIOsion is not as 
important as corrosion on the impeller. He noted further that the Inconel-60 1 melter currently has 
about 4500 h logged, and had about 3000 h at the·time of the failure.9 At this time, it is unknown 
which statements regarding the extent of tank wall corrosion are correct, therefore this issue 
CanDot be resolved. Dennis Bickford of Savannah River might have some additional information. 
The melter tank for the Hanford HLW vitrification plant will be constructed of Inconel-690, which 
has greater coIIOsion resistance and less mechanical strength than does Inconel-601. 

In 1991. a program was initiated by the SRS at the request ofDOE-HQ to study the us..e of the 
stirred melter as a replacement for the existing DWPF melter. This investigation identified several 
possible problems related to use of the stirred melter, of which the development of "hot spots" was 
one. It. was felt that ''hot spots" would result from high localized current densities in sections of 
the walls that are closest to the agitator, and that this tendency would increase with increasing 
melter size. It was suggested that changing the melter geometry to a circular cross section would 
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remove this tendency (pRC 1994). At this time, experimental data have not been provided to 
support the concept that localized "hot spots" are actually a problem, or that the proposed solution 
of using a round melter tank would resolve it. If a round tank were incorporated, the use of baffles 
in the tank (to promote mixing) could create an entire set of new problems.9 

K. Electrode UfelReplacement 

This melter has one electrode constructed from Inconel-690, which is also the melt pool agitator. 
The following information was taken from a report written by Stir-Melter, Inc. for use in the 
Phase n study: 

"Another concern is the effect of high current densities of the electrode surfaces. For Stir
Melters, this focuses the attention on the impeller since the melter wall has a much larger 
surface area. In commercial glass melters using molybdenum electrodes, a conventional 
current loadiilg limit for practical electrode life is about 8 ampS/in2. Tests of alloy 690 in 
HLW glasses by WSRC have indicated little damage at 2,5 or more amps/cm2 (no reference 
given). This converts to over 160 ampsfm2. Our melting experience with alloy 690 has shown 
that these surprisingly high numbers may be valid, at least we have only seen slight rounding 
of sharp comers where current densities are extreme. The WV-20 impeller design will be 
based on SO ampS/in2 which is a very conservative number based on our melting experience" 
(Stir-Melter, Inc. 1993). 

"The impeller has been the one piece of equipment that we have had to replace the most due to 
chemical interaction and the excessive temperature degradation. ,,5 . 

"Our WV-l melter has operated over 3000 h at about lOS0°C with no deformation of the 
blades. In ad4ition, the WV-20 will have a water cooled mild steel shaft. This will signif
icantly reduce the temperatures in the blade roots which are the area of highest stress" 
(Stir-Melter, Inc. 1993). 

L. Ability to Safely Handle Organics 

It is planned that all organics will be destroyed in the plenum space of the melter. Two zones of 
auxiliary heaters in the melter pot are used during startup and for additionaI temperature control 
during normal operation. These heaters are electric plate heaters applied to the outside of the 
melting pot and are embedded in ceramic. The bottom zone provides heat to the glass melt, and 
the upper zone maintains the temperature in the plenum space at 1000° to lOS0°C, with a 
minimum temperature of900°C.2 A second source specifies a minimum plenum temperature of 
600°C to destroy organics (Bickford et al. 1991) .. 

M. Operational Simplicity 

Information is currently not available. 

N. Estimated Lifetime 

See Section S.E. 
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O. Estimated Downtime to Repair 

Infonnation is currently not available. 

6. Minirruze Total Cost - This section is provided by Fluor Daniel. Inc. 3 

7. Minimize Safety and Environmental Risk 

A. Plant/worker safety 

Informa.tion is currently not available. 

B. Off-gas - extent of system to remediate off-gas so it can meet site release rates and Clean Air Act 
of 1955 requirements for radionuclides, etc. 

Information is currently not available. 

C. High energy issues 

Information is currently not available. 

D. Criticality 

Information is currently not available. 

E. Passive shutdown 

As discussed in Section 5J., problems were experienced with the small-scale Clemson University 
melterwhen it was cooled down with a full glass load. Bulging of the Inconel-601 tank walls 
resulted from differential thermal contraction between the solid glass and the metal container. 
Cracks formed in the comer weld seals, which were later found to be structurally inadequate. 
Metal tanks constructed in the future will probably be made from Inconel-690.11

•
9 The "bulging 

wall" problem mUst be addressed. This could be resolved by either increasing the structural 
integrity with design modifications or by ensuring that melter cooldowns are avoided when the 
melter is full of glass. 

8. Other Risks/Limitations 

During the June Technical Advisory Committee (TAC) meeting, several key issues were identified for 
the various melter technologies that warranted special attention in these data packages. These is~ues 
were included in a set of letters sent to the proponents of melter technologies, and the following is the 
response received from Stir-Melter, Inc.IO 

• Not Demonstrated to Determine Scale-Up 
"Alloy Stir-Melter'lM Systems are a new developing technology and as such do not have a long 
history of operation. The significant technical advantages offered by the alloy Stir-Melter'lM 

2.23 



Systems in terins oflow mass. rapid start-stop capability. integral melt vessel construction. and 
systems sealing capability are sufficient to proceed at this point with experimental studies allow
ing scale-up development to continue as the concept for the Hanford m...W disposal problem is 
defined. Note that a 9 if melter is under construction at Stir-Melter™ for delivery to WSRC in 
October 1994." 

• Air Inleakage Concern 
''This is assumed to reference the seal required at the impeller's rotating shaft. An engineered. 
electrically insulated, minimal inleakage. seal system has been developed for the impeller shaft. 
which allows impeller height adjustment within the melt vessel. Because the off-gas system is 
assumed to pull negative pressure on the melt vessel, a small controlled air inlemc is designed into 
the shaft seal so there is no potential for out-gassing to the outside of the melter." 

• Risk of Sludge Fonning in Refining Chamber . 
"The refining chamber referred to is Stir-Melter's "superheater." The superheater is purely an 
artifact of responding to the prescribed need for DWPF glass to be processed at 1150°C for 4 h. 
S~ples ofDWPF simulated glass taken from the output of the Stir-Melter'IM System have been 
shown to pass leach tests. The risk noted is eliminated by correct glass formulation and simply 
removing the superheater from the system." 

• System Corrosion/Abrasion and Lifetime Concerns 
''The alloy Stir-Melter'IM Systems have the capability of operating at significantly lower temp
eratures than refractory ceramic counterparts. The question of corrosion/abrasion resistance 
capability requires the input of glass technologists to engineer appropriate glass compositions to 
meet the leach resistance and melting process requirements. Significant inroads developing such 
tailored compositions have been made by SRTC in its glass group. Any application for waste 
glass melting in alloy Stir-Melter'IM Systems should start with a srron~ experimental program 
employing both Stir-Melter™ and SRTC. The. concerns over "potential" risks of corrosion andlor 
abrasion can be addressed with hard data through an applied development program." 

• Operability Concerns; Dynamic Operation 
"This is assumed to reference the need to spin the impeller within· the glass melt.' An Inconel-690 
impeller and vessel logged 3500+ h operating with a simulated DWPF glass without detectable 
degradation. Simple, to-the-belt mechanical drive systems of the type used in Stir-MelterThf 

Systems designs are used routinely in industrial applications without concern." 

• Volatility; Degree of Volatility with No Cold-Cap 
"Alloy Stir-MelterThf Systems can operate with a cold cap through reduced impeller rotations to 
yield only four times glass output of an equivalent areajoule-heated melter rather than the 
maximum of - eight times the output. lithe process requires cold cap, the Stir-MelterThf System 
size would still be less than a conventional joule-heated melter and the process would run a cold 
cap or, if required, a "warm" cap. Also note that the lower temperature for melting an "engineered 
glass" reduces the potential for accelerating the evolution of volatile species:~ 
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Data Package 3 

Low-Frequency Induction Melter 

Description of Technology 

This melter technology uses a two-step process to convert the waste into glass. The waste slurry is 
first fed to a rotary calciner that converts the feed solution to a calcined mixture of oxides and nitrates 
(See Figure 3.1). The calcine is continuously mixed with frit and transferred to an inductively heated 
metal melter that converts the calcine to glass. This technology is currently used to vitrify reprocessing 
wastes at the R-7 and T-7 vitrification plants in La Hague, France, and at the Wmdscale Vitrification 
Plant in Sell afield, England. 

The rotary calciner tube is 0.3 m in diameter by 3-m long and is constructed of Uranus 2520 alloy. 
Thbe rotation is usually 20 rpm. The tube is slightly inclined from the horizontal ( - 3 %) so that the 
feed slowly progresses to the melter. The calciner has an internal rabble bar (2.5 m long) to break up 
the calcine and keep it from sticking to the walls. The calciner has a holdup of 1-2 kg of solids. 
Heating is provided by a four"'zone 94-kW resistance furnace (two 32-kW and two 15-kW zones). The 
calciner is operated at a reduced pressure (-lKPa), and air tightness is ensured by a graphite sealing 
ring in each of the end fittings (Beveridge 1990). The evaporative capacity of the calciner (Jouan, 
Hugony, and Maillet 1986) is 60 LIh. Glass frit is introduced through an air-lock system into the 
lower end-fitting of the calciner and falls into the melter with the calcine. 

The melter is an oval pot, 1 m (major axis) x 0.35 m (minor axis) x 0.95 m high (see Figure 3.2), 
constructed from 10-mm-thick Inconel-601. A four-zone medium-frequency (4 kHz, 200 kW) 
induction coil heats the metal pot, which then heats the glass by thermal conduction. The pot cont<i!ns 
internal fins t'9 increase heat transfer to the glass. Because heating is supplied only to the outside of the 
melter, scale-up is limited to about 30 kglh. The melter is equipped with a sparge tube to insure 
homogeneity of the glass. 

Each melter includes a pouring nozzle and a draining nozzle. The nozzles are heated by separate 
induction coils and are normally plugged with solid glass. To initiate routine pouring, the pouring 
nozzle is heated to melt the glass plug. The pouring nozzle is equipped with a siphon to maintain a 
minimum level of glass in the melter during plant operation. The glass is cast over 30-min loads, 
leaving a heel of about 70 kg in the melter (Sombret 1987). When the melter must be removed for 
maintenance, the draining nozzle is used to empty it CECA 1993). 

The off gas from both the calciner and melter flows counter-currently through the system and out 
the top of the calciner. The off gases are treated in a dust scrubber, a condenser, an absorption 
column, and a washing column before final filtration across high-efficiency particulate air (HEPA) 
filters. The dust scrubber solution is recycled back to the calciner. 

Basic parameters for this technology are presented in Table 3.1. This technology would- require 
that 14 to 27 melter lines be constructed to meet the processing rate requirements. Mr. Antoine Jouan 
of CEA, France, notes that this may be " ... too much for the low-frequency induction melter 
(LFIM)."l He suggested that starting the Hanford plant with this technology and retrofitting a newer, 
higher capacity melter into the plant at a later date would reduce the number of LFIMs required in the 
initial plant. -
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Figure 3.1. Low-Frequency Induction Melter 

Figure 3.2. Melting Furnace 
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Table 3.1. " Operating Parameters for Low-Frequency Induction Melter with C3.Iciner 

Nominal Glass Production Rate per Melter 
Oxide Load~g in Waste Slurry (w/o frit) to Calcin_era

) 

Bulk Glass Temperature 
Melt Pool Dimensions (oval) 
Glass Surface Area per Melter 
Glass Depth(b) (crucible depth = 1.2 m) 
Glass Residence TIme 
Total Operating Efficiency 
Glass Holdup per MelterC

) (MT) 
Waste Loading in Glass 
Number of Melter/Calciner Lines Required 
Slurry Feed Rate to Each Calciner 
Total Glass Production Rate (MT/day) 
Glass Production Rate per ~elter (kglh) 
Waste Processing Rate (kg oxidelh) 

25kglh 
200 gIL 

1050-1100°C 
035mx 1.0m 

0.27 m2 

0.34m 

25wt% 
27 

31Uh 
16".2 
675 
169 

6h 
60% 
0.23 

50wt% 
14 

63l.Jh(dl 

8.4 
350 
175 

(a) Assumption of slurry concentration based on WHC direction given to Fluor. This 
is probably the highest concentration of waste slurry that can still be pumped. 
Note that the melters that combine the glass formers with the waste slurry before 
addition to the melter have 125 g waste oxideslliter. 

(b) Calculated based on 2500 kglm3 glaSs density. 
(c) Estimated based on 200 kg glass poured per batch, plus estimated 30 to 70 kg 

heel remaining. 
(d) If 50% waste loading is achieved, the current calciner (60 l.Jh max) will have to 

be slightly enlarged. 

1. Process Range of Composition 

For the LFIM, the waste form is assumed to be borosilicate glass at 25 wt% waste loading. The choice 
of borosilicate glass was explained in Data Package 1. 

A. Temperature , 

\ 

The maximum operating temperature of these melters is I050°C to 1100°C. 

"Nominal operating temperature is today in La Hague R717 facility 1100 0c. Lower operating 
temperature increases, of course, the life time of the pot; it's also a problem of glass composition 
choice; if a glass, reaching the quality requirements, could be made and'poured at 1050°C or 
1070°C, why not?"z 
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B. ~ge of Waste Handling Capabilities 

Both parts of the LFIM: system. the calciner and the induction melter. must be considered when 
determining the waste handling capabilities for the LFIM. This section first addresses the 
capability of the LFIM: to vitrify Hanford Site wastes. the capability of the calciner to dry the 
waste before frit addition and vitrification. 

The actual compositions of the Hanford Site wastes are yet to be determined. Initial scoping 
studies used various assumptions about the extent of blending that will be possible among the 177 
Hamord Site tanks. The first stUdy used an "All-Blend" composition that assumed perfect mixing 
of all 177 tanks and was calculated from tank inventory records that are only approximate. The 
Compositional Variability Study (CVS) model developed for the neutralized current acid waste 
(NCAW) predicted that this melter technology can produce glass with 45% to 50% waste loading 
at 1150°C. This remains to be confirmed with experimental results. It is also not clear how much 
reducing the melting te~perature to between 1050 and 1100 °C will affect waste loading or 
durability. 

A 1Il0re realistic tank blending scenario is that complete blending of all tank wastes will not be 
possible. The CVS model predicted maximum waste loadings for 15 different wastes if only the 
wastes in each tank farm were blended. The result was high waste loadings for some tank farms 
and low waste loadings for others. in a range of from 17 wt% to 65 wt%. This preliminary 
information cannot be used for final flowsheet development. Without knowing the mass of waste 
oxides in each tank farm it is not possible to know the average waste loading for this blending 
scenario. For conservative estimates. 25 wt% loading is assumed for sizing this melter tech
nology. WHC is currently evaluating which waste composition(s) should be used for flowsheet 
development. (All information in the previous two paragraphs was provided by PNL.) 

Environmental Corporation of America CECA) provided the following regarding feed components 
CECA 1993): 

''Phosphates - The reference plant process (Ii at La Hague) has limited experience with the 
higher levels of phosphates expeCted in the waste stream at the Hanford Site. As discussed in 
the DOE's background package. there are three approaches to the vitrification of phosphates: 

. One is to incorporate them in borosilicate glass. The experience of the reference plant is 
to limit phosphates in the glass to 3% so as not to imparr characteristics such as viscosity. 
crystallization. and the like. 

A second approach is to formulate a phosphoborosilicate glass. A glass of this kind with 
8.5% phosphate by weight is currently being studied in connection with the reference 
process. It is expected that a small amount of such glass will be produced in the R7 plant 
to eliminate a backlog of uranium molybdenum waste. The effect of phosphate on the 
operating life of the melter. however. remains a serious concern. and it may not be prac
tical to process a large amount of this waste. 

Fmally, the third approach is to eliminate phosphates by alkaline washing. This is a very 
attractive approach. Not only would such treatment eliminate the concern about 
phosphate. it would also remove aluminum and chromium and reduce the volume of high
level waste by 50% or more." 
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The rotary calciner has been suggested for use by the French, who use.1t at the R-7 and T-7 
vitrification plants at La Hague; the British use it at the W~dscal~ Vitrification Plant at Sellafield. 
These calciner designs have been thoroughly tested for acid wastes from nu~lear fuel reprocessing 
plants. ECA (ECA 1993) provided the following comments about the compatibility of the rotary 
calciner with certain waste constituents. 

"Alkaline Metals - When alkaline metals including, Na, K, and Li - constitute 50% or more 
of the waste, they must be combined with aluminum in the feedstock in a ratio of aluminum to 
alkaline metals of about 0.3 (molar). This balance is required for both calcination and 
vitrification. For instance, Na can cause caking in the calciner unless balanced by AI, while 
AI, which is inert and highly refractory, will resist vitrification unless balanced by Na. A ratio 
of 0.3 (molar) ensures proper performance in both systems:" 

"Organics -The presence offerrocyanides requires special attention: when concentrated at 
high temperature with nitrates, ferro cyanides can react very forcefully ••• the calciner may be 
able to destroy ferrocyanides in limited quantities. If this alternative is preferred, it will be 
necessary to evaluate the ability of the calciner in this regard and, more generally, to evaluate 
the behavior offerrocyanides throughout the whole reference process." 

Mr. Jouan provided the following information concerning the nmge of waste handling 
capabilities: ' 

''LFIM must work with. a predrying system, calciner for instance. The calciner can handle 
solid; the calcine is a solid, it comes from solution or insoblble products. All the solutions 
(even containing solids) cannot be calcined as they are, most of them can be, when there is 
mainly alkaline metals it is necessary to use additives to help the ~cination, AI which is an 
usual component of the glass can be used: When alkaline metals (AM) constitute the major 
component of the waste (Le., 1.1, around 50% or more, they must be in combination with AI 
in the feedstock at a ratio of All AM of about 0.3 (molar), where AM is any alkaline metal 

. including Na, K, and Li."! 

Table 3.2 presents feeds that have been successfully processed through the rotary calciner at the 
La: Hague and Marcoule vitrification plants. Most of the French experience has been with 
calcining acidic wastes; It is unclear whether the baseline flowsheet for this technology requireS 
th!U the waste be acidified before feeding to the system. This question was asked of Mr. Jouan, 
who replied as follows: . 

"We have made short tests (less than one week) with alkaline feed to the calciner without 
special problems; but the acid way has certainly a lot of advantages in terms of transfer and 
metering of the solution and in teims of mean of work of the first scrubber in the solution of 
which the most part of the dust escaping the calciner must be dissQlved. In the case of using 
an alkaline solution, this scrubber solution would contain precipitate and become a kind of· 
sludge. In the case of acidjfication of the solution, the off-gas system will be similar to 
La Hague."z 

Acceptable glass properties -

"Viscosity must be lower than 200 poises at 1100°C for LFIM 
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Electrical conductivity must not be taken into account for LFIM,,1 

Ability to handle slurry feeds -

"The LFIM must work with a predrying system, calciner for instance."l 

C. Incorporation of Semivolatiles 

In the LFIM system, volatilization can occur in both the calciner and the melter. No information 
about calciner volatilities was received. Past information indicated that carryover of volatile 
species from a rotary calciner can be significant, but this is not a problem if a dust scrubber 
/recycle system is attached at the off-gas exit of the calciner. Decontamination factors reported for 
the rotary calciner and the rest of the primary off-gas equipment at the Wmdscale Vitrification 
Plant at Sellafield are shown in Table 3.3.3 The secondary off-gas system at the Wmdscale plant 
removes any residuals of the elements shown. . 

Mr. Jouan addressed volatilization from the melter as follows: 

''This is made in the LFIM and can be made with the CCM due to the presence of the cold 
glass layer on the glass bath; but we must take care not to pour the glass at a. too high 
temperature, because semivolatiles could escape during the pOuring.,,1 

D. Ability to Handle Insoluble and Conductive Compounds 

Mr. Jouan suggests agitating the LFIM if there is a problem with solids accumulation: 

"LFIM (low-frequency induction melter) is able to handle them, much more than there is in 
Hanford wastes; this is made at La Hague; CCM is able also, using agitation like for LFIM.,,1 

E. Waste Loading 

The waste loading in the glass is defined as the weight percent of waste (as oxides) in the final 
glass. The waste loading of the glass is extremely important, because it determines both the 
required production rate of the melter and the quantity of glass that will be produced from the 
Hanford Site tank wastes. Data Package 1 discussed low-temperature glass formulations 
conducted with various Hanford Site tank blends. 

2. Control Product Quality 

The baseline description for this technology is a calciner coupled to the LFIM. The waste solution is 
calcined and then the frit/glass formers (dry) are added to the dried feed as it is transferred to the 
melter. This reduces the amount of water that must be evaporated in the calciner and melter, but it 
also complicates the qualification of the product glass. Glass quality depends on control of the 
equipment that meters the ~t to the melter. The conventional U.S. method of qualifying the complete 
batch (glass formers and frit) in one tank is no longer possible. The DWPF in Savannah River and the 
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Table 3.2. Feeds Processed at La Hague and Marcoule '1 

R7 s/l 1'7 {S/l} Marcoule NCAW C 106 
2 3 4 5 6 7 8 

AI 2.8 2.8 3.5 2.7 2.9 2.8 2.5 4.6 25 6 17.15 
Na 13 11.4 12.8 10.9 12.5 15.4 10.7 18 19 19.8 16.7 
Cr 0.3 0.4 0.3 0.3 0.3 0.19 0.2 0.2 1.8 0.2 
Pe 2.1 2.23 1.75 1.6 6.4 2.8 5.4 6.3 5.9 25 16.24 
Ni 0.7 0.6 0.6 ) 0.5 0.6 0.3 0.3 0.6 1.2 2.2 
P 0.8 0.8 0.1 0.5 0.3 0.2 0.5 0.5 1.06 

Mg 0.3 0.4 0.08 0.2 0.1 0.02 0.1 0.04 20 1.06 
u,) U 1.2 1.1 1.16 1.7 0.9 0.22 0.4 0.4 5 

.i ~ Pu 0.01 0.01 0.01 0.01 0.01 0.002 0.002 '0.004 

Np 0.25 0.2 0.23 0.21 0.22 0.04 0.6 0.4 
Am 0.66 0.5 0.62 0.5 0.5 0.9 0.8 0.85 
Ca 0 9 2 2.04 
Zn 7.2 
Sr 1.3 1.3 1.1 1.4 1.3 1.1 1.1 0.9 0.12 
Zr 5.6 4.6 0.5 3.4 5.2 5.75 3.3 6.2 1.8 13.9 
Mo 4.6 4.2 3 2.4 4 4.5 3.3 3.8 J.8 0.47 0.17 
Ru 3.7 2.6 2.6 2.9 2.4 2.4 2.2 3.1 0.38 
Pd J.J 0.9 1.6 1.3 1.3 1.7 1.7 2 0.13 
Cs 6.3 5 5.3 5 5 5 4 6.1 0.71 



Table 3.3. Decontamination Factors at the Wmdscale Vitrification Plant 

Element(s) 
Ru 
Tc and Cs 
I 

Calciner 
20 

2 (CsTc04 only) 
1 

Dust Scrubber 
2 
2 
1 

Condenser 
100 
100 
2.5 

NO. Absorber 
25 
25 
1 

West Valley Nuclear Services plant in New York propose to mix all of the feed constituents (waste. 
recycle, and frit) before acceptance of each batch. Although djfIerent from the current US paradigm. 
the method of product control proposed for the LFIM is clearly possible. The La Hague vitrification 
plants in France and the Wmdscale Vitrification Plant at Sellafield, England qualified this method of 
product control not only for domestic use but also with several foreign clients for the vitrification of 
reprocessing wastes. 

A. Product Quality 

''LFIM and CCM are able to make 'good' glasses, using generally mixing. This has been proved 
with the cold prototypes using R7-TJ glass."l 

B. Waste Homogenization Capabilities 

"In the melter. a good glass homogeneity can be obtained by the uniform heating of the melter 
walls and air bubbling, thanks to its small hold-up (1001

)" (ECA 1993). 

See also 2.D. 

C. Analytical Requirements for Quality Acceptance 

"Waste solution composition and glass additives must be analyzed very accurately; and if the 
acceptance requirements are not reached, the solution must be adjusted."l 

"Before the waste stream is fed to the process, the fission product solutions and clarification fines, 
each contained in separate feed make-up tanks, are sampled. The fission product solutions are 
analyzed for free acid, dry extract, precipitate dissolution, plutonium and neptunium 
concentrations, activity content, heat release calculations, radionuclide concentrations, and 
chemical composition. The fines are rinsed, weighed and chemically dissolved, and are analyzed 
for plutonium, uranium, molybdenum, technetium and zirconium concentrations. activity content 
and for heat release calculations. Based on analytical resUlts, the solutions and fines are adjusted 
as necessary to remain within the specified range for waste feed composition" (ECA 1993). 

D. Minimum and Optimum Residence TIme 

"It's difficult to speak exactly of residence time because, with the air sparging, the vitrification pot 
looks like a completely stirred reactor; so the residence time (would) follow 'a gauss repartition' 
with a middle value of 6 h (if the flow rate is 25 kg/h and if 200 kg are poured every 8 h and 
taking into account the presence of a siphon giving 2 h more of residence time ).,,2 
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"Residence time is not an important criteria; what is more important is the temperature and 
dUration of time at a given temperature; the time duration can decrease when the temperature 
increases. "I 

E. Unpredictable Evaporation (Segregation) of Glass Components 

The only unsteady conditions that could occur in this melter would be unsteady flow of solids out 
of the calciner. which occurred during initial testing of the rotary calciner in England (Morris et ale 
1988). This issue was resolved during subsequent testing of the rotary calciner. 

3. Develop Technology on Schedule 

This category deals mainly with the maturity of the technology. This technology is very mature and is 
currently used in three radioactive vitrification plants around the world. The La Hague plant alone has 
produced over 2400 canisters (964 MT) of glass by this technology. Because nearly all of the waste 
tested with this technology has been in nitric acid solutions .• it was suggested that the Hanford Site 
waste be acidified before calcining. 

I 

A. Ability to Meet TPA Milestones(a) 

This should be decided by the TAC. 

B. Demonstrated Scale of Operation 

"Designed for 40 kg of glass per hour the LFIM is used today in R711 (La Hague plants) at a flow 
rate of20 kg/h due to the dilution of the fission product solution. and to the limited evaporation 
capacity of the calciner. The nominal R7TI flowsheet flow rate is 25 kg/h; all the cold tests have 
been made at this flow rate; one 100 h cold test has been made at 30 kglh without any problem; 
another 100 h cold test has been made at 30 kglh with the cold English glass composition."4 

''For LFIM: 25 kglh is the nominal R7TI running way. which is not reached because of the lim
ited capacity of the calciner and of the solution dilution. 40 kglh is the conceptual design value; 
30 kglh has been reached during 100.h tests without accumulation. The LFIM can only be used 
for a first. step, followed by the use of CCM. "I 

. "Air sparging has been initially tested to homogenize the glass bath ... and successfully. In the 
LFIM (low-frequency induction melter) at first (used today in La Hague facilities R7 and 11); In 
CCM after and ·with the same success. even if it was perhaps less useful."2 

C. Availability of-Data or Access to Data to Allow Evaluation for Melter System Technology 
Assessment and Melter System Candidate Selection . 

Most of the data has come from Mr. Jouan of CEA. the ECA implementation plan. and published 
work by CEA and BNFL. 

(a) Final melter selection by the end of 1998, plant startup by 2009. completion of campaigns by 2028. 
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D. Magnitude/Amount of Technical Development Required 

Substantial work would be required to verify the capability to dissolve Hanford Site wastes in acid 
arid then calcine those wastes in a rotary calciner. Glass formulations would have to be made for 
Hanford Site wastes at 1100°C (as wouid be true for any melter technology selected). 

E. Additional Technical Development Required for Deployment 

To be determined. . 

F. Probability of Technical Success Within Schedule and Resource Constraints 

This should be decided by the TAC. 

G. Processing Rate 

"Yes, the scale up is limited and difficult to increase significantly. Is able, as built in La Hague 
today, to 70 lJh of fission product solution and 30 kglh of glass. Such equipment is not 
compatible with the amount ofliquid wastes stored in Hanford; it can be used only for a :first 
demonstration period; and CCM equipment could be used in a second one, with their higher flow 
rate to treat, then, the total liquid waste volume. ,,4 

"25 kglh of glass production rate, yes it's a safe value."2 

H. Extent of Mock-Ups and Test Facilities Required 

Existing testing facilities include, but are not limited to 60 lJh calciner(s) and 25 kg/h LFIMs at 
CEA in Marcoule, France. . 

1. Necessity for New Inventions 

Not known at this time. 

4. Integration with Process and Facility - This section is provided by Fluor Daniel. Inc.5 except for the 
following. 

A. Feed Preparation Requirements 

" ... acid feed is easier to manage."l 

''We have made short tests (less than one week) with alkaline feed to the calciner without special 
problems; but the acid way has certainly a lot of advantages in terms of transfer and metering of 
the solution and in terms of mean of work of the :first scrubber in the solution of which the most 
part of the dust escaping the calciner must be dissolved. In the case of using an alkaline solution, 
this scrubber solution would contain precipitate and become a kind of sludge. In the case of 
acidification of the solution, the off gas system will be similar to La Hague. 112 
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"The reference plant process operates well With waste acidified to the level of free acidity 
([W] > 0.5N) before it is fed to the calciner. Nitric acid added to the waste for this purpose -
together with nitrates already present in the waste - will decompose in the calciner and be 
combined and captured in the off-gas system" (ECA 1993). 

B. Offgas System Requirements 

" ... offgas system requirements, no specific one, see La Hague example. "I 

C. Number of Melters 

"too much for the LFIM."1 (Mr. Jouan suggested that. starting the Hanford plant with this 
te~hnology and then retrofitting a newer, higher capacity melter into the plant would reduce the 
number ofLFIMs required in the initial Hanford vitrification plant) 

D. Melter Dimensions and Weight 

"The 25 kg per hour melter, for example, weighs only about 450 kg and may be removed by a 
small crane to a dismantling cell" (ECA 1993). 

''tFIM size 350 x 1000 x 1200 mm < 500 kg for the melter." l 

5. Control and Maintenance of Process and Facility 

This section addresses the capability of the melter technology to allow safe and efficient operation of 
the vitrification facility. . 

A. Ease of Control 

"For LFIM, wall temperature is the main parameter with the inside temperature to be controlled 
and adjusted; this is automatically made with the power variation. Amount of oxides coming from 
the solution and of glass frit are also continuously controlled, but this, which is the must balance. 
is made for all the processeS."1 

"The waste feed is mechanically stirred in the feed mak~-up tank at a specified rotation speed. If 
stirring is interrupted, the waste would not be homogeneous, and waste feed to the calciner is 
therefore stopped. 

Waste is continuously fed to the calciner by a measuring wheel. Several· direct parameters are 
monitored to ensure that the feed rate is within the specified range, including the rotation speed of 
the measuring wheel and the level of waste solutions in the seal pot and in the feed tube. Indirect 
parameters to determine waste feed rate are the heat supplied to the calciner and the expansion of 
the calciner, tube. 

T4e waste is evaporated and dried to a powder in a rotary calciner. The rotation speed of the 
calciner tube must fall within a given range to obtain the desired product quality and is monitored 
both directly and indirectly. 
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The feed rate of glass frit to the melter is a process parameter related to glass qUality. A robot is 
used to feed the frit and to detect operating conditions outside the specified range. The frit feed 
rate is indirectly verified by hourly weighing of the frit. 

For the three controlled parameters discussed above, non-conformity triggers a shut-down of the 
feed mechanism and switches waste feed to water feed of the calciner. 

Temperatures at various areas in the melter are monitored directly with internal thermocouples. 
and glass pouring cannot be initiated at temperatures below 1040°C. Melter temperatures can be 
indirectly vet:ified through electrical measurements of the inductors and by comparing temperature 
recordings at various times. 

Glass mixing in the melter is an important factor in obtaining a homogeneous glass product. It is 
achieved by inert gas bubbling in the melter. Glass pouring is not initiated until a mixing rate of 
150 to 200 lJh has been sustained for a minimum of ~ h. 

Glass pouring is initiated when the nominal glass weight has been reached in the melter. Two 
glass pours are required to fill the canister. The canister is continuously weighed during pouring" 
(ECA 1993). 

B. Remoteability 

"The reference plant (f7 at 4 Hague) includes many other technical advantages, including 
1) jumpers designed for fast and easy fitting of pipes with equipment during maintenance; 2) a 
saw and shearing machine in the dismantling cell to cut used melters and other equipment into 
pieces; 3) disposal of high-level technological waste in the same size canisters as vitrified waste: 
and 4) placement of all canisters in interim storage by a seamless transfer using a mobile, shielded 
transporter:'l 

"Seems to be easy using the La Hague concept with crane, master/slaves and special tools (electric 
screw-drivers etc ... ) for LFIM and CCM."I 

C. Reliability 

''Parts of calciner can fail and must be removed: graphite seals and rollers are the two main pieces 
to be removed; they are very little solid waste. Other calciner parts last usually more than five 
years. II I 

D. Maintainability 

The following, provided by ECA, discusses maintenance in their reference 1'7 plant at La Hague. 
The general maintenance philosophy is as follows: 

Welded process equipment - All equipment that can be designed and constructed for the life of 
the plant is welded in place ("hard-piped" plant approach). This includes mainly chemical 
process equipment (tanks, pipes ... ). They are installed in segmented cells, according to their 
functions and activity level. This equipment requireS no maintenance; however, if a problem 
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arises. redundant lines are implemented to guarantee plant availability. In addition. in 
exceptional failure conditions. direct access is still possible after decontamination. thanks to 
the segregation of contamination obtained with the segmented cells approach. 

Other equipment - Other equipment is equipment whose size does not permit standardized 
replacement (calciner. melter. dUst scrubber. metering wheels. condenser canister handling. 
and conditioning equipment). They are located in the so-called "mechanical cells." which are 
equipped with remote maintenance devices: 

• in-cell cranes 

• through-the-wall master/slave manipulators 

• specific tools 

Observations are made through shielded windows in the walls separating the cells from the 
working areas. Connection between removable equipment and welded pipes is performed by 
jumpers. Pipe en,ds are located very close to the equipment, so that jumpers are small and 
easily handled. The compliant design of the jumpers makes perfect alignment of the pipe end 
and the equipment end unnecessary. Exchange of jumpers is performed in less than 10 min. 
When removed. the equipment is transferred to the overhead dismantling cell. where it is cut 
into pieces to minimize active waste volume. As an example, the cut up melter can be insetted 
into 2 glass type canisters (about 300 liters). Each of the mechanical cells has an associated 
hoist park, whose functions are: 

• garage and shielding for cranes when not in use 

• decontamination and maintenance of the in-cell cranes 

• reception of new equipment 

• insertion of defective items into baskets 

MaintenanCe options - Maintenance options are fully integrated in process operations. to 
minimize down time and to increase the operating availability to the facility. As an example, 
the replacement of the melter (which occurs on average every 250Q h of operation) requires 
only a 3 day down time. 

Depending on the drying method used for.the feed, maintenance requirements could increase for 
this melter techn~logy. If a rotary calciner is used, the graphite seals will have to be replaced 
about every 6 months. The disassembly of the calciner increases the potential for contamination 
of the melter cell. It should not impact ~y other facilities. 

. . 
"The combination of multiple production lines and compact isolated cells provides a twofold 
increase in plant availability. FIrst, when any given line is down for maintenance, the two other 
lines and the common systems continue to operate at full capacity. Second, the isolated and 
compact nature of the cells means that maintenance is easier, faster, and safer in the line that is 
down" (ECA 1993). 
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E. Estimated Lifetime 

Table 3.4 shows the maximum and average melter lifetimes experienced at the 17 plant in 
La Hague CECA 1993). 

Mr. Jouan of CEA noted the following regarding melter lifetimes: 

"Melter life: Reaches today 3000 to 4000 h in R7, 17 La Hague vitrification l'.lant. ,,4 

"LFIM life time melter is now more than 3000 h at La Hague; high-level solid wastes are 
lower than 3% of the glass container number."l 

F. Ability to Confine Radioactive Materials 

A ·significant source of radioactive materials is from maintenance of equipment. Frequent melter 
changeouts increase the likelihood for contamination of the melter cell, but this should not be a 
problem if the contamination is confined to this area. 

G. Potential for Radioactive Source Buildup and Achievement of ALARA 

The LFIM has very little glass holdup relative to the other melters being evaluated (roughly 
0.34 metric tons). The calciner or evaporator will be much larger than the LFIM. so that the 
drying equipment will have the greatest potential for building up radioactive material. "The 
calciner contains only 1 to 2 ~g of radioactive calcine at any moment" (ECA 1993). This should 
not affect ALARA if it is properly contained. 

Off-gas treatment is discussed in the Fluor Daniel. Inc. document. 

This melter has a bottom drain that can be used to drain the glass from the melt cavity at the end of 
the melter life. This may be optimistic. Melter failure could occur such that the glass could not be 
drained from the melter or the melter contents could be lost to the melter muffle. 

Table 3.4. Maxium and Average Melter Lifetimes 

Maximum Lifetimes Hours 
1991 2138 
1992 2711 
1993 3103 

Objective for 1994 4000 

Avemge Lifetimes Hours 
1991 1424 
1992 1972 
1993 2350 

Objectives for 1994· 2750 
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H. Sealing and Containment Relative to Melter and Drying Equipment 

''The melter crucible is linked to the calciner by means of a lead glass seal between the crucible 
neck and the calciner lower end fitting" (Beveridge 1990). Graphite seals are used for sealing the 
moving pans on rotary calciners. Leakage arouiid these seals will only cause an increase in 
in-leaking air as long as a proper vacuum can be maintained on the equipmenL 

1. Modular Design Concepts that Simplify Replacement or Repair 

This melter design is modular. so that replacement of the LFIM or calciner should be possible 
without any changes to current facility plans. The Fluor Daniel, Inc. document evaluates melter 
disposal costs "as a function of melter size.5 

J. Refractory Life 

See S.C. 

K. Electrode Life/Replacemeilt 

Not applicable. 

L. Ability to Safely Handle Organics 

Most of the organics should be destroyed in the calciner. 

"Organics - The presence offerrocyanides requires special attention: when concentrated at high 
temperature with nitrates, ferrocyanides can react very forcefully .... the calciner may be able to 
destroy ferrocyanides in limited quantities. If this alternative is preferred. it will be necessary to 
evaluate the ability of the calciner in this regard and. more generally, to evaluate the behavior of 
ferrocyanides throughout ~e whoie reference process" (ECA 1993). 

M. Operational Simplicity 

Depending on the CCM configuration chosen, this system may have several moving parts. The 
rotary calciner or wiped-film evaporator (WFE) is a dynamic system "that will require attention. 
Agitation would increase the production rate. but it would also increase system complexity. 
Controllability of the CCM is discussed in Section S.A 

N. Estimated Lifetime 

See Section S.E. 

O. Estimated Downtime to Repair 

''The time required to change a melter is only three days" (ECA 1993). 

Additional information regarding downtime is not available. 
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6. Minimize Total Cost - This section is provided by Fluor Daniel. Inc. J except for the following. 

"The cost of the metallic melter of the LFIM process is between 100 and 150 Kilo dollars."! 

7. Minimize Risk -

C. Operational Safety 

''Using a precalcination step there will not be products accumulation and explosion problems: the 
residence time in a calciner is very low, the amount of the product is therefore very low and the 
decomposition of the product (organics or minerals) occurs continuously. 

LFIM is a safe process, even in case of failure; there is no particular safety risk. CCM is also a 
safe process, even if water is not far from the hot melted glass. Safety tests have been made in 
France to investigate the possible interaction between hot melted glass and water. The result is of 
course that an over pressure can occur in case of contact but there is no chemical reactions 
between the both."! 

"The molten glass may be cast from metal nozzles extending through the water-cooled metal 
hearth supporting the melt. This raises a potential safety hazard of water ingress into the molten 
glass in the extremely unlikely event of a breach in one of the metal sectors forming the crucible. 
In order to assess the danger of an interaction between the water and the melt, the CEA investi
gated pressurized water injections into molten glass: the water boiled, but not violent pressure 
rise occurred iIi the facility" (Moncouyoux et al. 1991). 

Because of the small size of the equipment, a limited amount of energy is accumulated in it at any 
given time during operation. Hazards such as explosions, therefore, are reduced or completely 
eliminated. 

Based on AVM and R7 experience, safety analyses have been performed on the effects of various 
hazards of all origins in T7. For each of these hazards, safety has been demonstrated and specific 
measures have been implemented when found necessary. The SPldied hazards can be divided into 
"not specific to vitrification" and "specific to vitrification." 

Hazards specific to vitrification - They are mostly related to containment. The use of high 
temperature generates the possibility of volatile products release. Specific measures taken to cope 
with this hazard include the use of sugar in the calciner and the off-gas treatment unit. Pouring 
also generates a gas release hazard, which is coped with by a specific local ventilation. The use of 
remotely dismountable equipment generates, in some cases, a hazard of loss of containment after 
earthqQake. For such cases, the containment is ensured by the cell. -

D. Criticality 

"LFIM and CCM are very little furnaces easy to be controlled from time. to time by emptying 
them."! 

E. Passive Shutdown 
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4. Fax from Mr. Jouan of CEA to P. Shafer ofPNL dated August 8. 1994. 

5. Fluor Daniel, Inc. August 1994. "Alternative Melter Systems Assessment 20 Metric Tons 
per Day HL W Glass Production." Prepared under contract #04-436304 with 
Westinghouse Hanford Company. 
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Data Package 4 

ffigh-Temperature, Joule-Heated, Ceramic-Lined Melter 

Description of Technology 

The high-temperature, joule-heated, ceramic-lined melte~ (HTCM) has several variations. In this 
context, high-temperature is defined as ~ 1200°C. The variations include the high-temperature melter 
(HTM) being developed at the Pacific Northwest Laboratory (pNL), the ceramic melter developed in 
Russia for vitrification of HLW, the Penberthy Electromelt design, the ceramic melter developed by 
Glassification Inc. for vitrification of hazardous wastes, a high-temperature stirred melter developed by 
Stir Melt, Inc., and a high-temperature melter design being developed by Duratek. Information was 
solicited for all of these melters, but was received only from PNL and Penberthy Electromelt. 
Kerforschungszentrum Karlsruhe GmbH (KfK) in Germany gathered information about the Russian 
melters. The body of this data package refers to the PNL HTM;- the Penberthy and Russian designs are 
described in appendices to this package. Unless otherwise stated, information in this package was 
supplied by PNL. 

Results of a life-cycle cost analysis of the management of defense high-level waste (HLW) across 
the U.S. Department of Energy complex (Merrill and Chapman 1993) led to development of this melter 
at PNL. This study was performed to identify areas where changes in the vitrification facility could 
bring' about cost savings in the management ofHLW. The system changes investigated are canister 
length, diameter, shape, wall thickness, and fill fraction and waste loading in the glass product. 
Implementing the changes results in the production of fewer caniste~, shortens the required time to 
treat the waste inventory, or both. The single overriding factor in the total cost was the final disposal 
cost of the vitrified waste product, which is directly related to the volume of glass produced. Thus, 
increasing waste loading in the final product would reduce the life-cycle cost of HLW management. 
The economic evaluation revealed that increasing waste loading from the reference value ( = 25 %) to 

45 % could realize up to $2.2 billion in savings at the Hanford Site alone. 

The HTM was originally envisioned (and development work on the technology was so targeted) as 
a replacement melter for the low-temperature, joule-heated, ceramic-lined melter in the Defense Waste 
Processing Facility (DWPF) in South Carolina and the Hanford Waste Vitrification Plant (HWVP) in 
Washington State. At the end of the life of the DWPF or HWVP melter, an HTM would be installed 
into the melt cell. Changes required to the vitrification facility to incorporate an HTM that could 
proces~ waste at 4 times the reference rate of the HWVP were investigated in a 2-phased study, the 
Hanford Waste Vitrification Plant Increased Production Capacity Evaluation (Shah 1993 and Fluor 
Daniel, Inc. 1993). Information from this evaluation will be cited- in this data package. 

ne HTM is an advancement of the lower temperature liquid-fed ceramic melter (LFCM). 
Although several modificationsl advancements over the LFCM have been fielded in the United States 
(e.g., bottom drain, replaceable electrodes), the primary difference between the HTM and the LFCM is 
the electrode material. The refractories are or could be the same as those used throughout the world in 
lower-temperature nuclear-waste melters. Thus, the HTM can just as easily be operated at the same 
temperatures as its lower temperature cousins. As is not the case with the LFCM, the HTM operator 
can increase temperature merely by increasing the power. The consequent flexibility allows the 
vitrification facility to more easily process a wider range of feed types with a single melter system. 
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Increasing the temperarure allows the use of more refractory glass formulations .and thereby improves 
the durability of the glass produ~. The capability to increase the operating temperature decreases the 
level of controls that have to be placed on the incoming feed, because a higher temperature provides a 
larger compositional envelope within which an acceptable glass product is produced. 

The production-scale HTM could have several configurations, the choice of which will be based on 
the development work currently in progress at PNL. Two HTM test-bed systems are installed at PNL, 
the small-scale HTM (SSHTM) and the pilot-scale HTM (pSHTM). The SSHTM has a 46-cm by 46-
cm processing area (0.21 m2) with a nominal glass depth of 30 cm. Electrical power is supplied to the 
melter by one of two electrode systems, top-entering electrodes, and a proprietary electrode system. 
Glass product is removed from the SSHTM through either an inductively heated freeze valve bottom 
drain or a vacuum assisted overflow section. The melter can be fed slurry, solids, or a combination 
thereof. The PSHTM has a cylindrical geometry, 158-cm diameter, a nominal glass depth of 107 cm, 
and a processing area of approximately 2 m2

• The PSHTM is equipped with the same two electrode 
systems. Both melters have an upper operating temperature of 1550°C. . 

The configuration of the HTM assumed for the purposes of this data package is slightly different 
from that assumed for the increased,production capacity study. Figure 4.1 shows the HTM design 
used in this study. In the Phase II HTM, non-feedable; top-entering molybdenum electrodes sheathed 
in cooled Inconel-690 firing to a bottom iron electrode were the primary electrode system. In this data 
package the primary electrode'.system is assumed to be a three-phase proprietary system with a 
secondary configuration of feedable, replaceable top-entering molybdenum (or other material) 
electrodes. In the Phase II HTM, an inductively heated bottom drain (which was off-center to fit in the 
HWVP melter envelope) provided final drainage of the melter before its removal from the cell. The 
configuration assumed for th'is data package moves the bottom drain to the center of the melter and is 
assumed to be used for routine glass product removal. In the Phase II HTM, the vacuum-assisted 
overflow section was radiantly heated by replaceable heaters. The primary source of overflow heating 
assumed in this data package is direct joule heating of the overflow, bypassing an electrical current 
directly through. the overflow block in a fashion similar to that used by the Germans in their melters. 

The configuration assumed in this data package is as follows: 

• three-phase, three-electrode power system providing the joule heating 

• primary electrodes: proprietary electrode system 

• secondary electrodes: top entering molybdenum (or other material) electrodes 

• both an inductively heated bottom drain and an overflow system for routine discharge of glass 
to a 2 ft x 15 ft canister 

• plenum heaters for boosting and startup 

• Monofrax K-3 fused cast refractory. Ca) 

(a) The Carborundum Company, 
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Figure ,4.1. Conceptual Design of a Plant-Scale HTM 

The three-phase power to the melter is provided by three-single phase power supplies. Each power 
supply consists of a multiple-tap transformer providing-power to a silicon- ,controlled rectifier (SCR) 
power controller that provides current to the electrodes' and, ultimately, the glass melt. Single-phase 
equipment is in a delta-delta arrangement; the SCRs are wired inside the delta. The apexes of the 
secondary delta feed the three melter electrodes. An estimated 825 kW would be required to meet the 
required djlily glass production,rate of about 8 tons. . 

The electrodes are arranged in a three-phase system with two side electrodes and one bottom electrode 
(see Figure 4.1). For larger melters, the number of electrodes may increase but the electrodes on each side 
will be fired from the same phase. The melter surface geometry will be set by two criteria: the surface 
area required to meet production requirements, and the depth required to provide an adequate glass 
residence time. The baseline melter will be slurry fed, similar to the way the previous HWVP melter was 
fed. Glass can be discharged by either an inductively heated bottom drain or a vacuum overflow. The 
bottom drain can be used for final draining of the melter as well as routine glass pouring. Production of 
8 tons/day of glass with 50% waste loading at a40 kglheml specific process rate (the assumptions 
presented in this data package) requires a total glass surface area of 8.5 ml. This can be accomplished by 
either using one'melter or multiple melter lines. For example, the glass pool geomet,ry for a single, 
8 ton/day melter would be 2 m x 4 m (assuming a 2: 1 aspect ratio). If ~o melter lines are used, the glass 
surface would be 1.5 m x 3 m (4.3 ml); Figure 4.1 is an elevation view schematic of a representative 
6.7 ml lITCM. This melter design was completed as part of a previous effort at Westinghouse Hanford 
Company (WHC) that investigated retrofitting the former HWVP to increase its capacity by a factor of 
four. If only one' or two melters are used, multiple feed nozzles will be required to ensure complete slurry 
coverage. 'Basic parameters for this melter technology are presented in Table 4.1. The basis for most of 
these numbers are explained later in this data package. 
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Table 4.1. Operating Parameters for High-Temperature, Joule-Heated, Ceramic-Lined Melter(s) 

Method of Feeding Slurry 
Specific Glass Production Rate 40 kg/h-m2 
Waste Loading in Glass 50wt% 
Oxide Loading in Slurry 4OOg/L 
Bulk Glass Temperarure S1450°C 
Plenum Temperarure 650°C 
Glass Depth 2m 
Glass Residence TIme 120 h 
Total Operating Efficiency 60% 
Number of Melter Lines 1 2 3 4 

Glass Surface Area (m2) 8.5 4.3 2.8 2.1 
Glass Production Rate (MT/day) 8.2 4.1 2.7 2.0 
Glass Production Rate (kg/h) 340 170 113 85 
Slurry Feed Rate (LIb) 850 425 280 210 
Glass HoldupC-) (MT) 42 22 14 10 

(a) Assumes a molten glass density of 2500 kglm3
• 

In late 1979 and early 1980, the benc;h-scale HTCM was operated at PNL (Barnes 1980). Three test 
runs produced about 270-kg ofhigh-temperarure borosilicate glass. The HTCM was 0.2-m by 0.61-m by 
0.63-m deep and used air-cooled tin-oxide electrodes: The upper operating design temperature of the 
HTCM was 1500°C, although no tests were performed in excess of about 1300°C. The objective of the 
testing was to assess the impacts of elevated temperatures for waste vitrification, test air lift pouring, 
assess temperature effects on cesium volatility, and assess glass production rates at high temperatures. 

1. Process Range of Composition 

The assumption of a sodium-aluminum-silicate glass with an increased waste oxide loading (50 %) is 
based on the results of glass formulation studies performed in support of the HTM. Glass 
formulations have been developed for two Hanford waste types, neutralized current acid waste 
(NCAW) and a blended single-shell/double-shell tank waste Table 4.5 Borosilicate glass was not 
chosen because preliminary work at PNL had shown that addition of boron does not benefit high 
temperature glasses at increased waste loadings; this technology can, however, produce borosilicate 
glass if necessary. The assumption of 50% waste loading is explained in Sections I.B and I.E. 

A. Temperarure 

The maximum operating temperarure of these melters is limited by the electrode materials, the 
glass formulation, and the capability to maintain a protective layer of cold glass against the 
refractory. The HTM at PNL was designed for a nominal operating temperature of 1450°C and a 
maximum temperature of 1550°C. The maximum operating temperature for the HLW melter 
will be determined by the capacity of the glass formulation to control volatilization from the 
glass, and the inherent ability of the melter to suppress volatilization (e.g., cold cap coverage). 
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B. Range of Waste Handling Capabilities 

The actual compositions of the Hanford Site wastes remain uncenain. Initial scoping studies used 
various assuIDptions about the extent of blending that will be possible among the 177 Hanford 
tanks. The:first study used an "All-Blend" composition, which assumed perfect mixing of all 
177 tanks and was calculated from tank inventory records, which are only approximate. In 1993, 
several" All-Blend" glass formulations were tested at crucible scale at PNL as pan of glass 
development for the HI'M. A glass that had 62% waste loading and was formulated at 1350°C 
had acceptable properties (viscosity = 70 poise; electrical resistivity = 20.9 Q-cm at 1350°C). In 
a similar develop~t with NCAW simulant, a glass that had 50% waste loading and was 
developed at 1350°C had acceptable properties (viscosity = 70 poise; electrical resistivity = 2.5 0-
cm at 1350°C) (Kim et al. 1994). 

A more realistic tank blending scenario is that complete blending of all tank wastes will not be 
possible. The Composition Variability Study (CVS) model developed for theNCAW predicts 
maximum waste loadings for 15 different wastes. The assumption that the wastes within each tank 
farm were blended, results in high predicted waste loadings for some tank farms but not for others: 
19 wt% to 84 wt% at 1350°C. The resulting 15 waste Compositions are shown in Table 4.2 along 
with the "All-Blend" waste (referred to as Case C in the table) and the NCAW for reference. The 
row labeled "ffigh-T" shows the predicted maximum waste loadings achievable at 1350°C, and 
the :first row shows the limiting constituent in each glass formulation. Again, this preliminary 
information cannot be used for filial flowsheet development Without knowing the mass of waste 
oxides in eacb. tank·farm it is not possible to predict the average waste loading. A conservative 
50 wt% waste loading is assumed for sizing this melter technology. WHC has evaluated what 
waste composition(s) should be used for flowsheet development (Lambert and Kim 1994). 

Compounds or elements that require special treatment in the off-gas system: 

Tritium, mercury, carbon-14, and iodine cannot be incorporated into glass at the temperatures 'of this 
melter technology, but must be captured in the off-gas system and sent out as a secondary waste 
stream. Carbon-14 will probably be released to the atmosphere if the Clean Air Act standards are met 

Chlorine, fluorine, tellurium, technetium, cesium, cadmium, and ruthenium, are partially soluble in the 
glass but require special considerations in the off-gas treatment system for recycle. These will be 
discussed later in Sections 1.D (incorporation of semi-volatiles) and 4.B (off-gas system 
requirements). 

Noble Metals: As discussed in Data Package I, noble metals (Rh, Pd, Ru) are virtually insoluble in 
the reference borosilicate glass and all other expected glasses made from Hanford Site blended wastes . 

. It is not clear whether noble metals are a concern for the Hanford HLW melter. The "All Blend" 
composition! includes only 0.07 wt% total noble metals (Rh203 + PdO + R~03)' At 50% waste 
loading, the noble metals concentration will be 0.04 wt%. Even if the noble metals accumulate, they 
may not cause melter failure before other components fail. The melter-tank geometry of the HI'M is 
designed to be compatible with noble metals. The bottom of the melter is flat (sloped-bottom designs 
are cwrently in progress), but the upper set of electrod~ is arranged in such a way that 213 of the 
melter volume would be filled with noble metals before a short circuit would develop between the 
bottom and side-wall electrodes. The bottom drain permits routine pouring of glass and dr3mmg of 
noble metals. 
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Table 4.2. Tank Farm Wasle Compositions 

Othcrs Components Zr-Phasc Spincl Durability SI AI 

IF-B IF-T IF-SX IF-C IF-DST IF-A IF-AX IF-lY IF-BY' IF-S IF-DSSP IF-U J IF-TX TF,-BX CascC NCAW 
Oxidc (Wt%) (Wl%) (Wl%) (Wl%) (Wl%) (Wl%) (Wl%) (Wt%) (Wl%) (Wl%) (Wl%) (Wl%) (Wl%) (Wt%) Olidc (Wl%) (Wl%) 

Si02 0.76 0.49 9.37 0.06 8.31 0.32 0.57 29.20 5.84 2.13 29.44 18.85 17.33 21.37 Si02 10.00 4.03 

8203 0.47 0.00 0.00 B203 0.00 0.01 

Na20 52.19 56.03 33.93 10.38 31.98 17.31 51.89 22.29 23.75 69.31 .66.00 39.89 30.07 25.14 Na20 25.30 21.42 

Li20 0.01 0.00 Li02 0.00 0.00 

CaO 0.03 0.00 1.24 9.39 0.79 0.03 2.79 0.00 5.66 0.00 0.62 0.00 0.01 0.12 CaO 2.06 0.79 

MgO 0.27 0.00 0.00 MgO 0.08 0.20 

Fc203 7.93 8.95 12.76 11.00 8.75 59.60 23.52 15.42 9.89 2.70 0.00 2.2B 3.91 5.91 Fc203 11.00 2B.21 

AI203 1.20 0.66 22.74 7.55 2.65 1.48 1.46 10.06 12.33 13.20 2.00 16.73 15.83 22.98 AI203 13.00 9.04 

Zr02 0.22 0.42 0.01 25.B5 35.20 0.04 0.05 2.52 0.22 2.93 0.30 0.40 0.33 Zr02 7.0B 15.11 

Others 37.67 33.45 19.93 35.71 11.56 21.23 19.71 20.51 42.31 9.74 1.94 21.96 32.45 24.14 Othcrs 31.41 21.19 

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 Total 100.00 100.00 

-i:>- Eli203 6.43 8.83 0.05 0.33 0.03 0.04 0.05 0.04 8i203 1.95 . 
~ Ce02 4.23 5.38 2.07 0.03 O.OB 0.48 0.33 1.05 1.99 1.11 2.24 2.76 2.96 Ce02 2.73 0.60 

Cr203 0.02 0.02 3.92 0.01 0.40 '0.00 0.43 0.03 0.00 0.72 0.02 0.19 0.01 0.00 Cr203 0.45 0.26 

F 0.72 0.50 0.04 1.56 1.43 0.00 0.01 0.04 0.52 0.12 0.07 00.07 0.12 0.17 F 0.56 0.10 

la203 0.04 0.12 0.66 la203 0.43 0.6S 

Mn02 0.48 1.09 1.67 7.76 0.87 7.1B 11.48 0.10 0.41 0.46 0.00 0.21 0.75 0.84 Mn02 I.B2 2.14 

NiO 0.23 0.03 0.30 5.69 0.47 0.22 0.66 0.00 11.64 0.17 0.00 0.01 0.2S I.2S NiO 2.27 2.30 

nos 14.20 15.39 0.42 0.28 00.34 0.02 0.02 3.47 I.B2 0.54 0.02 0.74 4.10 2.56 n05 4.71 .0.B7 

S03 0.18 0.03 0.22 0.16 0.43 0.41 0.02 0.59 0.23 0.2B 0.07 0.06 0.51 0.54 S03 0.34 0.6S 

srO 0.00 0.00 0.01 0.00 0.02 0.02 0.00 0.00 3.45 0.00 0.00 0.00 0.00 0.05 srO 0.41 0.12 

U30B 9.95 1.88 9.19 19.87 2.67 12.76 6.SI 14.71 21.99 5.89 0.01 18.35 23.72 14.12 U308 14.30 4.74 

Subtotal 36.47 33.27 17.84 35.40 7.37 21.09 19.45 20.32 42.08 9.29 0.19 21.90 32.27 22.53 Subtotal 29.97 12.43 

Balancc 1.20 0.18 2.09 0.37 4.19 0.14 0.26 0.19 0.23 0.44 1.15 0.00 O.IB 1.62 Balance 1.44 8.76 

Wastc loading (wt%) 

low-T 21 19 26 35 31 17 38 65 51 33 35 58 64 61 I.ow-T 45·50 33 

High-T 21 19 26 46 40 25 43 84 64 39 41 60 73 61 IIigh·T 62 SO 

Limit P P Cr Crystal P7 Fe Na P Others Na Na Others P P_ Limit P Crystal 
------
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Spinels: For several.of the Hanford wastes, spinels (iron, chrome, nickel compounds) are the first 
crystals to form in the glass upon cooling. The Waste Acceptance Preliminary Specifications (W APS) 
do not specify a limit for the amount of crystalline material allowable in the glass (Larson 1989). The 
concern regarding spinels (or any crystalline phase) is"that the crystals will either reduce the durability 
of the waste form or affect the operation of the melter by filling the melt cavity with crystals. There 
are two ways to deal with spinel formation: 1) design a melter that is compatible with 'crys~s and 
ensure that crystals do not affect the glass durability. or 2) formulate the glass to minimize crystal 
fo~on. Glass development for the HI'M has centered around formulating glasses that will not 
devitrify in the melter. Conservative devitrification tests are conducted for each composition for 24 h 
at 100°C below the expected bulk glass temperature. This melter design should be able to handle 
some crystal formation.without.adverse effects. Removal of crystalline materials that might settle to 
the bottom through the bottom drain will help prevent them from accumulating. 

Acceptable glass properties: Waste form development efforts for tb,~ HI'M have maintained the limits 
shown in Table 4.3. These are considered to be safe operating limits for the melter. 

Ability to handle slurry feeds: This melter design can be either dry or slurry fed. All testing to date 
has used slurry feeding without problems. Depending on the size of the melter, more than one feed 
nozzle may be required to ensure adequate coverage of the melt surface. The 6.7 m2 design completed 
for the Phase n evaluation had two ,feed nozzles equally spaced along the centerline of the melter. The 
SSHI'M and PSHI'M use a water-cooled feed nozzle similar to the DWPF design. 

C. Incorporation of Semivolatiles 
. , 

Volatile losses from a liquid-fed melter may be.affected by certain parameters, for example cold cap 
coverage. plenum temperature, and feed/glass composition. BecaUse the specific activity of cesium is 

! high. its volatility is of particular interest Cesium is believed to volatilize as many different species, 
depending on glass composition, including Cs metal, Cs;zO, CsOH, arid other compounds (lAEA 1982 
and Erlebach 1960). CsCI is assumed to be the primary volatile species in this case. The presence of 
chloride in the feed will substantially increase the volatility of cesium (Burkholder and Allen 1987). 
The additio~ of technetium increases volatility through formation of CsTc04• On addition of 
technetium to a feed, cesium losses increased to 18% from 2-to-5% (without Tc) (Baumganner 1984). 

Table 4.3. Acceptable Glass Property Ranges for HI'M Glasses 

Property 

Redox: Fe+2IFe+3 

Processing Temperature (OC) 
Viscosity at'Processing Temperature (Fa-s) 
Liquidus·Temperature (OC) 

Electrical Conductivity at Processing 
Temperature°C (S/cm) 

4.7 

Lower Bound 

o 
N/A 

2 
N/A 

0.1 
(p=lOO-cm) 

Upper Bound 

0.3 
1450 

10 
100°C less than 

. processing temperature 
0.5 

(p=20-cm) 



Little information is available on decontamination factors for cold crown melters at elevated 
temperatures. Three short-term tests were completed at PNL in 1979 to 1980 on the High
Temperature Ceramic Melter (HTCM) with a dry feed. The last of these tests examined cesium 
volatility from the melter·at 1200°C to 1300°C. The following results were.reported: 

"Cesium was the major feed percentage-loss elemenL The combined HEPA and scrub 
solution losses constituted 0.44% of the cesium present in the feed (DF = 230). This loss 
corresponds to a volatilization rate of 115 mglcm1-h. or approximately half of the 
volatilization rate reported by WI Gray (Gray 1976) for a low-melting borosilicate waste glass 
at the 100-poise viscosity temperawre (1050°C). The difference in volatilization is partially 
due to the presence of an unreacted-feed cold cap in the HI'CM (Gray's experiments were 
conducted with bare molten glass surfaces), but other researchers report decreased cesium 
volatility with increased viscosity at constant temperawre (Kupfer and Schultz 1973; Ross and 
Mendel 1980), indicating that cesium volatility is diffusion-limited. The comparable cesium 
volatilization rate at equal viscosities of the residual-liquid and low-temperature compositions 
is in agreement with these findings" (Barnes 1980). 

The HfM design relies on the batch blanket (either solid or slurry) to control volatilization. 
DUring idling (nonfeeding) periods at elevated temperawres, the melter will be water-fed to 
control volatilization and maintain mixing in the melt pool, until the bulk glass temperature is 
reduced. 

D. Ability to Handle Insoluble and Conductive Compounds 

See Section LB. 

E. "Waste Loading 

The waste loading in the glass is defined as the weight percent of waste (as oxides) in the final 
glass. Waste loading determines both the required production rate of the melrer and the quantity 
of glass that will be produced. The quantity of glass produced from the Hanford tank wastes is 
important for two reasons: 1) The costs to place canisters in the federal repository are high; an 
estimated $2 billion or greater savings can be realized by increasing the waste loading of Hanford 
glass(es) from 25 wt% to 45 wt%, (Merrill and Chapman 1993), and 2) The first U.S. repository 
has a limited allocation for HLW canisters. DOE-RW is currently evaluating the impact of the 
increased number of canisters resulting from TPA changes. 

In 1993, several "All-Blend" glass formulations were developed and tested on a crucible-scale at 
PNL as part of the glass development ~or the HI'M. A glass that had 65% waste lo~g and was 
formulated at 1350°C had acceptable properties (viscosity = 118 poise and electrical 
resistivity = 1.8 Q-cm at 1350°C). In a similar development for NCAW simulant, a glass with 
50% waste loading at 1350°C had acceptable properties (viscosity = 70 poise and electrical 
I'e$istivity = 2.5 Q-cm at 1350°C) (Kim et al. 1994). Both formulations have been tested in the 
SSHI'M at PNL. During one test, the melter produced 500 kg of the NCAW glass formulation. 
Although difficult to process, an acceptable glass was produced at 1350°C to 1400°C. 
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2. Control Product Quality 

For reasons stated in Section 1. the waste form for the high-temperature melter is assumed to be 
sodium-aluminum-silicate glass with an in9teased waste oxide loading (50%). . -

A Product Quality 

Work was conducted in 1993 to develop durable glasses with increased waste loadings (>25 wt%) 
(Kim and Hrma 1994).2 As discussed. a 50% waste loaded glass was-developed for NCAW and a 
62 wt% glass was developed for the Hanford blended waste. Both were produced in the laboratory 
and tested for durability with the Product Consistency Test (PCl'). The NCAW glass released 
0.46 g NaJm2n days and 0.17 g Sifm'2n days. The glass from simulated blended waste released 
0.43 g NaJm'J.n days and 0.14 g Sifm2n days. These releaSe rates are more than an order of 
magnitude less than the HLW glass standard (EA glass)(·) for durability. The NCAW glass 
formulation with 50% waste loading has been processed through the SSIITM. but the durability of 
the glass from the test has not been measured. 

B. Waste Homogenfzation Capabilities 

The IITM has a residence time of 60 to 120 h. This long residence time assures proper dissolution 
and mixing of the waste and glass. In the new plant melter. this can be controlled by design of the 
melter depth~ The presence of undissolved feed in the glass is unlikely. because the convection 
cells are slow and do not provide a path for unmelted feed. 

C. Analytical Requirements for Quality Acceptance 

Tbe glass formers and waste will be combined and analyzed before released to the melter. The 
combined feed analysis will consist of anion analysis by ion chromatography. cation analysis by 
either fusion and ICP analysis or ICPflaser ablation. and total oxides analysis. It is assumed that 
limited samples oJ the radioactive product glass will also be required for acceptance of any glass 
to the Federal Repository. 

D. Minimum and Optimum Residence TIme 

The 60 to 120 h long residence time ensures proper dissolution and mixing of the waste and glass. 
It also' provides a dampening effect for any feed variations. sO" that fluctuations in feed composi
tion are diluted by the "large volume of glass in the melter. The drawbacks of providing a long 
residence time in the melter are that 1) insoluble particles have a longer time to settle to the melter 
floor; 2) glass holdup is larger. so that remOving a failed melter full of glass would require larger 
handling equipment; and 3) the large glass holdup provides a larger radiation-source term in the 
event of an accident These competUlg mechanisms make it difficult to determine what the 
"optimum" residence time would be. -

(a) EA ~laSs release rates are 6.67 g Nalm'J.n days and 1.96 g Si/m'J.n days. 
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At a constant production rate per melter surface area, residence time is a function of the melter 
depth. Without a sloped bottom, this melter technology has no significant requirements for the 
melter depth. The only requirement is sufficient depth that the electrodes' current density limit 
(s~ Section 5.K) is not exceeded. Current density limits will be a problem only if the glass is. 
highly conductive or the electrodes are very close together. 

E. Unpredictable Evaporation (Segregation) of Glass Components 

This melter operates continuously under steady conditions, so that process upsets are rare. 
Increased feed volatility would be a problem only during startup after a feed outage .. that is, when 
slurry is fed onto an open, hot glass surface. This is usually not done, and when it is, water is first 
fed to the melter to cool the upper glass surface to minimize feed volatilization during restart. 

3. Develop Technology on Schedule 

This category deals mainly with the maturity of the technology. 

A. Ability to Meet TPA MilestonesC&) 

The HIM is part of the current Hanford HLW baseline. The schedule and resources required to 
implement this technology in the Hanford HLW vitrification plant have been detailed and fit 
within DOE constraints. 

B. Demonstrated Scale of Operation 

This technology has been used extensively for commercial glass production. The main difference 
between the HIM design and commercial glass melters is that the waste/glass composition is 
expected to cause increased electrode wear. Electrode design modifications are described in 
Section 5.K. Another unique design feature of the HIM- is the use of a bottom drain to routinely 
discharge the glass. Glass flow is controlled by a water cooled induction coil operating at 3 to 
10 kHz, as has been demonstrated radioactively on the PAMELA melter. The only modification 
to the HIM design is the materials of construction. The SSHIM and PSHIM both have 
molybdenum bottom drains with platinum liners; molybdenum is used for structural support. of the 
platinum tube. A nitrogen blanket is maintained over the bottom drain section to protect the 
molybdenum surface from oxidation. This high-temperature bottom drain has been successfully 
demonstrated on the SSHIM. More than 1300" kg of glass was discharged through the bottom 
~ during recent tests (800 kg oflLW simulant and 500 kg ofHLW simulant). One 
modification to this bottom drain fot use in a HLW plant would be to use a heavier gage platinum 
tube, so that the molybdenum pipe and nitrogen blanketing of !he bottom drain section would not 

. be needed. 

The HIM technology has been demonstrated nonradioactively at PNL, including: 

e SSHIM (0.22 ml) using top-entering, Inconel electrodes allow temperatures (up to U50°C) 
and an alternative electrode design at high temperatures (up to 1450°C). This melter operated 
at an average feed rate of 15 Vb (650 grams oxide/liter, 10 kglh, 42 kglhem2

, 1350°C) with 

(a) Final melter selection by the end of 1998, plant startup by 2009, completion of campaigns by 2028. 
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lLW simulant during a recent 4-day test. It operated at an average feed rate of 16.5 Uh 
(440 g oxidellr, 50% waste loading, 7.3 kglh, 33 kglheml, 1350°C-1400°C) with NCAW 
HLW simulant during a recent 3-day test. The maximum sustainable rate was 10.5 kglh 
(48 kglheml) during the HLW test. 

e lITCM (0.12 ml) with tin-oxide electrodes up to 1325°C (Barnes and Hanson 1979). This 
melter was dry-fed d1IriI!g three shott tests in 1979 to 1980 at PNL. The maximum reponed 
production rate was 18 kglh (160 kglheml). An average production rate was not reponed. 

This melter technology has also been demonstrated by Penbenhy Electromelt and at the Mayak 
Vitrification Plant in Russia (see appendices ~ this data package). 

C. Availability of Data or Access to Data to Allow Evaluation for Melter System Technology Assess
ment and Mel~ System Candidate Selection 

Data are readily available. 

D. Magnitude! Amount of Technical Development Required 

Technical development is still needed. The current materials of construction (electrodes) are ade
quate, but their improvement is an on-going effott at PNL. Experience with high-temperature 
electrodes is discussed in Section 5.K. PNL initiated corrosion rate experiments for various mat
erials in early 1994; however, results were not available at the time of CQmpletion-of this data 
package. 

Because of the large increase in production rate over the previous HLW melter designs, use of 
only one or two melters in the plant would require substantial scale-up work, including design of a 
bottom drain that Can control glass pouring at rates up to 680 kglh (assuming that maximum pour 
rates will be two times the average production rate). 

E. Additional Technical. Development Required for Deployment 

To be determined. 

F. Probability of Technical Success Within Schedule and Resource Constraints 

The HIM is pan of the current Hanford Site HLW baseline. The schedule and resources required 
to implement this technology in the Hanford Site HLW vitrification plant have been detailed and 
fit DOE constraints. 

G. Processing Rate 

The SSHIM (0.22 ml) has processed lLW simulant at 151Jh (650 g oxideJItr, 10 kglh, 
42 kglheml, 1350°C) and HLW simulant at an average of 16.51Jh (440 grams oxideJIiter, 
50% waste loading, 7.3 kglh, 33 kglheml, 1350°C-I400°C). The maximum sustainable rate was 
10.5 kglh (48 kglheml) during the HLW test. 
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The HfCM (0.12 m2) was tested with tin-oxide electrodes up to 1325°C. The melter was dry-fed 
during three short tests in 1979-1980 at PNL. The maximum reponed production rate was 18 kg/h 
(160 kglhem2); an average production rate was not reported. 

Melter Performance Comparison 

Numerous benCh-scale and pilot-scale tests have been conducted to support HLW vitrification 
projects in DOE. These projects include the HWVP, the DWPF, and the WVDP. To attempt 
characterization of melter performance, operating information was obtained for a number of PNL 
Slurry-fed vitrification tests performed in recent years. The melter test data used for the tests 
included the high-bay ceramic melter (HBCM), (a) the PSCM, CbXcXdXeXfXaXhXI) the LFCM (Bjorklund 
and Brouns 1982), and the SSHrM. Data were accumulated for power, feed rate, melter surface 
area. and slurry oxide concentration versus run time. This information was taken only for steady 
operation (steady feed rate) periods during each test. 

To .compare melter performances, the data for each melter test was plotted as the feed rate of the 
slurry material, nonnaJjzed to the melter glass surface area. versus transferred melter power. also 
normalized to the melter glass SUIface area. The transferred melter power was determined by 
subtracting the total melter power losses through cooling jackets or penetration through the cold
cap into the melter plenum space, for example. Simply measuring the idling (no slurry f~g) 
power of a melter would not account for the insulative contributions of a transitional feed layer on 
top of the glass pool or other processing effects. Therefore, the power losses were determined by 
fust plotting the feed rate against total input power from the melter electrodes and plenum heaters 
(if any were present) for the various steady operating segments. Next, the x-axis intercept of this 
plot was determined, which indeed yields the effective total power losses. The resulting plot of the 
melter performance data is shown in Figure 4.2. 

(a) Buchmiller, W.C. et al. "High Bay Ceramic Melter Experiment Summary Report: 
HWVP-13IHBCM-86-2, " 7H35-86-121HL VIB, Pacific Northwest Laboratory, June 1986. 

(b) Sevigny, G.J. eta!. "PSCM-3 Summary Report," Pacific Northwest Laboratory, October 1981. 
(c) Dierks, R.D. et al. "PSCM-5 Summary Report," Pacific Northwest Laboratory, Marcli 1982. 
(d) Sevigny, GJ. et·al. "PSCM-6 Summary Report," Pacific Northwest Laboratory, October 1982. 
(e) Perez, J.M. et al. "PSCM-ll, HWVP-5 Test Report," Pacific Northwest Laboratory, 

January 1983. . 
(f) Perez, J .M. et al. "West Valley Waste Vitrification Experiment: PSCM-15 Summary," Pacific 

Northwest Laboratory, September 1983. 
(g) Peterson, M.E. et al. "Hanford Waste Vitrification Program: PSCM-17 Summary," Pacific 

Northwest Laboratory, November 1984. 
(h) Perez, J.M. et al. "West Valley Pilot-Scale Melter Experiment: PSCM-19/19E Run Summary, " 

Pacific Northwest Laboratory, January 1985. 
(i) Peterson, M.E. et al. "Pilot-Scale Ceramic Melter, Nonradioactive Experiment No. 20 

~SCM-20) Summary Report, " Pacific Northwest Laboratory, June 1985. 
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Figure 4.2 sh~ws a tight finear dependence on the data from all of the melters studied. The slope 
of a linear regression through anyone data set is inversely proponional to the melting enthalpy of 
the feed material. For slurried melter feeds, this enthalpy is mostly a function of the warer in the 
slurry. As a result. the melting enthalpies of most of the different melter feeds are nearly equal. 

Other than size, the only difference between the systems is that the LFCM used plenum hearers 
and the SSHTM ran at higher temperatures. In the LFCM, processing rates were high as 75 lJhem2 

due to plenum power boosting. However. the SSHTM data shows a 30% increase over any other 
system because of higher processing temperatures. 

As described, the melter power losses were determined to generate the Figure 4.2 data. Table 4.4 
shows these values for each melter and feed material. The melter power loss estimates for each 
PSCM data set are within the errorranges of one another, approximately 9 kW. This consistency 
is expected b~e no system changes were made between the different tests. The LFCM appears 
to be the most inefficient system; although much larger than the others, it was also the only system 
equipped with plenUm heaters, which greatly increased the power losses. Tlle difference between 
the LFCMs, HWVP, and DWPF melter efficiency numbers is due a rebuild in the intermittenL 
The SSHIM performed at the elevated p'rocessing rates while still yielding relatively low power 
losses, which were due to the inherently direct heat transfer in the system configuration. 
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Figure 4.2. Performances of Previously Tested PNL Slurry-F~ Glass Melters 
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Table 4.4. Tabulated PNL Slurry-Fed Melter Performance Data 

Melter Power Loss 
Waste Slurry TestID Number(s) Melter Surface r Squared of Linear Calculated from 

PNL Melter System Type in DataSet Area (m1) Regression X-Intercept (leW) 

HBCM HWVP 1.2 0.25 0.91 5%4 
PSCM DWPF 3.4.6 0.73 1.00 9%0 
PSCM WVDP 9.11.15.16.19.20 0.73 0.75 21 %22 
PSCM HWVP 17.22 0.73 0.99 6%7 
LFCM DWPF 4.5.6.7 1.05 0.92 125 % 50 
LFCM HWVP 8 1.05 0.94 83%2 

SSHTM LLW 0 0.21 0.95 19 

H. Extent of Mock-Ups and Test Facilities Required 

Existing testing facilities include . 

• the SSHTM (0.22 ml) at PNL 

• thePSHTM (2 ml) at 1550°C atP~ 

• Penberthy Electromelt melter(s) (available facilities unclear at this time) 

• Duratek is currently designing an HTM for mixed waste vitrification. 

I. Necessity for New Inventions 

New inventions would be required for items not previously considered for HLW vitrification. 
This is partially a result of the increased melter size (depending on how many paraIlellines of 
melters would be used in the plant). Use of only one line would require new feed distribution 
systems, melter moving equipment, bottom drain, and plenum heaters. The bottom drain for a 
single melter would have to be designed to control glass pouring at rates up to 680 kglh (assuming 
that maximum pour rates will be two times the average production rate). 

Contrary to statements made at the June TAC meeting, inventions are not required for the 
electrode materials in the HTM. This issue is described in Section 5.K . 

4. Integration with Process and Facility - This section is provided by Fluor Daniel, Inc. 3 

5. Control and Maintenance of Process and Facility 

This section includes a discussion about safe and efficient operation of the vitrification facility. 

A. Ease of Control 

Operation of this melter should be similar to the LTCM with the following exceptions. If 
consumable electrodes are used, electrode feeding and level will have to be controlled. Electrode 
consumption is.measured by monitoring the load resistance. Control of the bottom drain 
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temperature is accomplished by an optical pyrometer UIitil the proper induction power levels are 
determined for pouring. after which only the power and frequency are controlled. Glass 
temperature measurement is accomplished with a platinum thermowell and Type B thermocouples 
(PtIRh). 

B. RemoteabiIity 

The IITM uses most of the remote features of the LTCM with the following exceptions. If 
consumable electrodes are used. an electrode feeding mechanism will be needed. Automatic 
electrode feeders are currently available from the electric arc furnace industry and would be 
incorporated into the electrode design shown in Section 5.K. If a molybdenum bottom drain is 
used, an automatic airlock system would be required to isolate the bottom drain during canister 
cnangeout. This was done on the SSIITM with a simple knife-gate valve and purge system. 

C. Reliability 

The reliability is measured by the total operating efficiency (fOE). defined as the total number of 
hours that the melter operates divided by the total number ofh that the melter is in place. 
including the time required for melter changeout. The assumed TOE for the HWVP was 60%. 
This was arrived at by assuming that the melter was on-line 70% of the time and that it required a 
six month changeout every three years. Few data are available to support the assumption of a 60% 
TOE for the IITM; on-line efficiency during the SSIITM test with LLW simulant was 88%. 

D. Maintainability 

This should be the same as that of the LTCM melter except for the additional maintenance of 
possible electrode feeding. supplying inert gases to the electrode sheaths. and additional cooling 
water for the top-entering electrodes (if used). 

E. Estimated Lifetime 

As stated in Data Package 1. noble metals accumulation can be a threat to melter life. It is unclear 
at this time if noble metals accumulation will be a problem with the new blended feed. The melter 
could be designed with a sloped bottom to channel noble metals or crystal accumulations to the 
bottom drain. Testing will be required to determine whether noble metals are a problem for the 
blended feed, and, if so, whether the sloped bottom design can prevent accumulations. 

F. Ability to Confine Radioactive Materials 

A vacuum is kept on the melter plenum and overflow (glass discharge) section so that airborne 
release of radio nuclides to the vitrification cell is unlikely. One problem that can occur with 
·LFCMs is the accumulation of deposits (e.g., cesium) in the off-gas line. This can be controlled 
by using a film cooler to quench and dilute the hot off gas or by regularly cleaning the off-gas line 
with either a reamer or an air "blaster." 

T4e melter is equipped with an emergency off-gas line to provide backup vacuum to the melter 
during shutdown of the primary off-gas system. 
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A significant source of radioactive materials is from maintenance of equipmenL This does not 
appear to be directly related to the melter technology. 

G. Potential for Radioactive Source Buildup and Achievement of ALARA 

Off-gas treatment is discussed in the Fluor Daniel. Inc.3 data package. 

This melter has a bottom drain that can be used to drain the glass from the melt cavity at the end of 
the melter life. This may be optimistic. Melter failure could occur such that the glass could not be 
drained from the melter. This is an unresolved problem for most of the melters being considered 
in this evaluation. Because of the required size of this melter (if only one or two melter lines are 
used). the glass/radiation source remaining in the melter after its failure could be substantial. 

H. Sealing and Containment Relative to Melter 

Measures to seal the melter to prevent inleakage to the off-gas system and prevent out-leakage to 
the melter cell have always been a significant challenge for designing remote melters. Metal 
bellows are provided for sealing the canister to the melter during glass pouring. Packing materials 
are used to seal all flanged connections such as the melter lid. off-gas pipes. and lid penetrations. 

I. Modular Design Concepts that Simplify Replacement or Repair 

This melter design is not modular except for the supporting systems (canister handling. etc.). The 
Fluor Daniel, Inc. data package evaluates melter disposal costs as a function of melter size.3 

1. Refractory Life 

This melter design uses a combination of Carborundum Monoftax K_3(a) and Monoftax-E(b) fused 
cast refractories in Contact with the glass. These refractories are used in high-wear areas of 
commercial glass melters. The current HfM design uses 6 in. of each fused cast refractory for all 
glass contacting surfaces, but this thickness is by no means a limit As shown in Data Package 1, 
K-3 has very good corrosion resistance for HLW glasses at lower temperatures (1 150°C). No data 
currently exist for K-3 refractory corrosion at 1450°C with a glass like the HLW glass. Corrosion 
rate experiments for K-3 and E refractories are underway at PNL for these and other refractory 
materials. Refractory corrosion is not expected to limit the melter life. Laboratory corrosion tests 
for Monoftax-E suggest an estimated life in excess of 4 years, predicated on the most 
conservative corrosion results. Le .• metal line corrosion. 

The melter plenum refractory is castable Carborundum AIftax-66. (c) supported by either ceramic or 
Ineanel hangers. Past failures of the plenum refractory have mainly been associated ·with 
improper hangers and allocation for thermal expansion (Larson 1989). 

(a) Carborundum Monoftax K-3: 60% AI20 3• 27% Cr20 3• 6% MgO. 4% Fe:z03' 2% Si02• 

(b) Carborundum Monoftax E: 6.5% AI20 3• 77.5% Cr20 3• 7.4% MgO. 5.9% Fe:z03' 1.7% Si02• 

(c) Carborundum Alfrax-66: 96% AI20 3• 4% CaO. 
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K. Electrode LifelReplacement 

Extensive electrode investigation work has been performed. PNL evaluated a wide variety of 
materials ulcluding molybdenum, coated molybdenum, precious metals. and other electrode 
materials. The most extensive work has been targeted at the assessment of electrpde material life 
(corrosion rate measurement) in Hanford Site HLW glass. 

Except for a few early experiments, all of the corrosion investigations have been performed at 
1350°C. Most have used the N508 glass formulation, a 50 wt% NCAW waste glass. Early 
experiments were performed with a 25 wt%, 1150°C borosilicate formulation. The experimental 
setup used for the corrosion test is as follows. Two 5-mm molybdenum rods sheathed in sealed 
alumina tubes were inserted into a platinum crucible containing the molten glass sample. (The 
electrodes were sheathed to protect them from the oxidizing environment in the 1150°C or 
1350°C furnace.) During most of the experiments a potential was placed across the two electrodes 
sufficient to allow current flow at a density 0(1 A/cml

. 

The first few corrosion rate experiments used a low-temperarure (1150°C), U.W loaded (25 'wt%) 
borosilicate glass formulation with no current flowing ihrough the test electrodes. Corrosion rates 
in these runs were low. about 5 x 10~ cmlday based on the results of the 48-h experiment and 
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decreased with time. The results of these experiments are presented in Figure 4.3; the data points 
are based on the average of 1 or 2 diameter measurements along the exposed molybdenum rod at 
the end of the tesL No potential was applied during these tests. 

The next 8ef;ies of corrosion rate tests used molybdenum in the N508 glass composition at a 
temperature of 1350°C. In the following synopsis of the conditions and observations of these 
experiments, letter designations correspond to the data points presented in Figure 4.4. The 
presented data represent the average of 4 to 6 diameter measurements along the exposed length of 
the molybdenum rod. 

A Current density: 1 Ncm2 

B. Current density: 1 Ncm2
; the power supply was not equipped with aD.C. filter which 

resulted in approximately O.2V D.C. potential in addition to the AC. potential 

c: Current density: none 

D. Current density: 1 Ncm2
; removing the test electrodes from the crucible while the 

temperature was still 1350°C allowed the glass to run off the electrodes, so that oxidation of 
the furnace plenum may have increased the observed corrosion rate. In al~ previous and 
subsequent experiments, the furnace was allowed to cool to about 1000°C before electrodes 
were pulled from the crucible. 

Figure 4.4. Molybdenum Corrosion in N508 Glass at 1350°C 

4.18 



} . .....-

E. Current density: 1 AJcml; during this test a D.C. passivation current was applied through a 
platinum wire td one of the two electrodes. electrode. The data presented in Figure 4.4 
represent an average of the corrosion rate of b~th electrodes. The rateS for each electrode are 
as follows: unprotected electrode, 0.22 cmIday; protected electrode. 0.23 cmIday. Therefore. 
cathodic protection is not conclusive; further work is planned. 

F. Current density: 1 A/cml; This molybdenum used in this test was a TZM stabilized 
molybdenum. 

The data presented in Figures 4.3 and 4.4 are the same as those presented by Dr. Pavel Hrma 
during the June TAC meeting. ": 

In all of the corrosion reaction layers, increased concentrations of nickel and copper were 
observed. Several additional ex~ments were performed to determine if these transition-group 
elements were the causal agents. FIrSt, iron was removed from the melt with no observable effects 
on the corrosion rate. Next, removal of all the transition group materials, with the exception of 
irQn, significantly diminished the corrosion rate by approximately a factor of 6. When only nickel 
and copper were removed from the NS08 glass, corrosion was about a factor of 2 lower than that 
observed with the unchanged NSO& glass. Thus, although nickel and copper had alarge effect on 
the rate, other constituents are involved in the corrosion of the molybdenum. 

If it is assumed that the molybdenum is replaced, i.e., fed to the melter, at a rate equivalent to the 
corrosion rates reported above, then the replacement rate ranges from 82-cm/year to 320-cmlyear 
based on test conditions E and B, respectively. Feeding electrodes into the melter at these rates 
would not be complicated, eVen in a remote environment, because all motion required to feed 
electrodes is vertical. Teclmology is readily available from the arc furnace industry for electrode 
feeding. Commercial arc furnaces operate in an essentially remote environment because 
temperatures are too high for routine personnel access to the top of the furnaces. The new taper
threaded electrode sticks are added·to the existing electrodes with a crane. In addition to feeding 
electrode material, the entire electrode assembly could be replaced as required. further extending 
the life of the melter. 

Additional corrosion tests have been performed and are continuing with various coatings on 
molybdenum and other materials. All of the coatings tested extended the time before 
molybdenum corrosion began. The time lag resulted from the time required for constituents to 
diffuse through the coatings or for the coating to be degraded or removed from the surface. 
Coating tests were peIformed for 4, 69, and 168 h. The 4 and 69-h tests resulted in little or no 
observable degradation of the molybdenum. Corrosion was observed in the 168-h test, where the 
chromium protective layer was porous throug!! the entire surface. 

Other potential electrode materials evaluated include tantalum, iron, graphite, and a chromium 
lalumina cermet The results of these tests are sunimarized: 

Tantalum: The corrosion rate was approximately equivalent to that of molybdenum in a test of 
similar length. One primary difference was in the corrosion reaction layer, where only 
tantalum oxide was present; in~ed concentrations of transition group metals were 
present in the molybdenum reaction layer. Thus, the tantalum corrosion might result 
from a simpler mechanism and might be more conducive to cathodic protection. A 
current.density of 1 AJcml was applied. 
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Iron: In direct contact with the glass, the iron did not survive a 4-h test at a 1 Afcm2 current 
density. 

Graphite: In direct contact with the glass, the graphite did not survive a 4-h ~t with a 1 Afcm2 

current density. 

Cermet: Results from the testing of the chromium/alumina cermet have been very promising. 
Corrosion tests have been completed with test times of 4 h. 24 h, 49 h, and 72 h. 
Although the structure of the material was significantly modified during the tests. 
corrosion was essentially the same in the 24-h and 49-h tests, approximately 0.06 
cm/day. The first three tests (4 h - 49 h) were performed with no current applied; the 
72-h test was performed at a 1 Afcml current density. The structure of the material 
was changed throughout its entire width, but the thickness of the material was 
essentially unchanged between the 24-h and 72-h tests. The results to date for this 
material are very promis~g, and further tests are planned. 

L. Ability to Safely Handle Organics 

It is planned that all organics will be destroyed in the plenum space of the melter. The ~nt 
design of this melter does not have plenum boosting for two reasons: it was not considered 
necessary, and the expected temperatures were above the normal use limit for most resistance 
heaters. Mter the first two tests of the SSHI'M, it appeared that plenum heaters would survive in 
the plenum. Even during idling at 1400°C, the plenum temperatUre never rose above 1150°C. 
Therefore; plenum heating with resistance heaters sheathed in Inconel-690 is an option. It is not 
clear at this aIDe if it is a needed option~ During the first two SSHI'M runs, the average plenum 
temperature was 450°C to 550°C. It.is not clear if the plenum gases come to equilibrium 
teplperature before they leave the melter. Because of ~s uncertainty, DREs are usually 
demonstrated for organic materials expected in the feed. The DREs for the HI'M will have to be 
measured. If the destruction is incomplete, either plenum heaters or a post heater may be required. 

M. Operational Simplicity 

Except for the variability of the cold cap, this melter technology does not operate dynamically. 
There are very few mOving parts,. and process dynamics are very slow because of the large time 
constant of the glass pool. 

N. Estimated Lifetime 

See Section 5.E. 

O. Estimated Downtime to Repair 

Replacement of the HWVP melter was estimated to take six months. Replacement times or 
vmi.ous melter-related items were estimated for the West Valley melter (Westsik et al. 1987), 
which are shown in Table 4.5. The WVNS plant is canyon remote with limited manipulator 
access, and although the melter operates at lower temperatures, the replacement times should be 
similar to those of the HI'M. 

6. Minimize Total Cost - This section is provided by Fluor Daniel. Inc. J 
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Table 4.5. Replacement TImes for Melter Components 

Item Repair TIme 

-
Thennowell replacement 
TV camera replacement 
Dip tube (level measurement) replacement 
Ovedlow heater replacement 
Ovedlow heater connection replacement 
Film cooler replacement 
Feed nozzle replacement 
Electrode failure 
Inner refractory cooling system failure 
Canister load cell replacement 

7. Others: Issues Raised at June TAC Meeting 

High Temperature Glass Impacts on Canister FiIIing 

1 day 
8h 

1 day 
2 days 
3 days 
2 days 
1 day 
~gh 
high 

2 days 

The impacts of elevated glass temperature on canister filling were assessed by modeling the 
temperatures throughout the waste glass canister during fill-up"and cool-down. 1EMPEST, a 
numerical heat transfer analysis code developed atPNL. was"used for this modeling. To simplify the 
modeling, no preset fill rate was assumed; instead the canister was assumed to be at room temperature 
then instantaneously filled with the glass at the processing temperature. The transient heat-up and 
cool-down of the canister and glass were then modeled by the TEMPEST code. This modeling 
assumption differs from actual filling because only a layer of glass poured in the canister is typically 
molten at anyone time; however, an instantaneous canister fill assumption is a conservative scenario 
in attempts to identify maximum canister temperatures. 

The following parameters and assumptions were used in the modeling: 

Canister geometry = Cylindrical 
Outer diameter of canister =" 0.61 m (2 ft) 
Height of canister = 2.29 m" (7.9 ft) 
Ambient (room) temperature = 40°C 
Canister consttuction material = 304L stainless steel 
Canister wall thickness = 1 em 
Heat generation due to radioactive species in glass =1400 Watts 

Additionally, the assumed physical properties of the glass and canister material are shown in 
Table 4.6. 
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Table 4.6. Glass and Canister Physical Properties Used in TEMPEST Modeling 

Glass Thermal Surf. Heat Transfer 
Conductivity Coeff. 

(vs. tem[!eraturel (vs. tem[!eraturel Emmisivities 
Can Sink 

Tem[!.oC KfJ1!mlQ Tern[!.oC hcfJ1!m2.K) Emmisivitl: Emmisivitl: 
0 0.3 600 83 0.30 1.00 

650 0.7 500 8.0 0.40 0.55 
1000 2.0 400 7.6 0.50 0.43 
1200 7.0 300 7.1 0.60 038 
1400 12.0 200 6.4 0.70 0.34 
2000 31.0 100 5.1 0.80 0.32 

50 3.5 0.90 0.31 
1.00 0.30 

The glass thermal conductivity data were from extrapolated HLW glass data, and the canister heat 
transfer coefficient and emmisivities were obtained from fits with canister cool-down data measured at 
SRL1 during several different ll500e glass pours. The aggregate used for the model fit was a 35-h 
maximum swface tempetature cool-doWn to 1000e and a17-h maximum canister centerline 
tempeiature cool-down to 5oooe. After adjustment of the heat transfer coefficients and the 
emmisivities in the TEMPEST model. both of these acttIal data sets fit the values in Table 4.6. 
Representation of the emmisivity values as a list rather than one source and one sink emmisivity was 
chosen so' that all the pairs shown will produce the same result in the radiant heat transfer equations. 

The final results of the TEMPEST modeling for both 11500e and 15000e glass fill cases are shown in 
Figure 4.5. which provides maximum canister centerline and surface temperatures for both of t.b.ese 
starting temperatures. Both sets seem to nearly superimpose by around 5 h of cool-down time. despite 
the initial differences in temperawre. The convergence is due to the higher glass thermal 
conductivities and heat transfer rates at the elevated temperatures. These data suggest that little 
difference in canister cool-down performance would exist between 15000e glass and actual 1150°C 
glass-pouring experience after 5 h cool-down time. 

The maximum canister surface temperatures obtained for both simulations were 6200e after 16 min., 
for the 11500e simulation. and 865°e after 10 min •• for the 15000e simulation. The maximum 
surface temperawre observed during the SRL testing was approxi~ly 500oe. which shows the 
conservatism in the 'full canister' scenario. Nevertheless, both maximum surface temperature curves 
show cooling to below 500°C within 2.5 h .. 

The canister material. 304 L stainless steel. has a melting temperawre above 1000 °C. The creep 
properties oftbis material are be~een lxl0s to 2xlOs Ib/in2. at around 6000e and 800 to 1500 Ib/in1 at 
840 °C, all for a 0.1 %11000 h creep rate.1 Even though a two order of magnitude decrease in required 
pressure for a given creep rate exists for the given temperature increase, detectable deformations in the 
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Figure 4.5. Predicted Canister Cool Down curVes for 1150°C and 1500°C Glasses 

40 

higher temperature scenario are not certain. Because the canister temperatures are only expected to 
remain at theSe higher temperatures for a relatively shon time and the predicted maximum surface 
temperature for the 1500°C:fill is expected to be cOnservatively high due to the 'full canister' 
assumption in the model, appreciable canister deformation is not expected with the higher temperature 
glass., 

Supporting evidence oflittle or no expected increase canister deformation was observed during 
SSIITM pouring'with acceptance testing glass. Pours of glass at temperatures in excess of 1400°C 
were made into 35-gal carbon steel drums. The dn:tm walls were much thinner than those of a waste 
glass canister. No noticeable deformations were observed in the 3 to 4 druins poured during this 
testing. 
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Endnotes 

1. Letter from R.W. Powell ofWHC to 1.M. Creer ofPNL. ''Double-Shell Tank/Single-Shell 
Tank Waste Blend Composition for High-Level Waste Vitrification Process Testing." 
May 1994. . 

2. Chemical durability testing results HI'B62SP from M. Schweiger, PNL dated 
August 2, 1994. 

3. Fluor Daniel, Inc. August 1994. "Alternative Melter Systems Assessment 20 Metric Tons 
per Day HI... W Glass Production." Prepared under contract #04-436304 with 
Westinghouse Hanford Company. . 
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Data Package 4, Appendix A 

High-Temperature, Joule-Heated, Ceramic-LiJ;led Melter: 
Penberthy Design 

This appendix to the data package for the HTCM contains information received from Mr. Larry 
Penberthy about his design for the Hanford HLW vitrification plant. This information was received at 
WHC/PNL on August 23. This did not allow sufficient time for a thorough review and follow up 
before the August meeting. The information received was complete, and it follows the order of the 
other data package, so that we have attached the letters from Mr. Penberthy in full. 

Further infonn.ation was received from Mr. Penberthy during a phone conversation with· 
Mr. George Janicek of WHc:(a) 

"(Mr. Penberthy) didn't respond to PNL's leiter with HLW melter questions because he believed 
that subject was well into the future and there wasn't any urgency to his giving it any atte~tion, and 
so, had set it aside .. I explained to him our timetable and need to determine which two melter 
technologies to fund fi?r development and testing in FY 1995. 

CI His company is a vendor of glass melters and currently has 10 employees. He's been in this 
business since 1948 and built approximately 80 melters, the largest being 110 tons/day. 

, • His melters require 5 sq. ft/daily ton. A 10 ton/day melter would be 6 ft wide x 8 ft long. A 
20 ton/day one would be 6 ft wide x 16 ft long. Either would be about 7 ft high. 

• -The melter is refractory lined. Normal refractory life is 4 years, actual is 10 years (assumed to 

be based on his service conditions). 

• Electrodes are Molybdenum, (moly) and are apparently sidewall mounted. They are also con
sumed by'the glass and thus have a mechanism for feeding them into the melt. Electrode con
sumption is small, however. Believe he stated it was like 2 in.lmonth (this is also assumed to 
be based on his service conditions). He claimed that he was the inventor of moly electrodes. 

• Molten glass is discharged from the melter via a sidewall channel located near the bottom of 
the glass melt pool. Glass pour control is accomplished electrically with heating elements (no 
additional clarification). . 

(a) Conversation between Mr. Larry Penberthy of Penberthy Electromelt International and Mr. 
George Janicek of WHC, 'August 5, 1994. 
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• Normal operating temperature of his melters is 1320°C. 

• He proposes a soda-lime-alumina-silicate glass for HLW vitrification instead of borosilicate. 
Claims this glass has a much higher retention of Cs. Claims the volatility of Cs from borosilicate 
glass at 1150°C is 5 times as great as from his proposed glass at 1350°C." 
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Penberthy Electromelt, Inte~national, Inc. 
Te!e;::.:~.~ 

631 South 96t..i. Street 

Seattle, Washington 98108, U.S.A. (206 75.3·;::;: 

August 19, 1994 

Phyllis Shafer, Research Engr, ETC 
MS P7-41 
Battelle - PNL 
POB 999 . 
Richland, WA 99352 

Re: Revised HLW Vitrification Program 

Dear Ms. Shafar: 

I received Qoth your letters, April 21 and July 13, 1994, 
enlisting our interest in the above program. When I realized the 
target date for action is 2009, I put ~hem in the Dormant file. 
There was no discernible reason for putting any unfunded today
time into such a delayed program. 

George Janicek, WHC, called to try to 'get some information. He 
revived my interest in the project by saying that there will be 
funding (for us) in FY95. Therefore, I have prepared a detailed 
reply to your detailed questions. 

Other Factors 
In addition to your' questions, there are other important factors 
to be considered: 

A. Battelle is mesmerized, even enthralled, by the concept 
"borosilicate glass." But this is a false concept for a glass 
requiripg longevity against water attack. See Doremus: Glass 
Science (1973), p. 44. -The separation of borosilicate 
glasses into two liquid phases has long been recognized." The 
essence of the flaw is that the boric oxide separates as 
alkali borate, which is fully soluble. The alkali will 
include cesium if present. Thus, Battelle's inclusion of 
boric oxide solubilizes an important radionuclide which 
Penberthy makes very insoluble as ,vitreous . 
cesium/alumino/silicate. The crystallina form of that 
compound is pollucite, 'whic~ is the ore, stable for geologic 
time. 

B. Sodium-cesi~~ borata has ~ high vapor pressure at molten 
glass temperatures. Buehlt showed me the alkali-borate smoke 
coming from the downstream of his melter, some 12 years ago. 
Battelle had an accident in B cell with a cesium-137 borate 
loaded filter 6-10 years ago. The whole cell became 
contaminated. The cleanup was·expensive. 

A.4.3 
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Phyllis Shafer 
Battelle - PNL 

August 19, 1994 
Page 2 

The attached Pyro 111-C shows that the 5x vaporization loss 
of borosilicate glass at its melting temperature, 1150°C 
(2100°F), compared with alumino-silicate at its melting 
temperature, 1290°C (2350°F). 

The Big Question 
The big question for "you is whether you are going to open up HLW 
vitrification to mainstream American glass science, technology 
and engineering practice. Restated, do you want to get the job 
done in finite time at affordable cost? If so, a different 
approach" is required, compared to the approach used in the past. 

What to Do 
1. Open up your panel to people who are strong in modern glass 

practice. 

2. Shorten the timetableo 

3. Open up the pathways under consideration "to, fo::: example: 

slurry up the entire contents of the tanks, and nozzle-mix 
the slur:y with Hanford soil to make an excellent glass. 

We demonstrated sodium nitrate plus soil vitrification for 
Battelle PNL in 1974. We are ready to demonstrate that again, 
with a surrogate including the sludge. 

4. Order a lO-ton per day furnace for (3) now and have it on 
site by July 1995. 

5.- Allow us to debate the time and cost advantages of not 
separating any radionuclides, and of not washing the sludge. 
Good glass needs the alumina and soda:--

We are keen,ly interested in get"ting Hanford's work done. Do you 
want me to participate in your panel? 

Sincerely, 

PENBERTHY ELECTROMELT INT'L, INC. 

~ 8.-J-,~ 
~ ~-~-~d 

Larry Penberthy 
LP/nc 
Enc: pyro lll-C 

We are sending background papers by express mail. 

cc: George Janicek 
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FOUNDATION FOR 
NUCLEAR WASTE DISPOSAL 

631 So. 96th St. 
Seattle, washington 98108 

206-762-4244 
VAPORIZATION OF GLASSES INTENDED FOR NUCLEAR WASTE Telex 329473 

In 1958, Atomic Energy of Canada Ltd. made and published glasses con~ 
taining radioactive fission products. They are in the alumino-silicate 
family., characterized by high alumina (6-10%), low soda (8-12%), mea~um 
lime (8-12%), balance silica. Alumina plus silica exceeded 75%. Melting 
was in refractory ceramic at 14000C (25500F). 

The AECL glass is very durable 'indeed. It is similar to glasses used 
for sight gages for observing water level in steam boilers. Field 
testing of actual radioactive glass over 24 years has been outstandingly 
successful. 

Other workers on radwaste glass wanted to melt in stainless steel cani
sters. This is called in-can melting. Unfortunately, the top service 
limit for stainless steel is about llSOoC (2l090 F). They could not melt 
the AECL glass. 

"These other workers added excess soda-lithia and boric oxide to the 
composition to lower the melting point. Again unfortunately, the excess 
soda-lithia destroys the three-dimensional silica network, and the boric 
oxide.raises the vapor pressure much more than it lowers the melting 
·,oint. 
1 . ~ ..... 
Specifically, the vaporization loss of Savannah River Laboratory boro
silicate glass held at l1500 C (2l000F) ;or 90 minutes is five times as 
great as the vaporization loss from P-19 alumino-silicate at l2900C 
(23500 F) f'or the same time. 

P-19 glass has 15% soda, no lithia, no boric oxide. This composition is 
" intended for West Valley, gla~sify-all process. 

P-3 glass has 11% soda, no l~thia, no boric oxide. It is intended 
for Savannah River and West Valley sludges without supernate. P-3 has 
an even lower vaporization rate. 

Test Metnod 

'A platinum crucible SO mm square x 20 mm deep was suspended in a glow 
ba·r heated furnace by a platinum wire connected to a digital laboratory 
balance above the furnace. 59 g of glass had been preplaced and warmed 
before the crucible was introduced into the heated furnace. 

Readings of weight remaining were taken every 5 minutes, and the results 
plotted as grams loss per sq meter against time. 

opment 
~:. •• t'1g 

11 .... J::~: 
:;constration 
.::iucation. 
~unication 

Furnace temperature for the SRL borosilicate glass 
was 11500C (21000F) and for P-19 alumino-silica~e, 
12900 C (:2350°). 
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Vaporization of Glasses Page Twc 

. Intended for Nuclear Waste 

From other work, the material lost from borosilicate glass is alkali 
borate, including cesium if present. 

The Foundation for Nuclear Waste Disposal has as one of its purposes 
the correction of incorrect statements regarding nuclear waste. Please 
help by communicating this report to anyone who has been misinformed. 

Larry Penberthy 

See also: Structure of Glass as a Host for Radwaste or 
Why We Need a Glass Better Than Borosilicate 
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Penberthy Electromelt International, Inc. 
631 South 96th Street Phone 206/762-42~ 

Seattle, w~hington 9810H, U.S.A. Fax 206/763-.9331 

ANSWERS TO THE QUESTIONS RELATING TO THE ALTERNATIVE MELTER 
SYSTEM ASSESSMENT FOR'KELTER SELECTION WORKING GROUP 

FOR HIGH LEVEL WASTE 

The following comments are following the checklist provided by 
Phyllis Shafer of Battelle. PNL in her letter of July 13, 19940 

1. Process Range of Composition 

F~exibi~ity to Process Expected Glass Composition 
Within Me~ter Parameters 

Attributes 

a. Temperature - f~exib~ity to process glass compositions 
within the 1100·C to 1450· temperature range. 

b. 

The Penberthy Me~ter system is readily able to operate within 
the temperature range, although we would comment that 1450· 
is a rather high temperature for commercial melting which is 
a lot closer to 1320· to top of 1400·. Therefore, the 
Penberthy furnace shou~d be categorized as being able to 
handle both low temperature and high temperature, ceramic, 
Joule heated melter. 

Word of caueion.here is that qua~itative words shou~d not be 
~ used. Low temperature is not that much lower than norma~ 

temperature·of glassmelting and high temperature is well 
above the temperature used commercially for glassmelting. 
It is better to use numbers, for examp~e: The low temperature 
is given as 1150·C, compared to commercial glassmelting at 
1320·C, and the high temperature melting·at 1500°C for 
melting hard glass, such as Pyrex baking ware. 

The range of waste handling capabilities with the Penberthy 
Melter System is very wide. Attached is a ~ist of glasses 
which have been melted commercia~ly in Penberthy furnaces. 

Special treatment of volatile components is automatically 
taken care of by the batch blanket, whereby the volatile 
materials ar~ captured in the batch b~anket and carried back 
into the melt. . 

The acceptable processable glass property range is quite 
broad. 

Viscosity is not a limiting factor. , . 
Electrical conductivity vs. temperature is easily handled. If 
the resistance of the glass is higher, the voltage is higher 
and the amperage is lower,and·reverse. There are certain 
classes of glass which require special electrode 
arrangements. These arrangements are well proven in 
indust:ial practice using Penberthy's furnaces. 
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Batte~~e PNL 
Answers re ~ternative Me~ter System 

A.ugust 15, 1994 
Page 2 

Precipitates are commonly avoided by melting at a temperature 
above where there is any precipitation. Certain materials, 
such as the noble metals, lead, or copper, are handl~d by a 
proprietary method. 

The ability to handle slurry feeds is excellent. The solid 
feed materials are fed in through a screw auger and the 
liquid or slurry portion is added fairly close to the 
discharge into the furnace. This is called nozzle mixing. PEr 
demonstrated it years go, including for the West Valley 
furnace in 1981. 

The limits on feed viscosity are very broad, all the way from 
~. mesh down to powders and liquids. The glass formers are the 
common ones, based on soda-lime-alumino-silicate system. 

Melter. feed system clogging is avoided by the methods of 
pump~ng. The soda which is to be used in the melt is applied 
part~y as hydroxide, which is lubriciouso Pre-fired glass 
frit is' definitely to be avoided because the glass frit has 
sharp angles and is susceptible to packing and plugging at 
bepds, flanges, and valves of the pump system. This is a 
problem th~t was encountered with disastrous consequences at 
Savannah River L~boratory fairly recentlyo In a Penberthy 
furnace the slurry is added to the solid particles. The solid 
particles are partly diatomaceous earth which soaks up the 
excess liquid. The final product going into the furnace is '. 
granular. 

There are no special or unique features to prepare the feed. 

c. Incorporation of Semivolat~es. 

The Penberthy System uses the Cornelius batch blanket system 
which is to have a floating layer of 6- of batch on top of 
the melt. This batch blanket captures the volatiles, such as 
fluoride and lead oxide and boric oxide, if any, and 
selenium, and other materials. Cesium is included in this 
capt~e. 

Batch blanket system feeds the volatile materials back down 
into the melt. Problem chemical components would be the 
chlorides above l' expressed as sodium chloride. Sulfur 
compounds are also a problem, requiring reduction with an 
off-gas of sulfur dioxide. 

Nitrate is not a problem because the nitrate batch is reduced 
using sugar. 

A.4.8 
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What is the_meaning of recycle ratio? The offgas system load 
depends on what is fed in. Water vapor will go through the 
fiberglass fi~ter in t~e flue and can be condensed out on the 
other side of the HEPA filters before exhausted to the 
atmosphere. 

d. Please give some examples of insoluble and conductive 
compounds. I am not aware of any, except actual metals, which 
we prefer not to have. 

e. Waste .loading is generally contro~ed by the desire to have a 
good insoluble glass. This requires a silica content in the 
range of 57% or more and alumina and iron in the range of 6%. 
Soda can be from 15 to 20% and provide good melting at 
reasonable melter operating temperatures. 

2. Control Product QuaJ.j,ty 

Penberthy furnaces.have a considerable glass dead weight and 
therefore the variations in feed are averaged out. The tolerance 
for changes in composition are broad. Certainly changes can be 
detected and alterations in the feed can be adjusted so that none 
of the product need be out of composition. 

Attributes 

a. . Product quaJ.i. ty 

b. 

Melter operation effects on durability depend on the glass 
composition and adequate melting temperature. Phase 
separation is a matter of having compatible batch components. 
Boric oxide is the worst offender in this respect in a 
silicate melt. Both silica and boric oxide make glasses, but 
not together. 

Crystallinity can be avoided by having a sufficient amount of 
glass to absorb all the sludge components. This question is 
rather broad and should be made more clear with a better 
target as to what it meant. Homogeneity is no problem for a 
Penberthy furnace because there is thermal convection current 
mixing. If additional mixing is desired or required, 
Penberthy furnaces can be equipped with spargers or with 
mechanical stirrers. 

Waste Homogeni:ation Capabilities. 

The Penberthy Melter is automatically a homogenizer, assuming 
there is adequate mixing of the incoming feed. The potential 
for undissolved feed is nil, because the batch floats and the 
glass exits through the sidewall two feet below the batch. 

A.4.9 
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The ~~ass residence time is not given in a sing~e discrete 
number. This time of residence has been studied considerably 
in large melters using strontium and si~ver as tracers. 

c. Ana~ytical requiremen~s for qua~ity acceptance are not a 
prob~em. The operator knows what materia~ is going in, and 
the averaging capabi~ity of the Penberthy furnace is very 
good. Quality is one of the characteristics of Penberthy 
furnaces. 

d. The minimum and optimum residence time is again re~ated to a 
curve. The tracer is introduced into-the batch, and the 
initial appearance of the tiniest amount is usually about 3 . 
or 4 hours. A peak is reached after about 6 or 8 hours and 
from then on the taper-off of tracer in the glass product can 
run to two weeks. 

e. Unpredictable evaporation, segregation of glass components is 
not to be expected unless mistakes are made in a se~ection of 
glass composition. Or in the fai~ure to maintain a batch 
b~anket. 

3. Deve20p TechDo~ogy on Sched~e 

The ability of the Penberthy techno~ogy to provide furnaces that 
meet the needs of this program has already been we~~ ~stab~ished 
over the ~ast 40 years. The range of furnace capacities is very 
broad, such as 1 to 160 tons per day. The schedule cou~d be met 
in the following way. 

Design, build and deliver to Hanford a 10 ton per day 
furnace on trailer by July of 1995. 

Design, bUild and put into operation a 40 ton per day melter 
at Hanford: end of 1996. Provide 5 more furnaces of the same 
size by the end of 1997. -

There are no features of the technology which carry a high degree 
of risk. All of the components have been tested in commercial 
practice for a very long time. If the panel thinks there is some 
technica~ risk that has not been addressed, p~ease bring it to 
our attention. 

Attributes 

a. The ability to meet the Tri-Party Agreement milestones is 
very good. See the time table proposals above. Unfortunately, 
the TPA mi~estone is often the never-never land. It would 
save a great deal of money to speed up the schedu~e to be in 
accordance with the ability of industry to provide the 
equipment and technology. 

A.4.10 
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b. Demonstrated sca~e of operation is up to 4,000 kg 0: glass 
per hour. This has been demonstrated in commercial operation 
in a dozen furnaces. The feed types are the same as would be 
p~anned for the high level waste. Namely, the soda-lime
a~umino-si~icate system, in which a number of substitutions 
of similar materials can be accommodated. See pyro 107 for a 
description of this capability. 

c. This paragraph is~quite complicated and sn9uld be amplified 
for clarity. There is considerab~e avai~abi~ity of data in 
the production furnaces which can be readily transferred to 
the melter system technology assessment for the high level 
waste. Additional factors required for high level waste are 
those related to remote operation. These are simple 
englneering matters, such as advancing electrodes. For the 
purposes of this program, however, it would be good practice 
to operate a 10 ton per day furnace for a period of time at 
Hanford, working first on non-rad materials and then later on 
rad materials. As noted above s~ch a furnace can be provided 
by July of 1995. 

d. The magnitude/amount of technical development is rather 
small. Standard variations would be made in furnace design, 
such as using higher g~ade refractories (AZCS) and thicker, 
such as 2 feet thick instead of 1 foot thick. 

e. Technical development required for deployment will already 
have been worxed out on the low-level waste program for high 
soda, which is already being addressed. At first, there was 
thought in the high-soda program to clean the waste 
sufficiently so that operation would be remote and contact 
maintained, such as pushing the electrodes in. There is a 
changing attitude whereby the thought is to make the 
maintenance also remote. 

f. The probability of success within schedule is high if the 
program is advanced to reasonable times, such as within a 
year and 18 months. The furnaces can be bui~t and the whole 
job done long before the start-up date of 2009. This assumes 
that there will not be, major bottlenecks in some other part 
of the system. For example, there is no need to wash the 
sludge to remove from it soda or alumina. Both are required 
in making a good glass, and if there is a 25% waste loading, 
the existing content of alumina'and iron and soda do not need 
to be removed. 

h. The extent of mock-ups is nil. Penberthy Electromelt knows so 
much about these furnaces that a demonstration facility 
should be bui~t at once. The suggested size for this furnace 
is 10 tons per day, mounted on a trailer. It'can be built and 

,~J in operation by summer of 1995. 

A.4.11 
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i. There are no rea~~y new inventions required for this furnace. 
the development of remote e~ectrode advancement is only 
mechan~ca~ engineering. 

4 • INTEGRATE WITH PROCESS AND FAC:tLITY 

Not enough detai~ has been given in this set of questions as to 
what the re~t of the process and faci~ity are that need to be 
integrated with. 

Attri.butes 

a. Feed preparation requirements are generous for the Penberthy 
Melter. If soi~ is used, then the ~argest size shou~d be a ~n 
mesh. 

Hydroch~oric acid in feed is a problem if too high, since 
sodium chlor~de is solub~e in glass only to the extent of 
about 1%. Nitrate is broken down by sugar to riitrogen. This is 
soon to be demonstrated 10 the high-soda facility. High su~fur 
is not expected, but sulfates are broken down to su~fur 
dioxide by using a carbon reductant, such as sugar. 

b. Offgas requirement has already been demonstrated in 
Penberthy's RCRA hazardous waste destruction faci~ity. This 
is shown in the accompanying 8172 diagram. 

c. The number of melter trains: question not understood. 

d. Plant Service Requirements. 

There is no need for steam. Water is used for cooling of the 
electrodes, and is recirculated. Wa~er is like~y to be needed 
for the cooling of the walls of the room or cooling of the 
walls of the furnace itselfG Energy requir~d is about 1,000 
KWH per ton of feed. Combustion gases are related to the 
amount of water in the slurry feed. This water goes through 
the in-line fiberglass filter in the flue as a vapor and then 
can be condensed and treated as liquid water or can be 
discharged as vapor to the atmosphere after further 
filtering. 

e. The outside melter dimension for 20 tons per day is 10 feet 
wide by 20 feet long. In the present cont·ext, the furnace 
would be located in a pit adjacent the tank farm, and would 
not be replaced when spent. Instead, the pit would be filled 
in and capped. 

A.4.12 

./ 



-.. 

Ba:tte~~e PNL 
Answers re ~ternative Me~ter System 

August ~5, ~994 
Page 7 

f. There would' be no other packaging of failed melter system 
components, at least not the furnace. Smaller items wou~d be 
stored right in the pit and covered later when the whole pit 
is fi~~ed. 

g. There is no particu~ar environmenta~ remediation requirement. 
The only possible significant waste stream would be a sludge 
in the scrubber which would be based on.precipitating sulfur 
oxide with soda and calcium oxide. The fil.ters·' themselves 
would be put back in the furnace. 

h. There are no special safety requirements othe~ than those 
that are expected in radioactive operations. 

i. There is no special. maintenance or support system or related 
facility. 

j. A calculation wil.l. be made as to the mass and volume of the 
~iquid'waste per unit ~imeo The melter is rated by' the ton, 
rather than whether the material. is solid or liquid. 

k. The composition of liquid waste stream would be from the 
scrubber for sulfur gases as described above.' 

l. Process flow sheet and mitigation method for prob~em waste 
streams is not clear. Please provide additional explanation. 

m. Container considerations are no different for the Penberthy 
furnace· than ~or any other type of furnace. 

n. The impact of this furnace for high-level waste on the LLW 
processing facility is the same as for any other high-level 
facility. 

o. Impact on internal recycle system is not clear. There isn't 
expected to be any internal recycle such as would be given by 
off-specification glass. If there is, the off-spec gl.ass is 
Simply introduced into the auger and goes back into the 
furnace as if it were glassmaking material. 

5. CONTROL AND MAINTAJ:N PROCESS AND FACJ:LJ:TY 

Attributes 

a. Ease of Control.. 

The required controls are quite Simple, being mostly the rate 
of feed and the power inpu·t as related to resulting mel ter 
temperature. 

b. Remotability is high, because the operation of the furnace is 
so simple. 

A.4.13 
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Normal glass furnaces operate 363 days a year, shutting down 
only twice a year for the maintenance of the machines which 
require lubrication. 

d. Maintainab~ity. 

The normal maintenance requirements are low. A system is 
being worked out for using the experience of one-year life of 
electrodes for use in the high soda program. 

e. The melter sidewalls by use of AZCS material 2 feet thick is 
six years •. The estimated lifetime of the augers for the batch 
feedirig is easily one year. Provision is made for removing a 
worn auger and replacing with a new one by running clean 
batch material through the auger for an hour or so. In any 
event. the main length of the barrel of the auger is not 
contaminated with radioactive material. 

The ability of the Penberthy furnace to confine volatile 
materials is very high, operating under the Cornelius batch 
blanket system, combined with Penberthy electrodes, since 
1951. That particular furnace is still operating. It is 
melting 30 tons of glass a day. 

g. Potential for radioactive source bui~d-up is sma~l. Some 
cesium wil~ build up in a layer inside the batch b~anket just 
above the fusing soda layer. An unknown is the accumu~ation 
of radioactive materials in the bottom of the furnace-. This 
refers only to gamma emitters, since alpha and beta emitters 
are not important when made into a glass. 

h. Sealing and' containment are easy, since the furnace is in a 
sealed metal casing. 

i. The design concepts are modular to simplify replacement or 
repair. 

j. Refractory life is noted above. 

k. Electrode life and replacement are discussed above. 

1. The furnace can safely burn off organics: however, there is 
no description of how much organic. Small amounts of organics 
are simply pyrolyzed in the melter and provide carbon in 
place of the sugar for use as a reductant. If there is a 

·large amount of organic. this needs to be made known. 

m. Operational simplicity of ·the Penberthy Furnace System is 
very good. Furnaces in commercial operation have been 
operated remotely in production. such as 80 tons a day. 
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Television monitors are used from an operator's control booth. 

n. 

o. 

6. 

Estimated lifetime is six years. 

The thought to repair. this furnace is dubious because the 
on~y part saved wou~d be the casing. This is too low in cos~ 
to justify dismant~ing by remote operation. It is better to 
bury the whole furnace when it is spent. .; 

HINDaZE TOTAL COST • 

Attributes 

a. The development costs for this furnace are relatively modest 
because so many similar furnaces have been built already in 
production. As noted above, a ten ton per day furnace on 
trailer can be built 'by summer of 1995 and delivered to 
Hanford for immediate operation after about two weeks of 

, installation. 

b. Deployment costs are normal for a furnace in the glass 
industry, because many of the features will have been worked 
out prior to 'building the furnace. Engineering 
development of this furnace should not be overplayed, because 
already there have been 40 years of experience with this 
system. 

c. Replace and repair costs for the Penberthy furnace are 
relatively moderate. The repair costs are not expected to 
occur, as discussed above. 

d. Solid waste disposal costs have been discussed above. There 
isn't any solid waste disposal from the melter change out. 

e. Product disposal c'osts are related to the waste loading in 
the glass. However, a caution should be observed in loading 
the g~ass so highly that the thermal loading in a canister 
exceeds about 20 KW. In such a condition, the glass will not 
cool for a very long time, which will lead to de
vitrification. 

f. Operating costs are no more than for any other melter system. 

7. KINIMIZE SAFETY. AND ENVJ:RONMENT lUSltS 

a. As discussed. above, the Penberthy' furnace can be operated in 
a remote environment, and the probability or consequences of 
an unsafe or costly upset event are low. The safety would not 
apply to the workers, since all operations would be observed 
through lead glass windows in the parapet rim of the pi~ • 

--- -, -.---~- -.. 
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b. The ability to remediate the offgas so that it can meet ~he 
requirements of the Clean Air Act are excellent, by methods 
that are already well known in the nuc~ear industry. 

c. There is no potential for high energy events, such as over
pressure or explosion. Penberthy demonstrated to Savannah 
River Lab people in 1979 the ability of a g~ass furnace to 
accept a cup of water just thrown in on the melt surface. 
They were apprehensive, thinking that there might be a 
proQlem such as does happen with salt. However, glass is 
quite different from salt in its chilling and viscosity 
rela tionship •. 

d. criticality 
Accumulation of fissionable materials in the melter system is 
not expected to happen if there is an adequate amount of 
g~ass being madec The particular composition shows an 
appreciable amount Qf uraniumo This is given as 14 wt % of 
uranium, which when b~ended down with inert glassformers will 
be about 3 to 4% uranium oxideo That much uranium is no 
problem. We have made glasses with 8% uranium oxide, with no 
sign of any separation Qr accumulationo 

e. Passive shut-down occurs if you turn off the power. 

8. OTHER RZSXS/LZHZTATIONS 

a. There is no risk to the schedu~e if there is a will and a 
plan to get the job done. The present schedule of 2009 is far 
too long for minimizing the costs. 

Institutional barriers, and/or unusual considerations need to 
be clarified before an answer can be given. 

Enc: List of Glasses melted by Larry Penberthy 
Pyro 28 
Pyro 29-S 
4164-1 
8172 
Pyro 1Q7, 111-C, 21-A, 111-E, 36, 36-WV 
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GLASSES MELTED BY LARRY PENBERTHY: 

Lab, Pi~ot and Production, 100 grams to 140 tons/day 

Soda-lime-alumino-silicate for containers: 
Clear, reduced iron sulfide a~~er, oxidized 
chromiUm green, cadmium-selenium red, copper blue, 
high-chromi~ copper frit . 

Soda-lime-alumino-silicate for frit: 
High nickel, high chromium, high coba~t, high·coppe=, 
high iron,. high selenium 

.Soda-lime-alumino-silicate for filters and welding 
eye-protection. 
High iron-nickel, neod~um 

Alumina-phosphate with molybden~copper 
for eye protection 

Silver-doped phosphate glass for radiation dosimeters 

Uranium and thorium containing glasses 

Cerium and lanthanide containing glasses 

Lime-alumino-si~icate (E glass fiber), very low alkali 
Lead oxide silicate,. 30% for ta=leware, 56 and 81% 

for radiation shielding windows. ~so gadolinium 
COntent for neutron absorption 

Borosilicate, hard, 80% silica for baking and 
laboratory ware 

Borosilicate, very soft, 41% silica for PNL 
nuclear waste glass 

Borosilicate neutral, for ampule tubing. 

Soda-lime-fluoride~silica~e glass, opal, for 
cosmetic jars and tiles 

. Borosilicate, soft, 54% silic~, for glass fiber 
insulation. 

Basalt + 15 lime, for rockwool insulation 

Basalt and ash for TRU waste 

A.4.17 
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PYRC-2B 

PENBERTHY ELECTROMELT INTERNATIONAL, INC. 

DATE 

1988 (designed) 
1985 
1981 
1981 
1980 
1976 
1974 
1974 
1974 
1974 
1974 
1974 
1974 
1974 
1973 
1973 
1973 
1973 
1973 
1973 
1972 
1972 
1972 
1972 
1972 
1972 
1971 
1971 
1971 
1971 
1971 
1971 
1970 
1970 
1970 
1970 
1969 
1969 
1969 
1968 
1968 
1968 
1967 
1967 
1967 

Seatt~e, Washington 
DESIGN & CONSTRUCTION EXPERIENCE 
GLASS ELECTRIC-FURNACE PROJECTS 

GLASS 
CAPACITY 
{TONS/DAY} 

10 
62 

6 
1.2 
4 

35 
100 

15 
10 

6 
20 

7 
6 
2.4 

100 
8 

18 
10 
3.5 

18 
60 
22 
14 

4 
17 
10 
35 
22 
23 
50 
75 
75 
22 

120 
10 
40 
90 

1 
6 

77 
3 

14 
60 

110 
9 

GLASS 
TYPE 

hazardous waste 
insu~ator glass 
nuclear waste 
plutonium lab. 
hazardous waste 
container glass 
container glass 
lead glass 
lighting glass 
tubing glass 
opal glass 
container glass 
press glass 
fiber glass 
container glass 
lighting glass 
container glass 
lead glass 
specialty glass 
press glass 
container glass 
container .g~ass 
lead glass 
lead. glass 
lead glass 
lead glass 
container glass 
container glass. 
lead glass 
table glass 
container glass 
container glass 
container glass 
container glass 
lighting glass 
opal boro glass 
container g~ass 
hand glass 
tubing glass 
container glass 
optical glass 
hand glass 
container glass 
container g~ass 
container g~ass 
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LOCATION 

\vashington 
Mexico 
Washington 
Ohio ~ 

Washington 
Canada 
South Africa 
Italy 
Italy 
Italy 
Italy 
Israel 
Germany 
Oregon 
South Africa 
Italy 
Spain 
Mexico 
France 
Canada 
South Africa 
Spain 
Belgium 
Ireland 
Italy 
Germany 
Sudan 
Spain 
France 
Ohio 
Tennessee 
Tennessee 
Spain 
South Africa 
Ita~y 

Ohio 
Germany 
United Kingdom 
Italy 
Italy 
Italy 
Germany 
Ind.iana 
New Jersey 
Israel 

(over) 
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FURNACE PROJECTS (CONT) PYRO-28 

GLASS 
CAPACITY GLASS 

DATE (tons/DAY) TYPE LOCATION 

1967 22 lead glass France 
1967 38 table glass France 
1967 2 technical glass Washington 
1967 100 container glass Tennessee 
1967 135 roll plate gla~s Tennessee 
1967 0.8 colorant Canada 
1966 0.6 experimental glass New York 
1966 110 container glass Texas 
1966 2.5 enamel New York 
1966 110 container glass Tennessee 
1966 100 container glass Czechoslovakia 
1966 1 soda lime glass Finland 
1966 80 container glass Holland 
1966 18 opal boro glass France 
1966 8 press glass Italy 
1966 6 press glass Canada 
1966 0.8 colorant AJ.abama 
1965 100 container glass Czechoslovakia 
1965 90 container glass California 
1965 60 container glass India 
1965 7 container glass Italy 
1965 2 hand glass England 
1965 55 container glass Pennsylvania 
1965 0.8 colorant Pennsylvania 
1965 7 hand glass West Virginia 
1964 135 container glass Ohio 
1961 60 container g~ass. Tennessee 
1958 12 table glass England 
1958 30 ' container glass, Norway 

electrodes 
1958 30 table glass South Africa 
1957 12 opal glass England 
1957 60 container glass South Africa 
1956 12 soft glass England 
1956 40 container glass South Africa 
1955 40 container glass, Norw~y 

electrodes 
1955 7 soda 'lime glass Finland 
1953 30 electrodes, amber Washington 
1952 30 electrodes, amber Washington, 
1949 1 optical glass Washington 
1949 0.5 amber experimental Washington 

IN ADDITION,. WE HAVE MADE OVER 600 INSTALLATIONS OF OUR ELECTRODE 
GLASSHELTING SYSTEM IN FUEL-FIRED FURNACES TO INCREASE PRODUCTION. 
THE TOTAL PRODUCTION OF GLASS FROM PENBERTHY ELECTRODES IS 40,000 
TONS/DAY. 

:J 
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\Vhy Glass Is a Good Host 
for Hazardous Waste 

A look at the structural factors that make it 
useful for containing heavy metal oxides 

By Larry Penberthy 
Penberthy Electro",.lt International 
Seattle, Wash. 

G
LASS is an excellent host for 
permanent sequestering of 
heavy mew oxides found. for 

c:xample. in ashes from hazardous 
waste incineration. contaminated 
~oils. arc furnace dust. and elcctrO
plating wastes. The heavy metals of 
concern here are atSCnic. bariup\. 
cadmium. chromium. lead. selenium 
and silver. (Mercury is also on the 
list, but is not recaincd in a glass 
melL) 

These metals in oxide form arc 
compatible with the oxide mauix of 
silica and arc bound therein. pro
tected from anack (dissolving) by 
water and common acids. This prop
eny of insolubility allows glass to 
be so useful in materials of daily' 
living. such as containers and win
dows. 

A solid is said to be in the vit
reous state when it has retained the 
general atomic structUre. including 
free volume. that it had when it was 
liquid., Glass is a subdivision of the 
viucous state. defmed for this pa
per as follows: 

Glass is an amorpholU inorganic 
substance TYpically fOTIMa by fusion 
of Slltld (silica) with a flIU (s0d4) 

• and a stabilizer (lime, alJUJlina) so 
thaI a mass is prodJu:ed thaI cools 
to a rigid condition wilhalll crystal-

",I. , 
° 0 I \ 

~1 ~l 
o 0 
\ I 
Sf,: ..... S1 

o 

Fill. 1-S/l/:Dn-axYII,n lJand IJlDk,n lJy 
SDtI •• 

22 

lizatioll. The free valIUM is commonly 
abolll IS percent. 

Quam (crystalline silica) can be 
made into viueous silica just by heat
ing it to about 1670°C (3200°F). 
There is a pronounced volume ex
pansion in the course of the con
version. but no corresponding shrink
age on cooling. The new solid. vit
reous silica. b,as the open atomic 

, 5UUCture that it bad wben it was a 
liquid. 

Vitreous silica could be used as 
a host for the heavy metal oxides 
,but has the disadvantage of high 
melting point and high viscosity. The 
viscosity and working temperature 
can both be lowered markedly by 
adding fluxes. soda (Na20) and iime 
(C:lO). Soda especial~y breaks the 
strong silicon-oxygen-silicon bonds 
in the continuous four valent (four
,way) sponge-like silica matrix. (See 
Fig. 1.) 

There arc now tWO free-swing
ing monovalent endings in place of 
the original bridging oxygen. thus 
lowering the viscosity. 

Calcia can also break the bridg
ing oxygen bonds. Calcium doesn't 
fully let go. however. because it is 
divalenL (See Fig. 2.) 

In industrial glass practice, soda 
and calcia arc used in combination 

/0 ....... 
Si ' "'Sf , , 
° 0 \ I 
Si ............ Si 

o 

c. 
0/ '0 
/' \ 

S1 Si 
I I 
o 0 
\ I 
Sf, ..... Si 

o 

Fill. 2-SIIi:on-aXYII.n IJDnd IJrak,n lJy 
:~/:i •. 
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.. '.... ...-
for breakmg bonos. StanOarc con· 
tamer and wmdow glasses nave tne 
following composition: 

GIUI 
Mllung 

wI. % Temll. 

Silica 13.5 
SOCIa 14.5 2500·~ 

c.lCIi 10.5 131S'C 
Alumina 1.5 

Note panicularly th,u the total oi 
the fluxes. soda and C:liCla. is about 
2S percent. This retatns three va
lence bonds for each silicon. The 
resulting glass has excellent resis
tance to attack by both water and 
acids. 

When a soda-lime-silica glass is 
exposed to groundwater, the atoms 
of sodium in "the surface layer are 
dissolved and replaced by hydrogen 
atoms. 

Groundwater usually contains dis
solved calcia. magnesia. and ferrous 
oxide. which immediately displace 
the hydrogen in pairs to supply a 
healing effect. protecting agaiRlit fur
ther attack by water. (Sec Fig. 3.) 

Alumina very markedly improves 
the resistance of glass to water at
tack. Alumina fonns a viscous hy
droxide gel a few molecules thick 
that impedes diffusion of soda out
ward and Water inward. 

Alumina also inhibits the crys
tallization of silica-calcia (dc:vurifi

,cation) because it does not fit in 
the crystalline lattice and stops the 
growth of such crystals. 

When present in larger ratio. alu
mina binds to calcialferrous oxide 
to form another compatible viucous 
system. 

Glassmaking ingredients can be: 
considered in four classes, spoken 
of as R~. R10, RO. and R20, and 
presented in Table 1. Substitutions 
of ingredients within' each class can 
be made without upseuing the vit
reous state. 

IIA iii C. 
I I plus 0/ '0 0 0 

I \ alei. I \ 
Sf Sf In Sf Sf 
I I HzO I I 
0 0 0, 0 

\ , 
I 

Sf, ..... SI btclalS Sf ......... Sf 
0 ' 0 

Fig. 3-H •• ling tll/tlcl 01 ~I&I~, 
m~lIn,sjJ, Jnd tron ax/d,. 

• "'2° 
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Some glassmaklOg ingredients do 
not panicip.lte in formang the vitre
ou:; matrix. but insteOld precipitate 
out in microcrystalline: or col1ol(1~1 
form where they act 0lS light diffus-
ers. when above a cenoun percent
age and slowly cooled or reheated. 
The common ones are caicium phos
phate. c:llcium fluoride. tin oxide. 
colloidal gold, colloidai copper. cad
mium/selenium sulfide. iron sulfide, 
titanium dioxide, chromium silicaLt:. 

The presence: of opllli~ns cosn
ponents docs not intert"ere with the 
sequestering action of the glass as 
long as there is enough glass to sur
round and isolate each crystallite. 

Various of the glassmaking in
gredients cause the glass to be col
ored. They are: cobalt oxide. dark 
blue; copper oxide. bright blue; chr0-
mium oxide. green; manganese ox
ide. purple; iron sulfide, amber; iron 
oxide, green; cadmium su1f1dc. yel
loW; cadmium-selenium sulfide. red; 
copper. colloidal. red; silver oxide. 
weak yellow; 1U3Dium. yellow-green 
fluorescent. 

Slllfate above 1 percent is im
miscible with silica glass and sepa- -
rates out on the surface as molten 
sodium sulfau:. Addition of a reduc
ing agent (clwcoal) convertS the sul
fate to sodium oxide. which enters 
the gJass. and sulfur dioxide. which 
exits as a gas. 

Chloride is immiscible with gllllis 
above 1 percent IUld tlO&1S on the 
surface as a molten salt. 

Glass structure is like a sponge. 
having about 15 percent free vol
ume throughout. When heavy metal 
oxides are added while molten. the 
glass matrix bas no difficwty bend
ing locaJly on an atomic scale to 
accommoQate the added material. 
Within limits. the added materials 
stay within the vitreous strUcture. 
surrounded and protected by the 
"Silica and alwninalcaJcia. 

InvestigatOrS at Atomic Energy of 
Canada Ltd. in 1955 moved to usc 
this property to sequester radioac
tive fission products into a glass 
matrix and published in 1955-196O 
excellent papers on their wort. I 1ney 
used a batCb containing 85 percent 
nepheline syenite and 15 percent lime 
(CaO) as their bost glass composi
lion. The fmal glass was: Si~. 519&; 
AbOl. 20.4%; CaO. lS,*,: N_zO. 
lS.5%: K10. 4.3~: other. D.IS%. 

This is an excellent composiuon. 
proven by 20 years of exposure of 

TABLE 1 

RD. 
HI,wort 
Formlrs 

R,O 
FlullI 

Band BnaklfS 

RO 
SlaDlllilrs 

Hlllirs 

CaO ZnO 
MOO MnO 
BaO AOO 
CdO CoO 
FeO PDO 

R,O. 
CrySIIIII%I\lQn 

InnlbllOrs 

At,Vl 
Fe,Ci, 
AstO, 
B.O, /lImned) 
CcrO, (limIted) 

TABLE 2-Sample TCLP Test 

AI .. 
Allowallie 
max. c:cnc. 
in IUCIWI 5 100 

Sample· 
TeL? tlSl NO 0.002 O.oas 

HD • HCIIII OIUCtlG 

their radioactive glass blocks to 
groundwater. being buried five feet 
deep in wet soil. 

Interest in the glass method of 
sequestering radioactive fISSion prod
ucts bas spread and is being used 
in production routinely in France. 

In the SPA-RCRA bazardous 
waste management program. vitrifi
cation is a mauer of some urgency. 
Vitrification bas been chosen as the 
best demonsuated available technol
ogy for various waste streams. ac
cenlualCd by the hUldtili dis~ bWl 
U&king eft"t May IS. 1992-

The purpose of vitrification is to 
make the heavy metals so leach re
sistant that they are no longer in 
the -SPA regulatory sphere. The situ
ation is dynamic in that the Coun 
of Appeals sauck down the derived
from rule that SPA was using to 
keep in the SPA net produced. glass 
that bad been associated, with haz
ardous waste destruction furnaces. 
sucb as in the Molten Glass Fur
nace Process. % EPA reinstated the 
rule on an- interim basis until' April. 
1993. intending in the meantime to 
relax the rule. 

The foregoing problem applies to 
hazardous wastes \ilfbich have been 
processc:d commerciaUy. However. 
individual plants can process their 
own secondary materials. making the 
mineral ponions into glass. without 
SPA jurisdiction.' 

EPA for a long time uliCd the 
E.1.tna~lion Prul:edure Test (El' Tollo) 
for determining the leacbabiHty of 
heavy metals from a substrate. The 
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Cr 
(ppm) 

5 

O.Ot 

Pb 

5 

NO 

HII SI All 

0.2 5 

NO 003 0.01 

leaching solution was weak acetic 
acid. Glass is perfect as a host for 
heavy metal oxides by this test. 

Recently, the test was changed 
to Toxic Characterilitic l..caching Pr0-
cedure (TCLP). which addiuonaUy 
looks for organic materials. There 
are no organic materials in glass. 
so that ponion of TCLP can be 
skipped. 

The defect ,in the TCLP is that 
its authors included an 18-hour tum
bling step in contact with the solu
tion. which anificially Ilbrtlde:; the 
few-motecute:;-de:p healed surface of 
the glass. exposing fresh glass con
tinuously. When the glass is prop
erly compounded and melted. even 
this docs not cause the glass to test 
out of limits. But the tumbling also 
makes microchips. which should be 
cenaifuged out of the filtrate be
fore testing by a flame method (AA 
and ICP). 

A typical TCLP result for a pro
duction glass is given in Table 2. ~ 
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FOUNDATION FOR 
NUCLEAR·WASTE DISPOSAL 

631 So. 96th St. 
Seattle,·washington 98108 

206-762-4244 
VAPORIZATION OF GLASSES INTENDED FOR NUCLEAR WASTE Telex 329473 

In 1958, Atomic Energy of Canada Ltd. made and published glasses con
taining radioactive fission products. They are in the alumino-silicate 
family, characterized by high alumina (6-10%), low soda (8-12%), medium 
lime (8-12%), balance silica. Alumina plus silica exceeded 75%. Melting 
was in refractory ceramic at 14000 C (25500 F). 

The AECL glass is very durable indeed. It is similar to glasses used 
·for sight gages for observing water level in steam boilers. Field 
testing of actual radioactive glass over 24 years has been.outstandingly 
successful. 

Other' workers on radwaste glass wanted to melt in stainless steel cani
sters. This is called in-can melting.. UnfortUnately, the top service 
limit for stainless steel is about 11500 C (2100oF). They could not melt 
the AECL glass. r 

These other workers added excess soda~lithia and boric oxide to the 
composition to lower the melting point. Again unfortunately, the excess 
soda-lithia destroys the three-dimensional silica net~ork, and the boric 
oxide raises the vapor pres~ure much more than it lowers the melting 

.ipoint. 

Specifically, the vaporization loss of Savannah River Laboraeory boro
silicate glass held at 11500 C (2100oF) for 90 minutes is five times as 
great as the vaporization loss from P-19 alumino-silicate ae l2900 C 
(23500 F) for the same time. 

P-l9 glass has 15% soda, no lithia, no boric oxide. This composition is 
intended for West Valley, gla~sify-all process. 

P-3 glass has 11% soda, no lithia, no boric oxide. It is. intended 
for Savannah River and West Valley sludges without supernate. P-J has 
an even lower vaporization rate. 

Test Metnod 

A platinum crucible 50 mm square x 20 mm deep was suspended in a glow 
bar heated furnace by a pl'atinum wire connected to a digital laboratory 
balance above the furnace.' 50 g of glass had bee~ preplaced and warmed 
before the crucible was introduced into the heated furnace. 

Read~ngs of weight remaining were taken every 5 minutes, and the results 
plotted as grams loss per sq meter against time. . 

;lopment 
'Ie' ''''lg 

Pi" ..:.l Plant 
--- -------
::lemonstration 
::ducation 
::6C1unication 

Furnace temperature for the SRL borosilicate glass 
was l1500 C (2l000 F) and for P-19 alumino-silicate, 
l2900 C (23500 ). . 

A.4.23 

safely, 
effectively, 

promptly, 
Af :orda~ 1";: ! 



Vaporization of Glasses 
Intended for Nuclear Waste 

Page Two 

From other work, the material lost from borosilicate glass is alkali 
borate, including cesium if present. 

The Foundation for Nuclear Waste Disposal has as one of its purposes 
the correction of incorrect statements regarding nuclear waste. Please 
help by communicating this report to anyone who has been misinformec. 

Larry Penberthy 

See also: Structure of Glass as aaost for Radwaste or 
Why We Need a Glass Better Than Borosilicate 
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ALUMINO-SILICATE AND BOROSILICATE 
GLASSeS AT MELiING TEMPERATURES 

by Larry Penberthy 
Dennis' Hotaling 

Feb. 1983 

184 
BOROSILICATE 

SRL GLASS 
2100° F - 11SOo·C 

BOROSILICATE SAMPLE EXHIBITED 
CONSIDERABLE PHASE SEPARATION 
UPON COOLING. 

ALUMINO-SILICATE DID NOT. 

36 

~.-. .... ,.... ALUM I NO-S I L I CA TE 
PENBERTHY 

WEST VALLEY 
GLASS 

~----r---~----~--~ ____ ~ ____ _ 23S00F - 12900 C 

o 15 30 4S 60 7S 90 

TIME (MINUTES) 
) GRAM SAMPLES IN 25 SQ eM PLATINUM CRUCIBLE SUSPENDED IN STILL AIR IN 
_ECTR!CALLY HEATED FURNAC~ 
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United States Patent (19) 

Penberthy 

[54) METHOD .. '~D APPARATUS FOR 
CONVERT[~G HAZARDOUS MATERIAL TO 
A RELATIVELY HAR. ... lLESS CONDITIO!" 

(76) Invenlor: H. Larrr PenbeJ'thy. 631 S. 96th St.. 
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[22} 

[51} 
[52J 

(58) 

[56J 
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A glass materia1 is duectcd into an c!ongate enclosed 
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Pvro 21-A 

[II} 

(4S) 

4,299,611 
Nov. 10. 1981 

!=onversion chamber. where it is either convened to or 
malnwned In a molten stale by he:mng through the 
Joule effect. Waste m:ueNI is directed onlo the gl~ 
miuerial at Ihe inlel end oflhe conversion chamber. and 
~umcic:nt oxygen is dlrecled into the chamber 10 caw.c: 
combustiun uf the waste materi.&! which I~ ~I'ablc: uf 
bemg burned. A ponion of the ashes created by com· 
bustion fall on the glass material llnd become a part 
thereof. The gaseous combustion products proceed 
hurizontally through the elongate conversion chamber. 
and tldditional ash material suspended In Ihe gaseous 
combustion products settles onlo the glass malerial and 
also becomes a part thereof. The gaseous ellhausl IS 

dtrected through a plura1ilY of ceramic fiber filter com· 
ponents which capture the small particulate material 
that remains suspended in the gaseous exhaust. These 
filter components are periodically discharged into the 
molten glass material to become a part thereof andlor 
to become oxidized. The glass material. with the other 
material added theretO. is periodically discharged to 11 

cooling area to form a solidified product incorporaung 
the ash product of the waste ~terial. 

20 Claims, 2 Drawing Figures 
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. .1 ~, 

\..' 



Pyr~ lll-E 

Ohms 
,I Ii ,--------

. , I..; . _ . ________ -F.b.L~ 
---,--- .--~ --I . GI ••• . . 

! 

---.....I..----iI 

------- ----:----'--

N.II~.' I 
-_.- --, .. 

... sod ... o ... "ict.t.--oo...;::: ...... ~ -------------------------
~--~~~-------;_--·-----------------------------~l--

----------~--------~------,' 

1 
" 

. . 

Sodh,,J. Silicat. : 
I ----;.-. 

. -_._----_1. ______ ', .. . __ . ____ -.l __ ~ 

noo·c:. IISO 
I 

alaa 

i 1 
i 

1200 
i 

2100 

12iO 

zjaa 
1,00 13$0 140 

2~OO i 
2_ao 2'00 

Temp.feature 

I 
14$0 

I 
2700 

1500 uso 
i 

2800 

Figu:e 1. Resis1:mx:e-~tll:e c:u:ves fer varicus gl .. sses. Reslm:mx:e (60 cycles 
c) :in oms meesu:ed beb een paallal. pla1:ir.um eJ.ecuodes 1 em x 1 em spac:::I!!d 1 em 
apart. V~e vcl~, c:::c:rlS1311: 0.4 mperes. Dat:a l:)y the aut:hcr. 

Lacy pec):)erthy, Hmxib:x'lc of Glass ~ 1960, ~74. 
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Pyro 29-B 

About Penberthy. Electromelt ... 

FOWlded in 1952 by Larry Penberthy, Penberthy Electromelt pioneered to the 
glassmakiilg world the technology of electric melting of glass using rod 
molybdenum electrodes, Patent 2,693,498. This method fOWld immediate accept
ance, and is now being used in over 1,000 furnaces, producing over 40,000 tons 
of glass per day. PEI for years had 150-170 employees in glass furnace 
engineering. . 

In 1981, he was granted Patent 4,299,611 extending the original glass furnace 
concepts to the thermal destruction/detoxification of hazardous materials. This 
invention was ahead of its time. The engineering prototype furnace was used 
only as a demonstrator until April, 1989, when the landfill disposal bans created 
the market for this technology. 

That furnace has now processed over 1,000 tons of hazardous wastes, and is 
industrially proven, ready for national use. 

Larry Penberthy has a.. BS degree in physics and chemistry, and has 
since added mechanical, electrical. furnace and chemical engineering, 
plus glass technology. He has been granted 42 US patents, and is apply
''lg for several more .. 

He started his .career as an assayer at a hardrock copper mine in the 
moWltains of Washington state. Mountain climbing became his major 
sport. He has climbed Mt. Rainier 29 times. 

Before and during WWJl he was a military optics production engineer at 
Eastman Kodak, Rochester, NY. He then moved back west and started 
his own company in Spokane, making optical glass. He invented, and 
was for years, the only manufacturer of extra high density (6.2) lead 
glass used for nuclear ra4iation shielding windows. He sold that busi
ness in 1962, continuing the furnace engineering. 

In 1968, as a resUlt of his mountaineering sport, he founded Mountain 
Safety Research which became a manufacturer of high integrity and 
performance ice axes and stoves. He sold that business in 1982 to con
centrate on glass furnace engineering for radioactive and bazardous 
waste. . 

Penberthy 
Eo. Jtromelt 
Int'l. Inc. 

- -- --- ,'-, 
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631 S. 96th 
Seattle, WA 98108 

(206) 762-4244 
FAX; 763-9331 
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Dau. Package 4, Appendix B 

High-Temperature, Joule-Heated, Ceramic-Lined Melter: 
Russian Design 

This is an appendix to the data package for the high-temperature, joule-heated, ceramic-I ined 
. melter (HTCM) contains information gathered about the Russian melter design for vitrification of 

HLW. Most of this information was provided by KfK of Germany. It was questionable whether this 
melter technology should be included as a high-temperature or low-temperature melter (it operates at 
12OO°C); it is included with the HTMs because it incorporates molybdenum electrodes. 

Description of Technology 

The Russian melter design for HLW is based on designs used for glass-tube manufacturing 
, (Bradley 1991). The first facility, EP-l00, was developed to demonstrate the suitability of the ceramic 

melter process. Work has been done with both phosphate and borosilicate glasses, but most of th~ 
radioactive operations have been with phosphate glasses. The EP-l00 melter was successfully operated 
for six years to evaluate electrode materials, refractories, etc. A radioactive production plant at Mayak 

.' contains two 500 LIb melters (EP-500). Operation of the first melter was halted after fuilure of the 
electrode holders. Improvements were made to the second melter; it was started in 1991 and 
apparently is still operating. A cOmplete description of both the EP-l00 and EP-500 melters is attached 
(Roth, Tobie, and GrUnewald 1994). 

A radioactive pilot facility with a 30 kgJh production capacity was operated at the Radon Institute. 
Information on the configuration of this melter is sketchy. It operated for five years, producing about 
10 tons of different vitrified intermediate level liquid wastes from both pressurized water reactors and 
boiling water reactors (Lifimov 1993). Information was received on two wastes that were incorporated 
into borosilicate glass and is shown in Table B.4.1. • 

---,-,---- - - - - ':,-:-
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Table B.4.1~ Power Reactor Waste Vitrified at the Radon Institute 

NaNOl 

KNOl 

N~C03 
NaCI 
N~S04 
NaOH 
NaB O2 

CaCOl 

C~(POJ2 
MgCO) " 
Fe(OH)3 
Residue 
Capacity for LRW, Uh 
glass, kg/h 

Item 

Specific Capacity, kg/hem1 

Specific power for glass, kW-bIkg 
Melting Temperature, °C 
Mixture D¥'isture, mass% 
Volume reduction 
Solid matter carryover from melter. mass% 
Radionuclides (l37Cs) carrying over from the melter, mass% 
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Kyrskaya Station 
(Kg/ml) 

281.1 
7.4 

13.1 
8.2 
7.7 

1.9 
1.0 
5.5 

22.1 
30 
22 
40 
3.2 

1150 
20-25 

4.2 
0.7 
2.9 

Kalininskaya Station 
(K!!/ml) 

123.5 
18.1 
82.5 
2.6 
0.7 

56.5 
100.5 

1.5 

0.5 
50 
30 
50 

3.4 
1150 

20-25 
4.5 
1.0 
3.5 
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~'b: 
Total o~ration time: 1200 h . 

Vitrified ~n: . 42.5 m
3 

Glass productiOR: 5685 kg 

Numb~ of crucib~ 33 

Effectiveness off-gas ~7 -
Problems: 
Seal problems the device joining"~cible and filter. Metal filters not sufficiently 

mechanicallv. esistant (aack formation). So e concrete crucible broke under pressure. 

Co equeDces: 
ork never completed, abandoned 

B) CER.A.!\1IC MEI.IER (ONE-STAGE) 

BeSt-stUdied process in USSR. for phosphate and borosilicate vitreous materials. Process 
worked out in pilot-scale flcilities with feeding capacities up to 100 Vh. 

EP-lOO Factlirv (see fig. n 

Facility for demonstration of operational suitability of ceramic melter process. 

Me1ter structure: 

Rectangular chamber with refractory block cladding and a stainless Steel casing. Two 
separated zones: (1) melting zone and (2)-aocumulation zon~, between which a bonom 
overflow is disposed. Cylindrical electrodes through the bonom serve for heating the melt. 

Start-up is accomplished by external heaters. 

Melter refractory: high-silica zirconium ,J3akor" 

Electrodes material: Molybdenum (various alloys, tin dioxide) 

Gas puriDcation system: 

bubble condenser, coarse and fine filters. columns for coilec::ing, RuOJ :lr.:: ~O~ g:!Ses. 
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Design data: 

Throughput (model soL): 

Glass production rate: 
Power requirementS: 
Glass melting temp.: 

100 lIh 

25kglh 
150±7kW 
950 - 1150°C:: 50 

Model sq,lution (salt content up to 370 gil) 

Na~O 22-26~/o 

AhDJ 21-25 wt% 

P1O, 47 -53 wt% 

F~DJ s 1.5 wt% 

Total production data: 

Melter test time: 6 years 
Melter operating time: 2 years 
Volume of model solution: 1116 m3 

Volume of glass produced: 134 m3 

Operational results: 

Max. melter losses: Ru-l06 5% 
Cs-137 0.6% 
5r-90 0.2 - 0.4% 
Rare earth elements: 0.2 - 0.4% 

Off:.gas cleaning factor: 109 

Ge.'leral result of testing: recommendation for trials with red wastes 

COlTosion tests: 

Studying of the electrode corrosion on the contents of sulphate-ion. iron and nickel 
oxides. Corrosion rates were estimated by the content of Mo in the glass. Direct relation 
of corr9sion to the contents on··n, Fe and S03' -ions. Average corrosion rate 5 mm/year. 
Height of the electrodes decTeased during the test time to 60% in the melting zone and to 
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40% in the accumulation zone. Electrodes shape after 6 years: like sharpened pencils, 
greatest CUrT'ent density obviously at the top of the electrodes. The results of testing of the 

corrosion resistance of refractory materials in form of cOrT'osion rates are given in t.abie 1. 

Table 1: 

COrT'osion of the refractory materials in glass melt 

Material Corrosion rate. mmla. 

Meltine zone Overrlow 

Chamotte . 44 12 

Bacor (Si~ + Ah~ + ZrlO) 18 6 

Tmdioxide 2 <1 

(Crlo, + AllO:, + ZrlO) refractory <1 < 1 

C) PROTOTYPE IN''DUSTRlAL PLANT EP-500 

Intented for industrial waste solidification by phosphate glass. The plant comprises a 

solution preparation and metering system, an electrical large-scale furnace, off-gas 

treatment and a transporting system for containers delivery. 

Me1ter description: 

Rectangular melter shape. Melter brickwork surrounded by a stainless steel case with 
strengthening channels. 'the lower part of the case and the walls of the lower glass tank 

are equipped with tubular water coolers for avoiCiing loss of glass through the refractory 

brickwork. 

The melter is divided into two zones, a melting~and an accumulation zone. ~f9lybdenum 

electrodes serve for power supply in both zones. They are fastened in water-cooled 

tubular current leads. The main characteristics of the melter are given in table 2. 

The system of preparation and metering the solution comprises pre1imir.ary evaporation 

and concentration of the solutions, their mixing with the glass fonning flux (Phosphoric 
acid) and with the reductant (melasses), as well as the metering feeding into the melter. 

For uniform distnoution of the melte:- feeding solution over the melting zone surface three 
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Table 2: 
Main technical data of the EP-500 furnace 

Maximum power requirement, kW 
Maximum temperature, °C 
Output of solution, Vh 
Single batch of glass melt, m' 
Electrode material 
Specific electricity consumption, kW'h/l 
Area. of melting zone,· m'l 
Area of storage zone, m1 

Level of glass melt in furnace, m . 
Outside dimensions of furnace, mm 
Number of electrodes 

1520 
1200 
400: 100 
0.2 
molybdenum 
2.0 
10.7 
1.8 
0.35-0.45 
9480 x 4200 x 3200 
56 

independently working feeding devices are installed. 

The gas treatment system subsequently contains a bubbler-condenser, in series connected 
rough and fine filters and columns for trapping ruthenium tetraoxide and nitrogen oxides. 
Steam-gas mixture from the melter enters the first stage along ·the gas duct being cooled, 
which is disposed in the side wall of the melting zone. The gas duct is provided with the 
device for intermittent washing off solid deposits. The gas treatment system allows to 
produce steam-gas flow decontamination factors not less than 109

• 

Glass draining is carried out through two drain devices (an operating and a sp~e one), 
disposed in the side wall of the accumulation zone. The device represents a water-cooled 
metal. plug equipped with a· mixing mechanism, and a water-cooled through. A multi-

. po~on mobile conveyer is arranged under the drain device normally to the melter 
longitudinal axis..An empty container is transferred under the drain device along it and 
filled with glass. This process is controlled with the help of a weighing device, built into 
the mobile conveyer. The filled container is transported to the end position and then with 
the. help of a lift it is pushed into the cotnplectation. chamber. Per three filled with glass 
mass containers are loaded into a box:. The fillea boxes are sent to a temporary storage for 
vitrified wastes. . 

In 1986 in. PU 'Majak' the erection of a pilot-indusuial shop for high-level radioactive 
waste vitriiication (HI.. W) was finished. There were two electric melters EP~500. systems 
for solution prep~on and gas treatment, transporting units and solidified wastes storage 
in the shop. 
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While mastering the process of actual production solutions treatment a number of 

difficulties were met. They were connected with the heterogeneity of the solution chemical 

composition and their significant difference from imitators. Under the conditions of 

nonstable technological progress the melter has worked for nearly 8 months on actual 

production solutions. In the course of operation 998 m? of solutions were processed and 

162 t of glass were produced, into which 3 864 000 Cu of radioactivity were fixed. In 

February 1988 the melterwas stopped because of the depressurization of the water-cooled 
electrode units and outflow of radioactive glass mass into the me1ter canyon. 

As a result of the analysis of the causes for electrode failures a decision was adopted to 

make a thorough inspection of all fonner principles on electrode units, to carry out 

necessary calculations and experimental investigations and on their basis to develop a 

reconstruction plan for the second electric melter in the vitrification shop with the 

elimination of all possible drawbacks in technological and design principles. 

The investigation results and new design principles found their reflection in the plan of 

reconstruction and improv~ent of the second electric melter EP-500. Unlike the former 

design principles the elements of electrode fastening and the running part of current leads 

are changed. A more large de:pening of the current leads, into the furnace hearth and their 

more perfect insulation from the penetrating g1ass mass with the help of .special bakor 

plates are also realized, in the plan. Additionally to the existing side thermocouples there 

were introduced thermocouples for temperature measurement inside the electrodes, 

~rding to which glass melt temperatUre is detennined. 

The overflow and melting zones of the furnace were also changed. 

The plan of reconstruction and improvement required practically full disassembly of the 
second melter, m;umfacture of a number of units anew. 

In the fourth quarter of 1990 mounting works were finished and after inspection and 

testing ofall systems in January 1991 the issued electrodes were switched on. At the end 

of June of the same year after optimizing the process operating conditions on imitators the 

me1ter was commissioned on ac:ual production solutions. It should be noted that trea.tment 

of the first batches of solutions was rather hard because of thr search for opimum 

operating conditions to lower the temperature or glass mass melting and to increase its 

viscosity while draining. All these was achieved. Till December 1993 more than 6200 m3 

actual industrial radioactive solutions were processed and 1200 t of glass with the total 
radioactivity of ISO mIn Cu were obtained. The glass was packed in 2860 canisters, that 

were placed in 920 boxes. As in January 1994 the design service life of the melter was 

over, an expert commission studied the equipment condition and made an conclusion 
concerning the prolongation of the melter operation for one more year. 
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Data Package 5 

ffigh-Temperature, Joule-Heated, Cold Wall Melte~ 

Descript~oD of Technology 

This melter technology is a hybrid of the high-temperature, joule-heated melter cercmric-lined (HTCM), 
and the cold-crucible melter (CCM). The only examples of cold wall, joule-heated melters that could be 
found for this dara-gathering effort are variations of the Pochet melter (see Figure 5.1) which has been 
traditionally used to produce E-glass (low-alkali glass used to make fiberglass, for example). This melter 
has either top-, side-, or bottom-entering electrodes, which create a hot spot in the center of the melter. 
The outer sides of the melter are protected by castable refractory and a water-cooled shell. Glass is 
removed through a metal tube in the hot spot, and glass flow is controlled by a top-entering control rod. 
The electrodes are traditionally made out of molybdenum, and the drain tube is made of molybdenum or a 
precious-metal alloy. The usual practice of dry-feeding these melters appears to be a convenience, rather 
than a requirement. As described later, several improvements and variations to this design have been made. 

Three sources of information were found for the Pochet melter: Cataphote Inc., GAF, and Ferro 
Corporanon. Cataphote is a small company that makes such materIals as glass frit and spheres; they 
currently have the contract for supplying frit to the SRS. Cataphote uses a water-jacketed Pochet melter 
that has a 30-in. diameter glass Sl11'fuce (0.5 m2), an 8-in. castable.refractory lining, and a maximum 
operating temperature of 1500°C. They do not run it in a cold wall mode; consequently, they rebuild the 
refractory after each run (approximately every two months). The melter has three top-entering and four 
bottom-entering molybdenum electrodes. The top-entering electrodes are water-cooled and sheathed in the 

~,-:., plenum region; they are fired in a three-phase delta arrangement. The bottom-entering electrodes are fired 
from a three-phase Y configuration. The center (neutral) electrode is a molybdenum plate with four holes in 
a line for pouring glass. The holes have rhenium inserts for erosion/corrosion control. The other three 
electrodes are an:anged in a triangle around the neutral electrode. Cataphote did not have any information 
on molybdenum corrosion control, but they said it is secondary to refractory corrosion. 

, ) 
.... -

Ferro Corporation has two types of high-temperature electric melters: hot-wall and cold-wall. One 
produces 1 ton/h of glass. They use a design similar to the Pochet melters: three molybdenum electrodes, 
a molybdenum tube in the bottom to drain glass, and a top-entering needle to control the flow. The glass 
flowing through the bottom drain tube is kept hot by a surrounding molybdenum resistance-heater coil. 
Ferro Corporation did not wish to divulge detailed information for this evaluation. They are primarily 
mterested in formulating and making glass, not designing melters.· 

GAF uses modified Pechet melters to produce E-glass that is used to make glass tissue or mat for 
asphalt shingle reinforcements. GAF makes the bulk glass, which another company remelts and forms 
into glass tissue. They have built Pochet units ranging in diameter from 0.5 m to 3 m. They are currently 
-running a 2.5-m-diameter (4.9 m2) meller that produces 500 to 600 kg glassJ.h (12 to 14.4 MT/day; 100 to 
122 kglhe m2). The melters have water..cooledshells and castable refractories. When the power to the 

- melter is controlled properly, a thin layer of glass protects the refractory. The three or four top-entering 
molybdenum electrodes consist of a vertical molybdenum cylinder with a horizontal cylinder attached to 
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Copper bowl 

Figure 5.1. Pochet Melter 

the bottom. to fonn a "shoe" -type electrode. The level and angle of the electrodes can be adjusted to 
control the size of the hot spot. They usually replace the electrodes (while running) when they see a 
35% loss, ~y after 180 to 200 days. GAP has modified the original Pochet bottom-drain design. A 
molybdenum bottom-drain tube still penetrates into the melter. but the flow is now controlled by an 
electrically heated Pt/Rh bushing/funnel. so that the bottom drain apparently operates like a freeze valve. 
The contact at GAF agreed to send more information on their melters. This infonnation was not available 
in time for completion of this data package. 

As stated, Pochet melters are always dry fed. but this is not a requirement. Dry feeding is a 
convenience of the commercial glass industry, where the feed materials are either dry-cullet or dry-batch 
chemicals. There is no apparent reason why this melter technology could not be slurry fed. Therefore. 
both dry- and slurry-fed cases will be discussed in this data package. 

Because little detailed infonnation was received on this technology, several sections of this appendix 
remain blank. When this technology resembles the lITCM or the CCM, the reader will be referred to Data 
Package 4. 

Tables 5.1 and 5.2 present the requirements of a dry-fed melter system and a slurry-fed melter system. 
respectively. The bases for most of these numbers are explained later in this data package. 
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Table 5.1. Operating Parameters for High-Temperarure. Joule-Heated. Cold Wall Melter (Dry Fed) 

Method of Feeding 
Specific Production Rate 
Oxide Loading in Waste Slurry (without frit) to 
Dryer/CalcmerCa) 

Bulk Glass Temperature 
Total Operating Efficiency 
Waste Lo~g in Glass 
Number of Melter/Calciner Lines 
Glass Production Rate per Melter 
Glass Surface Area per Melter 
Melt Pool Diameter of Each Melter . 
Slurry Feed Rate to Each Calcin~) 
Total Glass Production Rate(MT/day) 
Total Glass Production Rate (kglh) 
Waste Processing Rate (kg oxidelh) 

Dry " 
110 kglh-m-

200 gIL 

1150°C - 1500°C 
60% 

25wt% 50wt% 
1 

680kglh 
6.2m2 

2.8m 
850lJh 

16.3 
680 
170 

2 
. 340kglh 

3.1 m2 

2m 
425IJh 

16.3 
680 
170 

I 
340kgIh 
3.1 m2 

2m 
850IJh 

8.2 
340 
170 

2 
170 kglh 

1.5 m2 

1.4m 
425Ilh 

8.2 
340 
170 

(a) Assumption of slurry concentration based on WHC direction given to Fluor Daniel. Inc. This is 
probably the highest concentration of waste slurry that can still be pumped. Note that the melters that 
combine the glass fonners with the waste slurry before its addition to the melter have 125 g waste 
oxideS/liter. If an evaporator is used instead of a calciner, the glass fonners would probably be 
combined with ~e waste before evaporation and the lower waste oxide concentration would be used. 

(b) If an evaporator is used instead of a calciner, the glass formers would probably be cOII}bined with the 
waste before evaporation and the incoming slurry to the evaporator would have 125 g waste oxide. In 
this case, the slurry flow to the evaporator would be a factor of 1.6 higher than for a calciner. 

1. Pro~ss Range of Composition 

For this melter technology, the waste form is assumed to be sodium silicate glass with an increased 
waste oxide loading (50%). Borosilicate glass was not chosen because preliminary work at PNL has 
shown that addition of boron is not beneficial at increased waste loadings for high-temperature 
glasses. This technology can produce borosilicate glass if necessary. The assumption of 50% waste 
loading will be explained in Sections l.B and I.E., 

A. Temperature 

The maximum operating temperature of these melters is limited by the electrode materials. the 
glass formulation. and the capability to maintain a protective layer of cold glass against the 
refractory. Temperatures as high as 1500°C have been reported for Pochet melters. and this is 
probably not the limit The maximum operating temperature for the HLW melter will be 
determined by the capacity of the glass formulation to contiel volatilization from the glass. and 
the inherent capability of the melter to suppress volatilization (e.g .• cold-cap coverage). 
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Table 5.2. Operating Parameters for High-Temperawre. Joule-Headed. Cold Wall Melter (Slurry Fed) 

Method of Feeding 
Specific Production Rate 
Bulk Glass Temperawre 
Total Opeming EfficienCy 
Waste Loading in Glass 
Oxide Loading in Slurry Feed to Melter 

Number of Melter/Calciner Lines 
Glass Production Rate per Melter 
Glass Surface Area per Meiter 
Melt Pool Diameter of Each Melter 
Slurry Fee.d Rate to Each Melter 
Total Glass Production Rate (MT/day) 
Total Glass Production Rate (kgIh) 
Waste Processing Rate (kg oxidelh) 

Slurry 
44 kglh-m2 

1150°C - 1500°C 

25wt% 
125 g waste oxidesIL; 500 g 

total oxidesIL 
__ ~~1____ 2 

680 kglh 340 kglh 
15 ml 7.7 ml 

4.4m 3.1 m 
1400 IJh 680 Lib 

16.3 16.3 
680 kgIh 680 kgIh 

170 170 

60% 
50wt% 

200 g waste oxidesJL; 400 g 
total oxideslL 

1 2 
340 kglh 170 kglh 

7.7 ml 3.9 m2 

3.1 m 2.2 m 
850 IJh 4251Jh. 

8.2 8.2 
340 kgIh. 340 kglh 

170 170 

B. Range of Waste Handling Capabilities 

This type of melter has not been used for waste vitrification. The only glass compositions that 
luive been confirmed for this melter are E-glass (Volf 1990) and Savannah River Frit-202 (Hutson 
1991) (see Table 5.3). Because of its geometry and range of operating temperarures, waste
handling capabilities of this melter should be similar to those of the cold-crucible and ceramic
l~ high-temperature melters. If this melter is dry fed, determinations of waste-handling 
capabilities must take into account both parts of the system, the dryer and the melter. Refer to 
Data Package 6 (cola crucible melter) for waste handling capabilities of a rotary calciner and the 
expected waste loadings for various Hanford Site wastes in HI'Ms. 

C. Incorporation of Semivol~le 

Refer to Data Packages 6 (the cold-crucible melter) and 4 (the high-temperature,joule-heated, 
ceramic-lined melter). 

D. Ability to Handle Insoluble and Conductive Compound 

Because the bottom drain tube is inserted into the hot spot of this melter, it appears that this 
technology could be designed to be compatible with sludges of conductive compounds (noble 
metals). Instead of draining the settled layer, a "sump" would be provided for collecting the 
compounds. This sump would have to be large enough to last the lifetime of the melter, and 
bottom-entering electrodes should be partially sheathed to avoid short-circuits through a settled 
layer .. As stated in Data Package I, it remains to be established whether concentrations of noble 
metals in the blended Hanford Site waste will be high enough to cause settling problems. 
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Table 5.3. Compositions of Glasses Melted by the Pochet Melter 

Component 
Si02 

B20 3 
AI20 3 

MgO 
N~O 
KzO 
Li20 

. E. Waste Loading 

E-Glass (wt%) 
50-55 
7-15 
13-16 
3-5 

0.3-1 
0-0.5 

Frit-202 (wt%) 
77 
8 

2 
6 

7 

Refer to Data Packages 6 (cold-crucible melter) and 4 (rugh-temperature, joule-heated, ceramic 
lined melter). . 
\ 

2. Control Product Quality 

Composition control should not be a problem for this melter if the co~position of the feed stream is 
constant. This is stated because Cataphote uses the Pochet melter produce Frlt-202 for vitrification 
testing at Savannah River. The composition specifications ofFrlt-202 are ±1 % for SiOl' ±O.5% for 
N~O. B20 3• UzO. and %0.25% for MgO (Hutson et aI. 199~? 

Coupling a caIciner to this melter causes additional quality control issues. The frit would be added to 
the waste after it leaves the calciner. Precise metering equipment would be required to ensure that the 
waste and frit were added in proper proportions. This issue is discussed in Data Package 6 (cold
crucible melter) and will not be repeated here. This aspect of quality control would not be a problem 
if an evapo~r were used instead of a calciner. The frit would be compatible with the evaporator and 
could be added to the waste slurry before evaporation. 

A ~duct Quality 

In cold-wall melters. a frozen glass layer protects the cooled walls. This layer will contain glass 
that is below its liquidus temperature and therefore will be crystall~e to some extent. If the glass 
level of the melter or the heat balance to the walls changes, part of the frozen layer could drain 
into a canister. That will not be a problem if the composition and durability. of the final product 
can still be guaranteed; that is, if the devitrified layer has acceptable properties, it should not 
affect the quality of the bulk glass. 

B. 'Waste Homogenization Capabilities 

See section 2.D. 

C. Analytical Requirements for Quality Acceptance 

All waste solutions and solids should be analyzed for cations, anions, percent solids, wt% oxides, 
etc. before acceptance of a feed batch. Acceptance of any glass by the Federal Repository will 
require a limited number of samples of the radioactive product glass. 
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D. Minimum and Optimum Residence TIme 

The residence time of typical Pochet melters is not known. It is assumed that residence time can 
be increased by increasing melter depth. 

E. Unpredictable Evaporation (Segregation) of Glass Components 

Unpredictable volatility of glass components is not expected as long as this melter is operated 
~th a cold-cap (either solid or slurry). 

3. Devel?p Technology on Schedule 

This category deals mainly with the maturity of the technology. As mentioned, this technology is 
mature in the commercial glass industry but immatnre in waste vitrification. 

A. Ability to Meet 'IPA Milestones(a) 

Tliis may be difficult because of the limited use of this technology. Most of the companies that 
use these melters make glass, not melters. Of the companies contacted, only GAF showed interest 
in designing and selling this type of.meltcr for waste vitrification. 

B. Demonstrated Scale of Operation 

All of the following are dry-fed, cold-crown melters used for commercial glass production. 

• 30-in. (0.5 ml) diameter glass surface for frit production (Cataphote ) 

• 1 tonJh flit production (Ferro COIporation) 

• 0.5 m to 3 m diameter for E-glass (GAF) 

• 2.5-m-diameter (4.9 ml); produces 500 to 600 kglh ofE-glass (GAF) 

C. Availability of Data or Access to Data to Allow Evaluation for Melter System Technology 
Assessment and Melter System Candidate Selection 

As discussed, information on joule-heated, cold-wall ~lters was very limited. Data gathering 
consisted of conversations with glass companies and literature searches. Further information is 
expected from GAF. Of the six technologies being evaluated, this is the only one not tested for 
waste vitrification. 

(a) Final melter selection by the end of 1998, plant startup by 2009, completion of campaigns by 2028. 
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D. Magnitude/Amount of Technical Development Required 

Thiuemains to be deteIIDined. Although these melters have a proved background in the 
commercial glass indUStry, they have not been used for waste vitrification. Evaluating the 
applicability of this melter technology to HLW vitrification may require significant technical 
development. 

E~ Additional Technical Development Required for Deployment 

To be deteIIDined. 

F. P!obability of Technical Success Within Schedule and Resource Constraints 

To be de~ed by the Technical Advisory Committee (TAC). 

G. Processing Rate 

The process rate reported by OAF was 100 to 122 kglhem1 for dry feeding a 25 m Pochet melter. 

EStimating a processing rate for slurry feeding this melter brings up a difficult question that has 
appeared before: what production rate increase should be expected for slurry feeding? This is 
thoroughly discussed in Appendix A to Data Pack3ge 1 and is briefly summarized here. The dry
feeding rule-of-thumb for production ~ in the commercial glass industry is 3 to 5 if day/ton, 
which converts to 17 to 28lblheif (82 to 135 kglhem1) or an average of21lblheif (102 kglheml). 
The nominal production rate assumed' for the slurry-fed HWVP melter was 40 kglheml, or a factor 
of 25 less than commercial giass melters, an obviously crude approximation because the melters 
process different glasses at different temperatures. Ceramic-lined, joule-heated melters for HLW 
vitrification have been tested with dry feeding. A search ofPNL reports was carried out to 
identify work that would allow a reasonable comparison of melter processing rates in slurry-fed 
and calcine~fed ceramic melters. This search is thoroughly discussed in Appendix A to Data 
Package I and summarized here. Briefly, the effect of dry-feeding versus slurry-feeding a 
joule-heated melter can range from n~ increase in melt rate to a 5-fold increase in melt rate. 
However, because the many other factors known to influence the melt rate were not carefully 
controlled, the increased melt rate should be viewed with caution. Experienced melter personnel 
agree, however, that dry feeding is likely to cause some measurable increase in the melt rate if all 
other factors are accounted for. Therefore, a 25-fold increase in production rate will.be assumed 
for dry feeding ve~us slurry feeding. The average production rate for the GAF melter is 
111 kglheml, so that the predicted production rate for slurry feeding is 44 kglheml, close to the 
nominal value of 40 ~glheml used for the former HWVP melter. 

H. Extent of Mock-Up's and Test Facilities Required 

To be deteIIDined. 

I. Necessity for New Inventions 

To be deteIIDined. 
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4. Integration with Process and Facility - This section is provided by Fluor Daniel. Inc. I except for the 
following. 

C. Number of melters 

This is dependent on the assumed waste loading in the glass, the method offeeding (slurry or dry). 
and size limit for a single melter. The only apparent difficulties with scale-up are the increase in 
mass and the limited flexibility of the facility if only one melter is used. The optimum number of 
melters can be determined only by'a systems engineering study to evaluate the capital costs. 
operating costs, and D&D costs. The disposal costs for this melter were not evaluated in the Fluor 
study. Because of the expected processing rate, the disposal costs should be similar to the HTCM. 
Without knowing the expected lifetime of this melter, it is difficult to evaluate the number of 
IIl!:lters that will have to be disposed. 

As shown earlier in Tables 5.1 and 5.2, a single dry-fed Pochet melter would be 2 m in diameter 
and a single slurry-fed Pochet melter would be 3.1 m in diameter (for 50% waste loading). As 
noted in the introduction, the largest Pochet melter used by GAP is 3 m in diameter. A single 
slurry-fed melter would be just slightly larger than the GAP melter. This may be a significant 
extrapolation if slurry feeding complicates the operation of a Pochet melter. 

E. Melter Dimensions and Weight 

The melter dimensions and weight should be slightly smaller than the HTCM for slurry feeding. 
The refractory layer is only 8 in. thick for this type of melter •. The cooling jacket would be about 
2 in. thick. Th~ore approximately 0.5 m is added to the melt pool diameters shown in Tables 
5.1 and 5.2 ~ get the outside diameter. This assumes that the frozen layer of glass next to the 
refractory is negligible. It is not clear at this time how deep a Pochet melter would have to be for 
this application. . 

5. Control and Maintenance of Process and Facility. 

This section includes a discussion about the ability of the melter technology to allow safe and efficient 
operation of the vitrification facility. 

A Ease of Control 

This may be an issue for the Pochet melter. As noted in the introduction. some of the Pochet 
melters are operated with a hot wall and some are operated with a cold wall. It was indicated by 
GAP ~at maintaining a frozen glass layer can be di~cult. The electrode spacing. power input, 
and cooling must be properly balanced to maintain a protective layer. This may be difficult in a 
remote environment with a variable feed stock. 

B. Remoteability . 

Top-entering electrodes would probably be required for this system if they are to be ~motely 
replaced. This requirement will be dependent on the expected lifetime of the electrodes. 
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C. Reliability 

Unknown at this time. 

~. MaintaiDability 

Ifa dryer or calciner is coupled to this melter, maintenance requirements could increase for this 
melter technology. If a rotary calciner is used, the graphite seals will have to be replaced about 
every 6 months. The disassembly of the calciner increases the potential for contamination of the 
melter cell. It should not impact any facilities outside of the melter cell. 

Wiped film evaporators also have moving parts that require maintenance. This usually involves 
adjusting or replacing the wiper blades and greasing the bearings. Blade maintenance is required 
about every 6 months and regular greasing of the bearings is required.:Z 

An other maintenance issue is the replacement of electrodes. A shoe-type electrode cannot be 
continuously fed so that it must be removed and replaced upon failure. As noted in the June TAC 
meeting, molybdenum has a limited lifetime in the HLW glass; electrode replacement may be 
required for this melter if molybdenum is used. This adds to the complexity of the remote design. 
Other electrode ~als are cwrently being evaluated for the HI'M at PNL that have better 
durabiIities than molybdenum in HLW simulant. Use of these materials may reduce the need to 
replace electrodes in the Pochet melter. Data Package 4 discusses this further. 

E. EStimated Lifetime 

Unknown at this time. 

F. Ability to Confine Radioactive Materials 

A significant source of radioactive inaterials is from maintenance of equipment Depending on the 
drying method used for the feed, maintenance requirements could increase, and thus, contamina
tion of the melter cell could increase. The maintenance requirements of the proposed dryers and 
calciners are discussed in Section S.D, above. 

G. Potential for Radioactive Source Buildup and Achievement of ALARA 

Off-gas treatment is discussed in the FIuor Daniel, Inc. data package.1 

This melter has a bottom drain that can be used to drain the glass from the melt cavity at the end of 
, the melter life. This may be optimistic. It is conceivable that the melter failure could occur so that 

the glass could not be drained from the melter. This is an unresolved problem for most of the 
melters being considered in this evaluatiQn. 

H. Sealing and Containment Relative to Melter and Drying Equipment 

Refer to Data Packages 4 and 6. 
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1. Modular Design Concepts that Simplify Replacement or Repair 

This melter design is modular such that replacement of the melter or calciner/evaporator should be 
possible without any changes to current facility plans. The Fluor Daniel. Inc. repon evaluates 
melter disposal costs as a function of melter size. 

J. Refractory Life 

Tliis should not be a problem as long as a protective layer of glass can be maintained on the 
refractory surface. Control of this layer is discussed in Section S.~ above. 

K. Electrode LifelReplacement 

As stated earlier, a shoe-type electrode is usec:t.for these melters. This type of electrode cannot be 
continuously fed such that it must be removed and replaced upon failure. As noted in the June 
TAC meeting, molybdenum. has a limited lifetime in the m..W glass so that electrode replacement 
may be required for this melter if molybdenum. is used. This adds to the complexity of the remote 
design. Other electrode materials are currently being evaluated for the HIM at PNL that have 
better durabilities than molybdenum. in m..W simulant. Use of these materials may reduce the 
need to replace electrodes in the Pochet melter. Data Package 4 discusses this further. 

L. Ability to Safely Handle Organics 

Most of the organics should be destroyed in the calciner if one is used. lian evaporator is used, 
the plenum. temperature of the melter will have to be kept hot enough to destroy organics. It is not 
clear if this is possible because of the extensive cooling on the outside of this melter. This will 
have to be proven during testing. 

M. Operational Simplicity 

See S.A above. 

N. Estimated Lifetime 

Unknown at this time. 

O. Estimated Downtime to Repair 

Information currently not available. 

6. Minimize Total Cost - This section is provided by Fluor Daniel. Inc. 1 
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Endnotes 

Fluor Daniel. Inc. August 1994. "Alternative Melter Systems Assessment 20 Metric Tons 
per Day m..W Glass Production." Prepared under contact #04-436304 with Westinghouse 
~ord Company. 

Phone conversation between B. Glover of LCI and M. Elliott of PNL. 
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Data Package 6 " 

High-Frequency Induction Melter (Cold Crucible Melter) 

Description of 'Thclmology 

As early as 1905, it was suggested that metals could be fused in a solid shell of the same materiaP 
(Aleksandrov et at. 1978). Work was begun in the middle 1960s on direct high-frequency fusion of high
temperature materials at the Lebedev Physical Institute of the Union of Soviet Socialist Republic (Former 
Soviet Union), (USSR) Academy of Sciences (Aleksandrov et al. 1978). A process was developed for 
fusing materials that were non-conducting at room temperature. Work initia1.ly concentrated on producing 
crystalline materials but later progressed to high-temperature glasses. The method uses a high-frequency 
induction field to heat material contained in a cooled crucible. A thin layer or frozen material 
C' garnissage") protects the crucible from corrosion. Because the energy source is outside of the crucible. 
the crucible must be invisible to the energy. This was initially done by making the crucible out of a 
dielectric material, such as quartz. The crucible can also be made out of metal that has been broken up 
into isolated vertical s~rs to prevent the formation of induction currents in the metal. The melting 
processes were 1) operated in a batch mode, or 2) the material was withdrawn through the top of the 
crucible by a seeding method, or 3) the material was continuously removed through the bottom of the 
container to form a solid i.ngot. The third method is commonly used to melt, refine, and continuously cast 
metal alloys into ingots. An.auxiliary heating source must be used·to start this process because the 
refractory materials being produced cannot be inductively heated at low temperatures. This has been done 
using microwave lt~ radiant heating, ~ames, electric ~ or thermite reactions. 

The cold-crucible melter (also referred to as the Cold Wall Melter and the Two-Stage Vitrification 
System) uses the concept described above to continuously vitrify glass. In the 1970s, development of a 
CCM for glass production W!lS started in France at the Commissariat A L'Ene~ie Atomique (CEA). The 
original design used direct induction heating of the glass inside a refractory chamber; development was 
halted and later resumed in 1981. The design was changed, and the refractory crucible was replaced by a 
water-cooled, sectorized, stainless steel crucible. Because of the inefficiency of direct induction heating. 
CCMs are usually coupled to an evaporator or calciner, so that the melter can be dry fed. The French have 
suggested using a rotary CaIciner to dry and decompose the waste before adding the frit and vitrifying the 

" mixture in the CCM. A schematic of the "French CCM without its calciner is shown in Figure 6.1. 
Corrosion of~e crucible is reduced·or eliminated because keeping the metal wall below 200°C produces a 
frozen layer of glass that protects the metal. The bottom of the melter is also water cooled to prevent 
corrosion/melting of the crucible. The principles of the CCM are ecplained in the paper in Attachment 1. 
The important parameters to be controlled are the frequency of the induction signal, the electrical resistivity 
of the material to be heated (glass in this case), and the penetration depth of the induced currents. The 
smaller the CCM, the higher the required induction frequency. The parameters impose size limits on the 
CCM. Sm~ll CCMs. ( < 15 em) are difficult to heat because the required induction frequency is high and an 
appropriate signal generator is required. Large CCMs are difficult to heat because the induction frequency 
is so low that it will not couple to the glass. 

o The French CCM contaiiIs two bottom drains controlled by freeze valves. One, the casting nozzle, 
elCtends into the melt so that a glass heel is maintained to allow continued induction heating after casting a 
batch. Glass flow through the casting nozzle is controlled either by a medium-frequency, inductively-
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Figure 6.1. French Cold Crucible Melter without Calciner 

heated freeze valve or by a separate mechanical shutter. The CCM can pour glass in large batches. as 
described. or it can continuously pour glass to maintain a constant level in the melter.2 The drain nozzle is 
flush with·the melter bottom to allow draining of the glass heel at the end of a run. The flow of glass 
through the drain nozzle is controlled by an inductively-heated freeze valve. Air or argon can be extended 
into the melt by stirring if needed to ensure thermal and chemical homogeneity. Materials of construction ./ 
for the bottom drains and agitators are proprietary. 

Microwave heating is used to start the French CCMs. Minute quantities of a suitable additive are 
added to the glass so that the glass can absorb microwaves. Microwave power is supplied by a 25--kW 
generator at 915 MHZ. which is connected to the furnace bead by a stainless steel wayeguide through a 
gas-tight quartz window that is transparent to microwaves. 

Several thousand hours have been logged o~ the French CCMs. The CCM can be operated at high 
temperatures because it is a skull-type melter; the French melter has been used to melt refractories up to 
2500°C. The maximum glass production capacity has been 25 kglh (260 kglhem2

) for the 35-cm diameter 
CCM and 50 kgIh (210 kglhem2

) for the 55-cm diameter CCM. The 55-cm CCM is operated at 150 to 
500 kHz and holds 300 kg of glass (200 kg/POur with a 100 kg heel). The French CCMs have been 
agitated with gas sparging or mechanical agitators. which increased the production rate by 50%. The 
La Hague vitrification plant (R-7) glass formulation has been processed at temperatures of 1150 °C to 
1380°C. (The information in the previous four paragraphs was obtained through published literature 
[CEA 1991; Sombret 1993; Moncouyoux et ale 1991].) 

The Russians have developed a CCM in parallel with the French. The Russian system is usually 
referred to as a two-stage vitrification process. For consistency. the term CCM will be used for the 
Russian two-stage vitrification process in this document. The Russian literature on the CCM was sparse. 
and no response was received from our letters requesting information. The best sources of information 
were a 199.1 PNL repon by Don Bradley reviewing radioactive waste management in the USSR 
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(Bradley 1991) and information provided by KtK of Germany. The Russians began CCM deyelopment in 
the 1970s. The operating principle of the Russian CCM is similar to the French CCM. but the approach is 
different The Russian CCM is rectangular in cross s~on instead of round (see Fi~ 6.2). It has a main 
melting chamber and a separate overflow section seParated by a throat. The melter appears to have a 
constant overflow glass discharge. It is not clear how the glass flow is interrupted to change canisters; 
probably by halting feed or varying the vacuum on the discharge section. The Russian design originally 
USed a spray calciner in series with the CCM. Recent information indicates that evaporators. sPfcly 
calciners. uniflow evaporators, and rotary calciners have been tested (Lifanov et al. 1993).3 The most 
complete information is on a 5 to 10 kg/h Russian CCM with a 0.056 ml melt pool ~ the Radon Institute. 
This unit operates at 1.76 MHZ, 160 kW, and has aiemperaturerangeof900°C to 2300°C. The feed is 
dried to 20% moisture content with a rotary evaporator. The Russians have tested their CCMs with several 
different minerals, including glass. They have processed radioactive simulants of the Kyrskaya Station 
and Chmobilskaya Station liquid wastes through this CCM system. 

Further information on the Russian CCM capabilities was gathered by Ben Johnson ofPNL during a" 
recent trip.to Russia:' The'Russians are still pursuing the CCM technology. They have several units. 
ranging from 1 to 2 kg/h to "industrial scale." They operate their nonradioactive units at the All-Union 
Design-Construction Scientific-Research and Technological Conglomerate in St Petersburg. They 
recently constructed a radioactive system consisting of three 25 to 30 kg/h CCMs that are fed by a single 
vertical wiped-film evaporator, which dries the feed to 20% moisture. It is not clear if this system is at the 
Radon Institute or at Chelyabinsk. It is also not clear if the radioactive system has gone into active 
operation yet. A thorough description of the proposed vitrification system was given in a 1993 paper 
(Lifanov et al. 1993), which is included as Attachment 2~ Agitation for waste vitrification was not 
mentioned; however, agitation with gas sparging and or mechanical agitators is used in the production of 
commerci31 glasses with Russian ~CMs (Nezhentsev et al. 1987). Vectra (Richland, Washington) has 
designed a CCM but has not finished construction. 

Figure 6.2. Russian Cold Crucible Melter without Calciner 
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Basic parameters for this technology are presented in Table 6.1. The bases for most of these numbers 
are explained later in tlUs data package. 

1. Process Range of Composition 

For the CCM, the waste form is assumed to be sodium silicate glass with an increased waste oxide 
loading (50%). Borosilicate glass was not chosen because preliminary work at PNL has shown that 
addition of boron is not beneficial at increased waste loadings for high-temperature glasses. This 
technology can produce borosilicate glass if necessary. The assumption of 50% waste loading is 
explained in Sections 1.B and I.E. 

A. Temperature 

The maximum operating temperature of these melters is nearly limitless. Temperatures as high as 
2300 °C ,have been reported by the Russians (Bradley 1991) and 2800 °C by the French,s much 
higher than will be necessary for an HLW melter with alkaline waste. The maximum operating 
temperature for the HLW melter will be determined by glass formulating capabilities to control 
volatilization from the glass and the inherent capability of the melter to suppress volatilization 
(e.g., cold-cap coverage). 

Table 6.1. Operating Parameters for High-Frequency Induction Melter with 
Calciner (Cold Crucible Melter) 

Maximum Glass PrOduction Rate per Melter 
Oxide Loading in Waste Slurry (w/o frit) to Calcinefa) 

Bulk Glass Temperature 
Melt Pool Diameter 
Glass Surface Area per Melter 
Glass Depth(b) 

Glass Residence TIme 
,Total Operating Efficiency 
Glass Holdup per MeltdC

) (MT) 
Waste Loading in Glass 
Number of Melter/Calciner Lines 
Slurry Feed Rate to Each Calciner 
Total Glass Production Rate (MT/day) 
Total Glass Production Rate (kglh) 
Waste Processing Rate (kg oxidelh) 

200 kglh 
200 gIL 
1350°C 
1-1.2 m 

0.8-1.1 m2 

0.8m 
9h 

60% 
1.6-2.2 

25wt% 50wt% 
4 2 

250Uh 500Uh 
19.2 9.6 
800 . 400 
200 200 

(a) Assumption of slurry concentration based on WHC direction given to Fluor 
Daniellnc.. This is probably the highest concentration of waste slurry that can 
still be pumped. Note that the melters that combine the glass formers with the 
waste slurry before addition to the melter have 125 g waste oxideslliter. 

(b) Assumed based on WHC Phase I study. . 
(c) Assumes a molten glass density of 2500 kglm3• 
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B. Range of Waste Handling Capabilities 

Both pans of the CCM system. the calciner or evaporator. and the induction melter must be 
considered when determining the waste handling capabilities of the CCM. The capability of the 
CCM to vitrify Hanford Site wastes will be discussed first. followed by the capability of the 
proposed systems to dry or calcine the waste before frit addition' and vitrification. 

The actual compositions of the Hanford Site wastes are uncertain at this time. Initial scoping 
studies used various assumptions about the extent of blending that will be possible among the 177 
Hanford Site tanks. The "All-Blend" composition. which assumed perfect mixing of all 177 tanks, 
was calculated from tank inventory records that are only approximate. Several "All-Blend" glass 
formulations were developed and tested on a crucible-scale at PNL in 1993 as part of the glass 
development for the High-Temperature Melter. A glass with 62% waste loading a,nd formulated at 
1350°C had acceptable properties (viscosity = 70 poise and electrical resistivity = 20.9 O-cm at 
1350°C), as did a similar glass made from NCAW simulant. 50% waste loading developed at 
1350°C (viscosity = 70 poise and electrical resistivity = 2.5 Q-cm at 1350°C) (Kim et al. 1994). 
Either of these glasses could be processed in the CCM. 

A more realistic scenario is that complete blending of all tank wastes will not be possible. Using 
the Composition Variability Study (CVS) model developed for the NCAW, maximum waste 
loadings were predicted for 15 different wastes assuming that only the wastes within each tank 
farm were blended. This results in high waste loadings for some tank farms and low waste 
loadings for others. The predicted waste loadings vary from 19 wt% to 84 wt% at 1350°C. The 
reSulting 15 waste compositions are shown ip. Table 6.2 along with the "All-Blend" waste (referred 
to as Case C in the table) and the NCAW for reference. The row labeled "High-T" is the predicted 
maximum waste loadings achievable at 1350°C. The first row· of the table shows the limiting 
constituent in each glass (ormulation (zirconia phase. spinel formation. etc.). Again. this 
preliminary inforination cannot be used for final flowsheet development. Without knowing the 
mass of waste oxides in each tank farm it is not p'ossible to predict the average waste loading for 
this blending scenario. For conservative estimates. a 50 wt% waste loading is assumed for sizing 
this melter technology. WHC is currently evaluating what waste composition(s) should be used 
for flowsheet development. (All information in the previous two paragraphs was provided by 
PNL.) 

The French have suggested use of the rotary calciner. which they use at the R-7 and T-~ vitrifi-
. cation plants at La Hague and the British use at the Wmdscale Vitrification Plant at Sellafield. 
These calciner designs have been thoroughly te§ted for acid wastes from nuclear fuel reprocessing 
plants. The following comments were provided by Environmental Corporation of America 
(ECA 1993) about the compatibility of the rotary calciner with certain waste constituents (refer to 
Table 6.2 for the expected range of waste compositions at Hanford). The word "vitrification" in 
the follOwing quotes refers to the low-frequency induction melter. not the CCM. 

"Alkaline Metals - When alkaline metals - including. Na, K, and Li - constitute 50% or 
more of the waste. they must be combined with aluminum in the feedstock in a ratio of alum
inum to alkaline metals of about 0.3 (molar). This balance is required for both c3Icination and 
vitrification. For instance. Na can cause caking in the calciner unless balanced by AI. while 
AI. which is inert and highly refractory. will resist vitrification unless balanced by Na. A ratio 
of 0.3 (molar) ensures proper performance in both systems." 
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Table 6.2. Tank Farm Waste Compositions 

Othen compon.enll Zr-pbalO Spinel . Durability SI AI 

TF-B TF-T TF-SX TF-C TF-DST TF-A TF-AX TF-TY TF-BY TF-S TF-DSSF TF-U TF-TX TF-BX ClleC NCAW 
Oxide (WI~) (Wt~) (WI.) (Wt~) (Wt~) (WI~) (Wt.) (WtS) (Wt.) (Wt.) (Wt.) (Wt~) (Wt") (WtS) Oxido (Wt") (Wt~) 

Si02 0.76 0.49 9.37 0.06 8.31 0.32 0.57 29.20 5.84 2.13 29.44 11.85 17.33 21.37 SI02 10.00 4.03 

8203 0.47 0.00 0.00 8203 0.00 0.01 

Na20 52.19 56.03 33.93 10.3J1 31.98 17.31 51.89 22.29 23.75 69.31 66.00 39.89 30.07 25.14 Na20 25.30 21.42 

Li20 0.01 0.00 Li02 0.00 0.00 

CaO 0.03 0.00 1.24 9.39 0.79 0.03 2.79 0.00 5.66 0.00 0.62 0.00 0.01 0.12 CaO 2.06 0.7S
1 

MgO 0.27 0.00 0.00 MgO 0.08 0.2~ 

Fo203 7.93 8.95 12.76 11.00 8.75 59.60 23.52 15.42 9.89 2.70 0.00 2.28 3.91 5.91 Fo203 11.00 28.21 

A1203 1.20 0.66 22.74 7.55 2.65 1.48 1.46 10.06 12.33 13.20 2.00 16.73 15.83 22.98 A1203 13.00 9.04 

ZrOl 0.22 0.42 O.oJ 25.85 35.20 0.04 0.05 2.52 0.22 2.93 0.30 0.40 0.33 ZrOl 7.08 IS.H 

Othon 37.67 33.45 19.93 35.77 11.56 21.23 19.71 20.51 42.31 9.74 1.94 21.96 32.45 24.14 OthOri 31.41 21.19 

Iotal 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 [rotal . 100.00 100.00 

0\ Bi203 6.43 8.83 0.05 0.33 0.03 0.04 0.05 0.04 Bi203 1.95 

a. Cc02 4.23 5.38 2.07 0.03 0.08 0.48 0.33 '1.05 1.99 UI 2.24 2.76 2.96 Cc02 2.'73 0.60 

Ca03 0.02 0.02 3.92 0.01 0.40 0.00 0.43 0.03 0.00 0.72 0.02 0.19 0.01 0.00 Ca03 0.45 0.2~ 

F 0.72 0.50 0.04 1.56 1.43 0.00 0.01 0.04 0.52 0.12 0.07 00.07 0.12 0.17 F 0.56 0.11] 

La203 0.04 0.12 0.66 La203 0.43 0.65 

Mn02 0.48 . 1.09 1.67 7.76 0.87 7.18 11.48 0.10 0.41 0.46 0.00 0.21 0.75 0.84 Mn02 1.82 2.14 

NiO 0.23 0.03 0.30 5.69 0.47 0.22 0.66 0.00 11.64 0.17 0.00 0.01 0.25 1.25 NIO 2.27 2.31] 

P205 14.20 15.39 0.42 0.28 00.34 0.02 0.02 3.47 1.82 0.54 0.02 0.74 4.10 2.56 P205 4.71 0.81 

S03 0.18 0,03 0.22 0.16 0.43 0.41 0.02 0.59 0.23 0.28 0.07 0.06 0.51 0.54 S03 0.34 0.6~ 

srO 0.00 0.00 0.01 0.00 0.02 0.02 0.00 0.00 3.45 0.00 0.00 0.00 0.00 0.05 srO 0.41 0.1, 

U308 9.95 1.88 9.19 19.87 2.67 12.76 6.51 14.71 21.99 5.89 0.01 18.35 23.72 14.12 U308 14.30 4.7' 

Subtotal 36.47 33.27 17.84 35.40 7.37 21.09 19.45 20.32 42.08 9.29 0.19 21.90 32.27 22.53 Subtotal 29.97 12.4; 

Balanco 1.20 0.18 2.09 0.37 4.19 0.14 0.26 0.19 0.23 0.44 1.7~ 0.00 0,18 1.62 Balanco 1.44 U 
----- -

WlltO Loading (wt~) 

Low-T 21 19 26 35 31 17 38 65 51 33 35 58 64 61 Low-T 45·50 33 

Higb-T 21 19 26 46 40 25 43 84 64 39 41 60 73 61 High-T 62 50 

I.imit P 
-

P Cr Cry.tal P1 Fo Na P Othen Na Na Othen P p Limit P Cry.tal 
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"Organics - The presen~ of ferrocyanides req~ special attention: when concentrated at high 
temperature with nitrates, ferrocyanides can react very forcefuIly ..• the calciner may be able to 
destroy ferrocyanides in limited quantities. If this_alternative is preferred. it will be necessary to 
evaluate the ability of the calciner in this regard and. more generally. to evaluate the behavior of 
ferrocyanides throughout the whole ref~nce process." 

The following information was received from Mr. Jouan concerning the range of waste-handling 
capabilities: . 

"CCM must work with a predrying system, calciner for instance. The calciner can handle 
solid; the calcine is a solid, it comes from solution or insoluble products. All the solutions 
(even containing solids) cannot be calcined as they are, most of them can be, when there is 
mainly'alkaline metals it is necessary to use additives to help the calcination. AI which is an 
usual component of the glass can be used: When alkaline metals (AM) constitute the major 
cOmponent of the waste (i.e., 1.1. around 50% or more, they must be in combination with AI 
in the feCdstock at a ratio of AllAM of about 0.3 (molar), where AM is any alkaline metal 

. including Na, K, and Li. H6 

Table 6.3 presents feeds that have been successfully processed through the rotary calciner at the 
La Hague and Marcoule vitrification plants. Most of the French experience has been with 
calcining acidic wastes. It is unclear whether the baseline flowsheet for this technology requires 
that the waste be acidified before feeding to the system. This question was asked of Mr. A. Jouan 
of CEA and the following response was received: 

"We have made short tests (less than one week) with alkaline feed to the calciner without 
special problems; but the acid way has certainly a lot of advantages in terms of transfer and 
metering of the solution and in terms of mean of work of the first scrubber in the solution of 
which the most part of the dust eScaping the calciner must be dissolved. In the case of using 
an alkaline solution. this scrubber solution would contain precipitate and become a kind of 
sludge. In the case of acidification of the solution, the off gas system will be similar to 
La Hague. ,,7 

The following Informatio~ was received from Russia: 

''Elements introduced into waste composition. loading 15-25 mass%. Ce02 5%, ~O 5%, 
srO 3%, ~03 2%. . 

High Reliability and effectiveness of melt process, obtaining glass crystal and mineral-like 
materialsH8 

Information on two compositions vitrified in the CCM pilot facility at the Radon Institute is 
sh,own in Tables 6.4 and 6.5. The resulting glass composition is further described in Section 3 of 
this data package as w~Il as in Attachment 2. 

Acceptable glass properties -

''The (viscosity) limit is greatly higher (than 200 poise) for the CCM." 

"For the CCM it would be better not to be higher than 10 Q-cm (for electrical resistivity).,6 
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Table 6.3. Feeds Processed at La Hague and Marcoule 

R7 gIl T7 (gIl) Marcoule NCAW C 106 

1 2 3 4 5 6 7 8 
AI 2.8 2.8 3.5 2.7 2.9 2.8 2.5 4.6 25 6 17.15 
Na 13 11.4 12.8 10.9 12.5 15.4 10.7 18 19 19.8 16.7 
Cr 0.3 0.4 0.3 0.3 0.3 0.19 0.2 0.2 1.8 0.2 
Fe 2.1 2.23 1.75 1.6 6.4 2.8 5.4 6.3 5.9 25 16.24 
Ni 0.7 0.6 0.6 0.5 0.6 0.3 0.3 0.6 1.2 2.2 
P 0.8 0.8 0.1 O.S 0.3 0.2 0.5 0.5 1.06 

Mg 0.3 0.4 0.08 0.2 0.1 0.02 0.1 0.04 20 1.06 
0\ U i.2 1.1 1.16 1.7 0.9 0.22 0.4 0.4 5 00 Pu 0.01 0.01 0.01 0.01 0.01 0.002 0.002 0.004 

Np 0.25 0.2 0.23 0.21 0.22 0.04 0.6 0.4 
Am 0.66 0.5 0.62 0.5 0.5 0.9 0.8 0.85 
Ca 0 9 2 2.04 
Zn 7.2 
Sr 1.3 I 1.3 1.1 1.4 1.3 1.1 1.1 0.9 0.12 
'ZJ: 5.6 4.6 0.5 3.4 5.2 5.75 3.3 6.2 1.8 13.9 
Mo 4.6 4.2 3 2.4 4 4.5 3.3 3.8 1.8 0.47 0.17 
Ru 3.7 2.6 2.6 2.9 2.4 2.4 2.2 3.1 0.38 
Pd 1.1 0.9 1.6 1.3 1.3 1.7 •. 7 2 0.13 
Cs 6.3 5 5.3 5 5 5 4 6.1 0.71 
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Table 6.4. Characteristics of Kyrskaya Station Waste Vitrified at Radon Institute 

Item 

NaN03 
KN03 

N~C03 
NaCI 
N~S04 
Ca,(PO.J2 
MgC03 
Fe(OH)3 
Residue 
Isotope 
131es 
134es 

·60Co 
239pu-
lXlSr 

Ability to handle slurry feeds - -

281.1 
7.4 
13.1 
8.2 
7.7 
1.9 
1.0 
5.5 
22.1 

Specific Activity (Bq/m3) 
4.1x109 

8.5xl08 

5.3xl07 

5.Ox106 

l.5xl09 

"The CCM must work with a predrying system. calciner for instance. n6 

C. Incorporation of Semivolatiles 

Volatilization can occur in both the calciner and melter in the CCM system. No information was 
received (or calciner volatilities; past information indicates that carryover of volatile species from 
a rotary calciner can be sigilificant, but this is not a problem if a dust scrubber/recycle system is 
attached at the off-gas exit of the calciner. Decontamination factors reported for the rotary 
calciner and the rest of the primary off-gas equipment at the Wmdscale Vitrification Plant at 
Sellafield are shown in Table 6.6.9 The secondary qff-gas system at the Wmdscale plant removes 
any residuals of the elements shown. 

Table 6.5. Composition of Chernobilskaya Station Waste Simulant Vitrified at Radon Institute 

Type of Waste 

Spent alkali desorbing solutions 
Spent sour desorbing solutions 

Spent etchplg solutions 
Pulps from abrasion 
Pulps of spent non-organic materials 

Quantity Produced, m3/day Composition. gil 

2 50 NaN03• 5 KMn04• 5-10 Fe(OH)3 
2 -100 HN03• 2 ~~04' 2 NaF.5-10 

Fe(OH)3 
2 100 HN03• 4 NlIi., 2 NaF 

0.5 150 SiOl 
0.7 100 (for solid phase) 
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Table 6.6. Decontamination Factors at the Wmdscale Vitrification Plant 

Element(s) Calciner Dust Scrubber Condenser NO; Absorber 

Ru 
Tc and Cs 
I 

20 
2 (CsTc04 only) 

1 

2 
'2 

1 

100 
100 
2.5 

25 
25 
1 

137Cs carryovers of 3.0-to-3.9 wt% (OF = 26-33) were noted for the pilot CCM facility operating at 
1250°C at the Radon Institute (Lifanov et ala 1993). 

Volatilization from the melter was addressed by Mr. Jouan: 

"This is made in the IFIM and can be made with the CCM due to the presence of the cold 
glass layer on the glass bath; but we must take care not to pour the glass at a too high 
temperature. because semivolatiles could escape during the pOuring.,,6 

Little information on decontamination factors for cold crown melters at elevated temperatures is 
av~ilable. Three short-term tests were completed at PNL in 1979 to 1980 on the High
Temperature Ceramic Melter (lITeM) with a dry feed. The last of these tests examined the 
cesium volatility from the melter at 1200°C to 1300°C. The following results were reponed: 

"Cesium was the major feed percentage-loss element The combined HEPA and scrub 
solution losses constituted 0.44% of the cesium present in the feed (OF = 230). This loss 
Corresponds to a volatilization rate of 115 mglcml -h, or approximately half of the volatil
ization rate reported by WJ. Gray (Gray 1976) for a low-melting borosilicate waste glass at 
the l00-p0ise viscosity temperature (1050°C). The difference in volatilization is partially due 
to the presence of an unreacted-feed cold cap in the lITCM (Gray's experiments were 
conducted with bare molten glass surl'aces), but other researchers report decreased cesium 
volatility with increased viscosity at constant temperature (Kupfer and Schultz 1973; Ross and 
Mendel 1980), indicating that cesium volatility is diffusion-limited. The comparable cesium 
volatilization rate at equal viscosities of the residual-liquid and low-temperature compositions 
is in agreement with these findings" (Barnes 1980). 

D. Ability to Handle Insoluble and Conductive Compounds 

Mr. Jouan of CEA suggests agitating the cold crucible melter if there is a problem with solids 
accumulation: 

"IFIM (low-frequency induction melter) is able to handle them, much more than there is in 
Hanford wastes; this is made at La Hague; CCM is able also, using agitation like for IFIM."6 
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Also, 

" .•• there could not be a sludge buildup in an air spraying or mechanical sWred glass melter. If 
it's a "mixwre" difficult to melt, it's possible to add a special glass composition to dissolve it 
and pour the final composition. A second way.is to stop the melter, to clean it with the 

. telemanipulation equipment if this possibility has been taken into account during the initial 
design (this is possible because the glass layer when cold, doesn't stick to the melter wall).,,7 

Agitation in the Russian CCMs for waste vitrification was not mentioned;' however. agitation with 
gas sparging or water-cooled mechanical agitators i~ used in the production of commercial 
glass~ using RusSian CCMs (Nezhentsev et al. 1987). 

E. Waste Loading 

Waste loading in glass is defined as the weight percent of waste (as oxides) in the final glass. 
Waste loading of the glass is extremely important because it detennines both the required pro
duction rate of the melter and the quantitY of glass that will be produced from the Hanford Site 
tank wastes. The costs to place canisters in the federal repository are high; estimated savings in 
excess of $2 billion can be realized by increasing the waste loading of Hanford glass(es) from 
25 wt% to 45 wt% (Menill and Chapman 1993). Furthermore, the first United States repository 
has a limited allocation for HLW canisters. DOE-RW is currently evaluating the impact of the 
increased number of canis"ters resulting from'IPA changes. Section 1.B discussed high
temperature glass foamdations <;onducted with various Hanford Site tank blends. 

"CCM is more flexible than LFIM (low-frequency induction melter) due to the possibility to 
reach higher temperature, but it is mainly a glass composition problem and it depends. of 
course, on the solution composition.,,6 " 

"About the waste loading increasing with temperature; yes, possibly, but there is a lot of 
parameters to take into account, glass, leaching, volatility during making and pouring etc ... and 
rm not sure that a very high temperature glass is the best choice; but OK higher temperawre 
melters give more flexibility in the glass composition choice.,,7 

''Elements introduced into waste composition, loading 15-25 mass%. Ce02 5%, C~O 5%, 
srO 3%, F~03 2%."8 

2. Control Product Quality 

The baseline description for this technology is a calciner or evaporator coupled to the CCM. The 
waste solution is dried or calcined, aqd then the fritlglass formers (ciry) are added to the dried feed as it 
is transferred to the melter. This reduces the amount of water that must be evaporated in the calciner 
and melter, but it also complicates the qu~ification of the product glass. Glass quality is dependent 
on control of the equipment that meters the frit to the melter. The conventional U.S. method of 
qualifying the complete batch (glass formers and frit) in one tank is no longer possible. The DWPF in 
Savannah River and the West Valley Nuclear Services plant in New York propose to mix all of the 
feed constituents (waste, recycle, and friO before acceptance of each batch. Although different from 
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the current U.S. paradigm. the method of product control proposed for the CCM is clearly possible. It 
has been used at the La Hague vitrification plants in France and the Wmdscale Vitrification Plant at 
Sellafield. England. These plants have qualified this method of product control not only for domestic 
use but also with several foreign clients for the vitrification of reprocessing wastes. 

A. PrOduct Quality 

"LFIM and CCM are able to make 'good' glasses. using generally mixing. This has been proved 
with the Cold prototypes using R7-T7 glass.,,6 

"A lot of glass composition have been melted in the CCM from R7T7 glass to basaltic glasses. 
sodacalcic. phosphate glasses. but the durability of these glasses has not often been checked: it 
was not the pmpose of the tests. It has been made only for the R7T7 and the results were good. 

But I would like to add a comment: I think that the glass durability is, at first, a problem of 
composition choice; of course it's necessary to find the operating conditions to make glass and 
these operating conditions are to be delimited in a range of value in which the quality require
ments are included and this operating criteria are difficult to find. But I think their ranges are 
large enough and probably, the most important one is the high temperature. which is very easy to 
reach in the CCM. ,,7 

"Testing of product by heating up to 650°C, radiation with doses up to 1010 rad. Determination of 
chemical resistance with distilled water at 60°C for 1 h, dealing (release) rate 2 to 3 times lower 
than borosilicate glass. ,,8 

B. Waste Homogenization Capabilities 

See2.D. 

C. ~alytical Requirements for Quality Acceptance 

"Waste solution composition and glass additives must be analyzed very accurately; and if the 
acceptance requirements are not reached, the solution must be adjusted.,,6 

D. Minimum and Optimum Residence TIme-

''Residence time is not an important criteria; what is more important is the temperature and 
duration of time at a given temperature; the time duration can decrease when the temperature 
• • ,16 mcreases. 

Because the specific production rate of the CCM is high, residence time is relatively short. For 
example, the specific glass production rates reported by CEA are 284 kg/hem2 with agitation and 
182 kglhem2 without agitation,1 which would result a 9-h and 14-h residence times. respectively. 
for a melter that is 1 meter deep and is operated at a constant level. 
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E. Unp~ctable Evaporation (Segregation) of Glass Components 

The only unsteady condition that could occur in this melter is unsteady flow of solids out of the 
calciner, as was observed during initial testing of the rotary calciner in England (Morris et al. 
1988). This issue was resolved during subsequent testing of the rotary calciner. 

3. Devel,?p Technology on Schedule 

This category deals mainly with the maturity of the technology. As mentioned, this technology has 
been in development since the 1970s. It has been used on a limited scale for waste vitrification pilot 
tests and extensively for metal melting, crystal growing, and melting of refractory compounds. 

A. Ability to ~t TPA Milestones'·) 

"I think, yes,. the CCM process is able to meet tn-party agreement milestones; predrying step, 
whicli can be calcination step must be checked. n6. 

B. Demonstrated Scale of Operation 

"The CEA has built and tested a simplified cold-crucible furnace 1 m in diameter containing over 
500 kg of molten glass. In this design, the inductor itself constitutes the cold crucible, and this is 
supplied with a 10 kHz current by a high-frequency generator. The tests have demonstrated the 

. feasibility of 10 kHz direct-induction glass melting in a large diameter crucible" (Monocouyoux 
et-al. 1991). 

This unit was operated as a proof-of-priociple (scale up). Production rate data has not been 
obtained. . 

Mr. Jouan co~ed that the following production rates have been attained: 
"4> 60 em 50 kglh with raw materials . 
4> 55 em 25 kglh with calcine + frit (was not the upper limit} all that without agitation! 200 kg/h 

is a possible capacity for the CCM but predrying system must be checked.,,6 

"Air sparging has been initially tested to homogenize the glass bath ... and successfully. In the 
LFIM (low-frequency induction melter) at first (used today in La Hague facilities R7 and T7); in 
CCM after and with the same success, even if it was perhaps less useful. 

Mechanical stirring has been tested·to measure the increasing of capacity. Tests have shown that 
when feeding the CCM 50 em diameter with raw materials, the flow rate of glass formation was 
in~ed from 36 to 56 kglh and 56 was not the upper limit This test made at 1350°C shows that 
mechanical stirring can increase glass making flow rate by 1.5 (minimum value) and probably 
more. 

I cannot give today for commercial reasons, information about the materials of construction (of 
the agitator). the basic design and the operating conditions of the mechanical stirrer. It's a new 
concept and its life time is excellent 

(a) Final melter selection by the end of 1998, plant startup by 2009, completion of campaigns by 2028. 
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Tests are necessary to choose the b~t diameter and we must be careful in our answer. If I take the 
example 36 kglh in the 50 em diameter CCM and I take the hypothesis that the flow rate increases 
with the surface area ($1) (see information in Table 6.7); we see that even with aIm diameter and 
with a mechanical stirrer we can reach more than 200 kglh; that at 1350°C. 

The (seleCtion of melter size) must be made taking into account the wished working temperature 
which depends from the glass. from the possible difficulties to melt the Hanford waste from which 
you say that is very very difficult. •. 

To feed a 200 -kg/h CCM. making a 25% waste loading glass. a calciner able to deliver 50 kglh of 
oxides from the solution is necessary. 

The La Hague type calciner $ 30 em L=3 m is working at 50 lIh (FP ·solution) and capable of 
70 lIh. This 50 lIh.flow rate gives 25 kg/h of glass; with a preconcentration step (factor 2) it 
would deliver 50 kg/h of glass and would be able of70 kg/h; increasing the diameter from 30 cm 
to 40 em will increase the capacity of 413 giving the.possibility to about 90 kg/h. •• and its always 
~ssible to use two. But we have today in French nuclear field no larger calciner, even if it could 
be possible to design and make one. But it's perhaps not the best apparatus choice for a 400 to 
500 lIh evaporation Step?"7 . 

The Russians have tested boiling bed evaporators. spray calciners and uniflow evaporators: 

"Boiling bed: extremely sensitive to waste composition. esp. when containing NaNO]. large 
volume of air required (5 to 6 m31l waste). Abandoned. 

Spray Calciner: Less sensitive to composition. reliable. simple to operate. Effectiveness 
practically independent on salt concentration (100 to 600 gil) even with a solid phase of 
150 gil. Air volume consumption 03 m31l. Loss to off-gas: Ru-106 2%. Cs-137 0.5 %, others 
0.1%. 

Uniflowevaporator: Experimental verification up- to 100 lIh (up to 350 gil salt) 

Table 6.7. Scale up Information Provided by Mr. Jouan 

demonstrated 
extrapolated 
extrapolated 

CCM Diameter 

50 em 
1m 

1.2m 

Production Rate 
(without agitation) 

(kglh) 

6.14 

36 
144 
207 

Production Rate 
(with agitation) 

(kg/h) 

56 
224 
322 



" 
I ',-

Item 

Cold crucible testing: Experimental temperawre range 1200 to 2300°C. Laboratory tests 
with spray dryer. drum. High reliability and effectiveness of melt process, obtaining glass 
crystal and mineral-like materials. 

Melter data: 
Melt surface: 
Power supply: 
Frequency: 
Melt temperature: 
Output: 

Information far the Radon Institute: 

0.05 to 0.12 ml 

160 kW (oscillator) 
1.76 MHz 
15QOoC (average) 
12 to 18 kg/h 

. ''Pilot facility, interinediate-level waste - crucible surface 5.63 dm2 (0.056 m~. rotary 
evaporator. 

Testing: Sulpbate-containing radwaste into borosilicate glass (simulated and real waste). 
Result will allow start of development of full-scale pilot industrial facility with 300 to 400 Ilh 
capacity (3 melter lines), continuous process, possible automation of process in the active 
zone: possible remote replacement of units."s 

Further info'imation on the pilot CCM (0.056 m2
) with arotary film evaporator at the Radon 

InStitute wasfouiui in the literature (see Table 6.8) (Lifanov et al. 1993). . 

The rotary evaporator is used to dry the waste slurry to 20% moisture prior to trcmsfer to the CCM. 
This moisture content was determined to allow sufficient spreading of the charge on the surface of 
the glass melt and maintain low radionuclide release of off gases. The properties of the glass from 
the Kyrskaya Station waste. is presented in Table 6.9. 

Ta61e 6.8. Operating Data from CCM Pilot Facility at the Radon Institute 

Kyrskaya Station 
Waste 

Chmobilskaya Station 
Waste 

Capacity for Glass, kglh 6.8-9.0 
120-160 
5.0-6.0 

7.9-10.0 
140-180 
4.5-6.0 

Specific Capacity for Glass, kglheml 

Specific power supply, kW-h/kg . 
Average temperature of glass. °C 
Solid matters carrying-over from the melter, mass% 
Radionuclide carrying-over e37Cs). % 

6.15 

1250 
1.0-1.2 
3:0-3.9 

1250 



Table 6.9. Glass Properties from Kyrskaya Station Waste 

Item 

Component content in glass. mass% 
N~O 
~O 
Cao 
Al20, 
F~O, 
B20, 
Si02 
N~S04 
NaCl 
Other Components 

Specific Activity of Glass. Bqlkg 

Viscosity of glass. Pa-s 
900°C 
lO00°C 
ll00°C 
1150°C 
1200°C 

Specific electrical resistance. Q-m 
900°C 
lO00°C 
llOO°C 
1'150°C 
1200°C 

Value 

16.1 
0.5 
15.5 
2.5 
1.7 
7.5 

48.2 
1.1 
1.2 
5.7 

7.0-106 

33.5 
16.3 
6.6 
4.3 
3.9 

0.065 
0.041 
0.032 
0.029 
0.028 

C. Availability of Data or Access to Data to Allow Evaluation for Melter System Technology 
Assessment and Melter System Candidate Selection 

Most of the data has come from Mr. Jouan of CEA except for a few papers from Russia and infor
mation gathered by KfK during a visit to Russia. We received no response to our letters that were 
sent to Russia. 

D. Magnitude/Amount of Technical Deveiopmellt Required 

It appears that development of a complete flowsheet is still required for this system. Mr. Jouan 
pointed out that some type of predrying system is required. and a lot of discussion is given to use 
of a rotary calciner. He feels that if a calciner is used it, may be easier to acidify the waste •. but 
this is not astrict requirement. It is also realized that some calciner development may be required 
for a 200 kglh CCM. Depending on the waste loading in tl;te glass. this would require a 250 to 
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500 IIh calciner. which would be a 5 to lOX increase over the current design used at La Hague. 
TIiis appears to be the reason for his statement about using one or more calciners to feed each 
large CCM. "But it's perhaps not the best apparatus choice for a 400 to 500 1Ih evaporation step?"7 
It is possible to use an evaporator instead of a calciner. It appears that the Russians have selected 
a wiped-film evaporator with steam heating for use in their radioactive CCM facility. 

Figure 6.3 shows the flowsheet proposed for vitrification of radioactive waste in Russia (Lif~ov 
et al. 1993); This flowsheet has one wiped film evaporator supplying three 25 kgJh CCMs. It is 
not clear from reading the paper whether the facility is on-line yet The paper is included as 
.Attachment 2. The characteristics of the vitrification facility are presented in Table 6.10 and the 
individual ~lter characteristics are presented in Table 6.11. The wiped film' evaporator is also 
discussed in the appendix to Data Package 1, which discusses dry feeding a low-temperature. 
joule-heated melter. 

E. Additional Technical Development Required for Deployment 

To be determined 

E Probability of Technical Success Within Schedule and Resource Constraints 

This should be decided by the TAC. 

----

FIf1. stell OFlHIi PI.AHT' FOR vrTJIIIFICATIClN OF 1WlWAS'TE. 
1 • ........,.:2 I iII".~""-' 4.aMIn: 5.17.2t~--.r.15,115.2O -a"eca; 7 ___ fcnning ---= ~ -'1IoIMIIr.1~ 11'-": U __ oIm111n; 13-MMc1; 1""-M1lr.15-tne Mr. 

11,ZJ _ .... 1ka11m1:~~. 
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Figure 6.3. Flowsheei for Russian Vitrification Plant with 
Cold Crucible Melter 
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Table 6.10. Characteristics of the Russian CCM Vitrification Facility 

continuous Operation 
Process 
Control 

two-staged. ~W concentration in advance 
remote control. operation in automatic 
regime 
up to 75 Capacity for glass, kgih 

for LRW, m3/h 
Specific activity of initial LRW, Bq/l 
of glass blocks. Bqlkg 

up to 330 (salt content 200 kglm3
) 

up to 3.7e107 

5.5e 107 

Dimension of glass block, mm 250x250x350 
Glass mass in container, kg 50 

G. Processing Rate 

The 50 em diameter CCM in France operated at 36 kgih (183 kgihem2
) wi$out agitation and 56 

kg/h (285 kgihem2
) with agitation. This run was conducted by direct dry feeding without a caI

ciner. These numbers are the basis for the extrapolation provided by Mr. Jouan in Section 3.B. 
The-0.I8 m2 CCM at the Radon institute has processed 30 kgih (170 kglhem2). The feed compo
sition at which the above processing rates were recorded is unknown. As discussed, the 
0.056 m2 CCM at the Radon Institute has processed 120-1BO kgihem2 (120 to 160 Itglheml for the 
glass shown in Table 6.9). 

H. Extent of Mock-ups and Test Facilities Required 

Existing testing faci~ities include, but are not limited to: 

• 55 em diameter (0.24 m2
) CCM at CEA (nonradioactive) 

• 60 em diameter (0.24 m2
) CCM at CEA (nonradioactive) 

Table 6.11. Characteristics of the Russian CCM Melters 

Capacity for glass, kgih 
Operating frequency, MHz 
Power of generator, kW 
Mass of melter -with the glass, kg 
Minimal volume of glass in the melter, m3 

Dimensions of melter, mm 
Area of surface melting, ml 

Operating temperature of the process, °C 
Specific power supply, kW per kg of glass 
Supply of cooling water, m3 
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up to 25 
1.76 
160 
130 
0.034 
250xBOOx700 
0.16 
1250 
4.5-5.5 
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• Approximaiely 50 to 60 l/h rotary calciner at CEA (non"rawoactive) 

• . Wiped film evaporator with three 2S kglh CCMs in Russia (radioactive) 

• 0~OS6 ml CCM at Radon Institute in Russia (radioactive) 

I. Necessity for New Inventions 

Not known at this time. 

4. Integration with Process and Facility - This section is provided by Fluor Daniel, Inc. 10 except for the 
following. 

A. Feed Preparation Requirements 

" ••. acid feed is easier to manage. n6 

"We have made short tests (less than one week) with alkaline feed to the calciner without special 
problems; but the acid way has certainly a lot of advantages in terms of transfer and metering of 
the solution and in terms of mean of work of the :first scrubber in the solution of which the most 
part of the dust escaping the calciner must be dissolved. In the case of using an alkaline solution, 
this scrubber solution would contain precipitate and become a kind of sludge. In the case of acid
ification ~f the sol~on,' the off gas system will be similar to La Hague.1t7 

B. Offgas system requirements 

It ••• offgas system requirements, no specific one, see La Hague example ... 6 

C. Number of melters ' . 

. "4 for the CCM."6 It should be noted that Mr. Jouan's estimate of four CCMs was assuming that 
the waste loading was 25%. Only two 200 kgIh CCMs would be needed if SO% waste loading is 
achieved. . 

D. Plant ~ervice Requirements 

"electric energy: 2.S to 3 kW-h per kg of glass to be produced must be installed (about 2 would be 
used). Cold water for cooling the melters to evacuate the equivalent of the electric power.,,6 

The Russians have reported 4.5 to 6 kW-hrlk:g glass for the 0.OS6 ml CCM at the Radon Institu~ 
(Lifanov et ale 1993). 

E. Melter Dimensions ~d Weight 

"Size 1 m to 1.2 m diameter, weight SOO kg (a:first estimation!),,6 

"It should have a long service life and. on dismantling, would form a compact and easily 
conditioned waste mass of about SOO kg (i.e. 62 liters) of stainless steel, probably with a very low 
contamination level" (Moncouyoux et ale 1991). 
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F. Disposal System Requirements 

See 4.E above. 

5. Control and Maintenance of Process and Facility 

This section includes a discussion about the capability of the melter technology to allow safe and 
efficient operation of the vitrification facility. 

A. Ease of Control 

"For CCM. electric intensity (Amps) and. voltage are two very important parameters which are the 
picrure of the inside CCM content. the glass in which induction occurs; glass level and tempera
ture are also very important. tt6 

It appears that the CCM is sensitive to perturbations in opetating conditions. This may be an issue 
if the CCM is operated in an unsteady mode (batch pours) or if the batch level is unsteady. A 
Russian paper noted the difficulty in controlling the temperature in the CCM by balancing the 
voltage and frequency of the high-frequency oscillator and presented the mathematics of a CCM 
control system. 

"Cold crucible glass founding is a multiparameter process characterized by a large number of 
control and perturbing actions. Prime among them are disruptions of the heat balance as a 
result of changes in melt heat losses or the power released in the molten glass. The stability of 
operating conditions depends on the choice of working coil and crucible dimensions and on 
glass chemical composition and melt temperature .•. .Modem units fer melting oxides and glass 
in cold crucibles have systems for stabilizing the oscillator tube plate voltage and the 
oscillator frequency. but this is not sufficient to maintain proper temperature conditions and 
stabilize the working frequency during founding" (Nezhentsev 1991). 

Control information about evaporation is currently not available. Calciners supporting 25 kglh are 
currently in operation at the La Hague plants and at the Wmdscale Vitrification Plant. These 
calciner designs have been thoroughly tested on acid wastes from nuclear fuel reprocessing plants; 
experience with alkaline wastes is limited. 

B. Remoteability 

Remote CCM vitrification units have been operated in Russia. although on a limited scale 
(0.056 m2

). Remote calciners (25 kglh) have been operated in France and England. 

"Seems to be easy using the La Hague concept with crane; master slaves and special tools (electric 
screw-drivers etc ... ) for LFIM and CCM ... 6 

C. Reliability . 

"Parts of calciner can fail and must be removed: graphite seals and rollers are the two main pieces 
to be removed; they are very little solid waste. Other calciner parts last usually more than five 
years. 
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CCM melter lifetime will probably be years; it can be made in separated pieces: coil. main cooled 
segments. bottom and uPPe;' part; and repairing time would .be in the same order of magnitude 
than fOr the LFIM and in case of failure this part could be medium or low level wastes"6 

D. Maintainability 

Depending on the drying method used for the feed, maintenance requirements could increase for 
this melter technology. If a rotary calciner is used, the graphite seals will have to be replaced 
about every 6 months. The disassembly of the calciner increases the potential for contamination 
of the melter cell. It should not impact any facilities outside of the melter cell. 

The Russians operated spray calciners in their original CCM pilot facility, KS-KT-I00; they 
noted problems with cracking of the ceramic metal filters on this calciner (Romanovski 1990). It 

, is not clear if that was why they switched to an evaporator for their next pilot CCM. 

Wiped film evaporators also have moving parts that require maintenance, which usually involves 
,adjusting the wiper blad~ to maintain the proper gap between the blades and the steam tube. 

E. Estimated Lifetime 

See Section S.C • 

. F. Ability to Confine ~oactive Materials 

Maintenance of equipment is a significant source of radioactive materials. Depending on the 
drying method used for the feed, maintenance requirements and consequent contamination of the 
melter cell could increase. The maintenance requirements of the proposed dryers and calciners are 
discussed in Section S.D..' . 

G. Pqtential for Radioactive Source Buildup and Achievement of ALARA 

The CCM has very little glass holdup relative to the other melters being evaluated (roughly 
2 metric tons). The calciner or ewworator will be much larger than the CCM. so that the drying 
equipment will have the greatest potential for building up radioactive material. This should not 
~ect ALARA if properly contained. 

Off-gas treatment is discussed in the Fluor Daniel, Inc.IO data package. 

TIiis melter has a bottom drain, which can be used to drain the glass from the melt cavity at the 
end of the melter life. This may be optimistic. Melter failure could occur in such a way that the 
gla,ss. could not be drained from the melter. This is an ~olved problem for most of the melters 
being considered in this evaluation. However, Mr. Jouan pointed out that -if the glass solidified in 
a failed melter, it would not stick to the cold stainless steel wall and could possibly be removed 
and placed into a new melter.ll . 
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H. Sealing and Containment Relative to Melter and Drying Equipment 

Measures are taken to seal the melter to prevent inleakage to the off-gas system and prevent 
outleakage to the melter cell. This has always been a significant challenge for designing remote 
melters. Metal bellows are provided for sealing the canister to the melter during glass pouring. 
This was noted to be a significant problem during operation of the first Russian CCM pilot planL 
This CCM was different from current designs; rather than pouring from the crucible, the full 
crucible was removed and replaced with an empty crucible. Graphite seals are used for sealing the 
moving parts on rotary calciners. lAakage around these seals will increase inleakage of air only as 
long as a proper vacuum can be maintained on the equipmenL 

I. Modular Design Concepts that Simplify Replacement or Repair 

Thi~ melter design is modular, so that replacement of the CCM or calciner/evaporator should be 
possible without any changes to current facility plans. The Fluor Daniel, Inc. IO rep on evaluates 
melter disposal costs as a function of melter size. 

J. Refractory Life 

See Section S.C. 

K. Electrode LifeJReplacement 

Not applicable. 

L. Ability to Safely Handle Organics 

Most of the organics should be destroyed in the calciner if one is used. If an evaporator is used, 
water-cooling of the plenum might limit destruction of organics. 

M. operational Simplicity 

Depending on the CCM configuration that is chosen, this system may have several moving parts. 
The rotary calclner or wiped-film evaporator is a dynamic system that will require attention. 
Agitation would increase the production rate, but it would also increase the system complexity. 
Controllability of the CCM is discussed in Section S.A. 

N. Estimated Lifetime 

See Section S.E. 

o. Estimated Downtime to Repair 

Infonnation cwrently not available. 

6. Minimize Total Cost - This section is provided by Fluor Daniel. Inc. 10 except for the following. 

''The cost of a CCM melter (for the part inside the hot cell) could be about 200 Kilo dollars - it's my 
appreciation. ,,6 
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7. Minimize Risk -

C. Operational Safety 

"Using a precalcination step there will not be products accumulation and explosion problems; the 
residence time in a cal¢Der is very low; the amount of the product is therefore very low and the 
decomposition of the product (organics or minerals) occurs continuously. 

LFIM is a safe process, even in case of failure; there is no particular safety risk. CCM is also a 
safe process, even if water is not far from the hot melted glass. Safety tests were made in France 
to investigate the possible interaction between hot melted glass and water. The result is of course 
that an over pressure can occur in case of contact but there is no chemical reactions between the 
two [sic].',6 . 

"The molten glass may be cast from metal nozzles extending through the water-cooled metal 
hearth supporting the melt This raises a potential safety hazard of water ingress into the molten 
glass in the extremely unlikely event of a breach in one of the metal sectors forming the crucible. 
In order to assess the danger of an interaction between the water and the melt, the CEA 
investigated pressurized water injections into molten glass: the water boiled, but no violent 
pressure rise 0CCUIYed in the facility" (Moncouyoux et al. 1991). 

D. Criticality 

"LFIM and CCM are -very little furnaces easy to be controlled from time to time by emptying 
them.tt6 • 

v' _ 

E. Passive Shutdown . 

"Safety analysis is to be made and passive means are probable to be designed and installed (to 
maintain water cooling) ... 6 
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INTRODUCTION 

The vitrific:ltion process currencly implc::r.cntcd in France to soiidfy conc::n:::-:ltcd fissior: 
product solutions uses mcltcrs in which the hC:1t source is an in~uction-he:1tcd mc:.::ll chambc:. 
This process meets the requiremcntS of the French and English reprocessing plants. but docs not 
allow melting at temperacures above 12000C. 

In the 1970s. advantages were perceived in developing a facility with a larger throughput 
QPacity. capable of achieving higher melting tcmperamres. A heating process was developed 
implementing di.rect induction in the glass inside a refractory chamber. The development of this 
precess was ·interrUpted in the late 1970s to meet the workload arising from commissioning of 
thc Marcoule Vitrification Facility (A VM) and from the UP3 and UP2/800 reprocessing plant 
projectS with their twO vitrifICation units. R7 and T7. 

- A direct induction process using a water-cooled metal crucible .was developed in 1980 to 
melt metal waste. The expeiienc:: acquired made it possible to consider renewed developmcnt of 
the direct induction glass melting precess beginning in 1981. but with a warer-cooled·sectorizcd 
metal crucible instead of the initial hot refractory crucible. The new process not only allows 
fabricuion of high-silic:l glass and eliminates crucible corrosion problems. but also considernbly 
incr=ses the melrer capacity without incr=sing the overall dimensions of th~ facility. 

OPERATING PRINC[PLE 

The glass is fabric:ued and melted in a ge:lerally cyUndriC3l. water-cooled me:a.J. crucible. 
The glass in conClCt with the cooled wall solidifies to a depth of a few millime:c.~. as the wall 
temperatUre does not exceed 2000C. The bottom of the crucible is also a water-cooled metal 
plate. so the glass is fully contained in a solid glass "crust". hence the term "skull melting". 

The crucible is surrounded by the coils of an inductor supplied with a high-frequency 
alternating c:um:nt..which induc:s cmrems in the mclu:n glass that dissipate he:u by Joule effect 
(the resistivity of molten glass is a few O-cm). In order to ensure suitable elec:ric:ll efficiency 
when transfemng power from tttC inductDr to the melt. the frequency must be detemIined so the 
penetration depth of the ind~ cmrents in the glass is less than the c:iUc:ible radius. The 
penetration is given by the following relation: 

p=~~~ 
where P is the penetration depth in mea::s. p the glass resistivity in n·m. J.Lo the magnetic 
penne:1bility of empty space (41t x 10-1 H-m- l ). ~ the relative magnetic perme:1bility of the glass 
and F the inductOr frequency in Hz. The following simplified fonnula is generally used: 

P=503~f 
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Cooling water 

Cr.in valve 

Figure -1. French Cold-C~ib{e Meiter 

High-Frequency Generator 

A vacuum tube generarar with three shunted triodes' supplies 240 kW at 12 000 V at a 
frequency of 3:35 kHz for a crucible a.ss m in diame:cr. A high-frequency line cansisting of two 
water-cooled copper sections cannects the gene::1tOr to a multiple-winding inductOr plac:d 
around the cold crucible.. The geometry of the o~g circuit and the distribution of the 
trimming capacitors ensure a null potential betwee:l the c:cld crucible - cantaining the molten 
glass - and earth. making additional insulation unnecessary between ~ crucible and its 
supporting strUc:tUre. 

Preheating System 

Various methods were considered. inc:1uding expendable or n:cover.1blc susc..-pcors. a he:u.cd 
arc!l. gas burner. plasma tOrch. graphite 3ddlave. e:c. Fmally, a mic::owavc sysr.em was ~pc;.~ 
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Tne metal crucible containing the glass must b~ sectorized to ensure relative =ansp:l:ency to 

the: electromagnetic field generated by the inductor. otherwise. it would constitute a F:traday 
c:lge. preventing the formation or induction currents to ~e:lc the glass. Tne powe: density 
tr:l!lsmitted co the glass decn:ases to zero from the wall to the center of the melt. Tms g:-adien: 
provides for convective sWring within the molten glass. The glass level rises along the wall and 
diminishes in the center of the crucible. Tnere is no elec:romagnetic Stirring eifec:.. sine:: the 
electromagnetic forces are one or two orders of magnitude lower than those generated by the 

therr:-.al gradient. 

DESCRIPTION 

A direct-induction glass melting facility comprises four subsystems: 
• a water-cooled scctorized cold crucible; 
• a crucible bottom struCtUre supporting the glass casting nome; 
• a high-frequency generamr, inductor and trimming capacitors; 
• a glass prehe:uing system required on startup. since cold glass is a poor conductor and must be 

preheated until the energy transmitted by induction exceeds the thermallosscs. 

Cold Crucible 

The crucible (Figure 1) is an assembly of stainless sre:l sec:ors fonning a cylindrical 
struc::Ure. Typic:al crucibles arc O.sS m in diameter and 0.70 m high. although the actual 
dimensions may be smaller or larger (e.g. 1.50 m diamctct). A three-dimensional computer 
model is used to optimize tlle dimensions and ensure better·than 80% elec:rical efficiency. Each 
scc:cr has a rectangular-cross section. and includes water portS mating with· the inlet and outlet 
manifolds. The sectors arc separated from one another by elcctriQUy insulating material. Tne 
structUre is maintained cxtcmally by mapping with refractory fabric:. 

Crucible Bottom Strudure 

The cold c:ruci'ble is suppor=ct by a bottom structUre comprising a water-cooled Stainless 
Steel c:na:r plate and a refractQry cement outer ring. The ~.cry assembly is molded to allow 
handling. Water cooling of the ce%u.er plate and crucible walls is sufficient to solidify the glass in 
concaa with the rc£rac:tory ring. forming a continuous layer around the melt. The center plate 
suppOrtS the following elements: 
• a casting no:le e:acndlng into me melt. designed to retain a'sufficient glass heel to allow 

continued induction after ClSting; it comprises either a glass frc:z.c valve contrOlled by a 
medium-frequency inductor. or a separate mechaniCll shutter: 

• a drain nonle with an induction-h=tcd freeze valve at the bottom of the crucible to empty the 
glass heci: 

• air or argon injccterS extending into the melt to ensure thc.-mal 3Ild c!lemical homogeneity by 
stirring if necessary. 
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bec:luse it allows energy to be tr:lnsmitted to the cold glass wltnout concc:. and -w-i:.nOl!: 
reauirina piacement of the gener:1tor in the shielded cell containing the meite:-: no mc:ch:lllic:ll or 

• ::J • 

eiec:ronic components of unproven reliability are therefore l~c:lted inside the cell. 

Most of the cold crucibles implemented to ci:1tc have used a 25 kW microw:lve gene:-:ltor 
oper:1ting at a frequency of 915 MHz. transmitting energy to the melter via a rect:lngula: 
waveguide with inside dimensions of 124 x 248 mm. The waveguide is connected to the tapered 
upper junction between· the mclter and the calcir:ter: a quartZ window on the melte:- end ensW'Cs :l 

le:1ktight seal. . 

ADVANTAGES 

The process a.voids any cantaCt between molren glass and the colt! inetal wall. thereby 
pr.eventing crucible weu regardless of the glass remperature or the melt composition. This type 
of cnICible has succ:ssfully been used to melt U~ at 2S00°C. 

Not only is corresion eIimitlared. but the ene.~ input to the glass is unlimited. allowing high 
production rates. The glass melting rcmperamre may easily be raised above 1200°C if necessary. 

PERFORMANCE 

Several thousand hours of rests have bee!l conducted to date with melters 0.35, 0.55 and 
1.20 m in diameter. supplied with ground glass. or with glass and calcinate (either premixed or 
with the melter coupled to a calcincr of the same type ~ in the R7 vitrification facility). and at 
tcmperaam:s rcmging from 1150 to 13800C. The maximum capacity has been about 25 kg·h-1 for 
the 0.35 m diameter melter. and 50.kg·h-1 for the 0.55 m diameter melte:'. The acmal throughput 
depends not o~y on the melter diamercr. but also on the temperature. At 1300°C. a melte:' 
1 meter in diameter C3n produce 200 kg of glass per hour when supplied with dry material 
Testing with liquid feed resulted in a lower capacity. and r:lised some tcclmologiQl problems. 

. . 

APPLICATIONS 

In addition to meltbig metal waste. the high capacity and high re~ capaPility of the 
cold crucible melter are campatible with many applic::uions in the area of radioactive waste 
vilriiiation: concemratcd fission product solutions. low- and intermediate-I.evel solutions with 
vitrifiable compositions. and solid inorganic waste that is either unfit for incineration or for 
which incineration woUld produce a herCrogeneous ash/oxide mixture and a low volume 
reduction ratio (e.g. restoration of contaminated soils). 

Among other projectS. the French are now building a vilriiication facility for low-level 
r:ldioactive liquid waste from the· Temelin pOwe:' SCltion in the Czech RepUblic. A full-sale 
prototype unit with a cold crucible 0.60 m in diamerer will begin operating at the' site in 1994 . 
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VITRIFICATION OF INTERMEOIATE LEVEllIQUIO RADIOACTIVE WASTE 

FA. Ufanov 
A.P. Kobelev 
SA. Dmitriev 
M.J.Ojovan 
A.E. Savlcin 
IA. Sobolev . 

Department of Energy Supply. Government of Moscow 
Moscow SIA -Radon-
Sergiev Posad. Russia 

According to modem safety requirements concerning the 
management with intermediate level liquid radioadiYe 
waste. thIS waste must be transformed into solid inert torm. 
The cementation and bitumenzzation methods, which were 
C2eveloped and are being used tor this purpose do not 
provide the essential reduction of initiaJ waste volume and 
Obtaining the final product of high stability (1). aut it is well 
known that glasslike materials are tne best materials tor 
radwaste localization among au Ute matrix matenals, which 
can be used fer this purpose. Application of gJassIiJce 
materials means good volum. redudicn of initial liquid 
radwaste. high chemical raistance and tire resistance in 
the process of management WIth final product. 

The results of preliminary tectmolagy-economic 
compariscns of vitrification and bitumeniZation tneU'lods 
(represented in tlCle1), showed ttlatmethod of~n 
is a qwte competitive one. Annual affect fer the Moscow 
scientific industrial association ~on- in prices of 1989 
can maice mor. then 100 000 "",lIS. The large part of 
economic-expenses saWtg giws the reduction of 
expenditures tor maintaining the repository. due to reduced 
volume of final product. 

The effect will be the most appreciable when using the 
alternative of centralizld regional tepOSitaries tor the 
purpose of transport ~lturt rlCluction. TaJcing into 
accountalJ this circumstances we cansid .. the vitrification 
of the intermediate lewf liquid radWaste. 

At present the Moscow scientific industrial aSSOCiation 
"Radon- is developing the l'acility for vitri1Ication of such 
wast .. 

In the process of vitrtfication method etaClemon the 
fOllOWIng wane was C3rried out cncosmg the best gtass 

composition fer immobilization at waste. choosing glass 
ferming additives. studying the radwaste and glassforming 
additives behaviour in the process of VItrification, studYing 
the final product properties, improving the tecnnological 
process and the system for its realization. 

Table 1. Initial indices of technology~nomic 
comoarison for method. for LRW treatment. 

Item Vitntication 8itumenlZat!on 
Annual reprocessIng 2000 2000 
volume. rTtJ 
Salt content In Initial 200 I 200 
LWR. Jcalrn3 

. s.Jt CClntent of rnrtial 30 50 
LRWin final 
Droduct mus. % 
Final product 240 700 
volume. rn3 
Final product mass, 600 800 
t 

Experimental testing of chosen decisions and 
ted1nOlogiC31 designs were =arried out on experimental 
stands deYeIoped at the Mosccw scientific industrial 
association "Radon-. On the first stage ttle wanes were 
C3med out with ceramic melter on ttle base of direct joule 
hating (3.4). Now the Moscow s=en~c industrial 
assoaation "RadC?n- has a pilot facility on the base of suen 
a metter. the capacity for glass is up to 30 kglh. 
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. . Dunng 5 years of operation thIs facility gave about 10 

ton of glassbloclCs and VItrified different types of 
IntermedIate level liquid radWaste, and among them waste 
ot atomIC power station with PWR, and BWR reactors (5). 

Chlracteristics of liquid tldwaste tram Kurskaya and 
Kalininslcaya atomic power stations are given in table 2-
The Wlste tram Kursklya power station can be effectively 
vitrified by adding the borosilicate glass torming materials. 
In the process of Kalininsklya power station Wlste 
vitrification. which have boron compounds in their 
composition, borosilicate glass forming materials adding is 
not necessary that reduces greatly the expenditure for the 
process realization. 

The main technological parameters of Kurskaya and 
Kalininskaya power station waste vitrification are 
represl!tlted in table 3, composition and properties of glass 
melt and vitrified wasted wastes are given in table 4. 

T bl a e 2 Characteristics of atomic DOWer sbtion 
Item Kyrsxaya Kalininsklya 

station station 
Component content 
according to 
analysis, kglm3 

NINO::1 281.1 123.5 
- 1<N0::1. 7.4 18.1 

NI,CO::1 13.1 82.5 
NaCI 8.2 2.6 
~O4 7.7 0.7 
NaOH - SO.5 
NaSo, - 100.5 
caCO::1 - 1.5 

ca~{P04b 1.9 -
~IC~ 1.0 -
F OH 5.5 -

4ftdefintt'e resIdue 22.1 0.5 
specffic activity, 
Sqlm3 

137Cs 4.1e<f09 1.a-109 
134Cs 8.5-108 1.0-109 
eoCO 5.M07 _4.5-107 
239pu 5.0-106 1.5.,06 
90Sr 1.5-109 4.4.,09 

In tenns of pilot plant testing, It was found out that the 
most important unit, which is responsible for the operation 
of the hole system. is the metter. Such tatures of ceramic 
melter as its complex configuration, large dimensions- and 
mass, limited period of operation and problems with 
repairing and replacement in case of decommissioning 
restrict its application. Recently the alternative of small 
dimensioned Wlste cooled 9amissage melter on the blse 
of high-frequency induction heating (the melter ·cold 
cruci~le-) is under development. The melter of such type 
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allows to remove some orawoaclCs of dIre::: neatrr:; 
fumace. 

The absence of melt dIrect contac:: with melter matena' 
greatly reauces the problems concernIng melter corrosIon 
wbile possible heating of the hole volume of glasstormlng 
material provides the melting process intensification. 

The Moscow scientific industnal assocsatlon ~adonD has 
developed the experimental stanas with the inductIon 
melter -cold crucible- with power supply from high
frequency lamp generators of 160 kW and 60 kW and 
working frequency of 1.76 MHz. 

On these stands a number ot wones on L.WR simulators 
vitrification, in particular on L.WR simulators from Kurskaya 
and Chemobilslcaya power stations were eamed out. 

TIbJe 3. Parameters of atomic power sQtion liquid 
radwasta vttrffication in ceramic metter of direct 

heatina. 
Item Kyrskaya I KallnlnSkaya 

station station 
c;apac:ity for 
lRW,lIhr 30 50 
qlass. kCJlhr 22 30 
Specific capaem' for 40 I 50 
glass, kgJh~ 
Specific power I 3.2 I 3.4 
supply for glass 
wrhrlkq 
Melting temperature 
OC 

1150 1150 

Mixture mOIstUre, 20-25 20-25 
mass % 
Volume r.auctlon 4.2 4.5 
factor 
Solid matter canytng 0.7 1.0 
over from the melter, 
mass % 
Radnudides( 1~1 Cs) 2.9 3.5 
carrying over from 
the melter, mass "" 

The characteristics of Chernobilslcaya Itomic power 
station waste, the composition of whiCh is the mixture of 
spent solution pulps and silts from decontamination 
service, are represented in table 5. 

Taking into con.sideration the necessity of joint treatment 
for all the volume of waste, delivered during day-period, the 
composition of gllssforming materials, inCluding inorganic 
sorDent, cfmoptilolite, IS glassforming component was 
optlined. 

The main technological parameters of the process for 
the atomic power station simulated waste vitrifYing, which 
was carried out on experimental stand are given in table 6. 
The stand comprises high-frequency generatar of sana I 
production with tne power of 60 kIN and frequency 1.76 



MH::, me Iter ·cold etUcible· with working surlace of 5,63 
dm2, rotary evaporator, batChers and auxiliary equipment. 
The Charging on the base of liquid raawaste concentrate 
and gla~s forming additives as paste of about 20 mass % 
humidity, was fed into the melter. 

Table 4. Compo. it· f I Ion 0' glass an d vitrified st wa e. 
Item Kyrskaya Kalinll1skaya 

station station 
Component content In 
glass, mass % 
Na.,O 16.1 24.0 
K.,o 0.5 1.9 
cao 15.5 6.2 
AI?~ 2.5 4.3 
Fe,O~ 1.7 1.8 
~~ 7.5 9.0 
SIc., 48.2 48.8 
N~S04 1.1 ·0.8 
NaC'"J 1.2 0.9 

5.7 4.3 
AnoUter components 7.0-100 2.]-100 
spedtic activity of 
Qlass. BaiJeQ 
VISCOSIty of glass. 
P.·s 
at temperature seooe 33.5 20.8 

10QOoe 16.3 7.9 
11000c S.6 2.9 
11500 e 4.3 2.0 
12000 e 3.9 1.6 

Specific electrical 
resistance.ohm-nt 
at temperature 9000C 0.065 0.052 

10000 e 0.041 0.035 
11000 e 0.032 0.032 
11S0oe 0.029 0.028 
12000c 0.028 0.027 

Leacning rate of 
137 Cs, gtcm2-day 
during tn. continuous 
contlct witn water 

3,2-1crS 1 day 1.""'crS 
28 days 1.""'crS ·4."..,0-6 

112 dayS 1.1..,crS 3.0-10-6 

We continue the work on expe;mental stand in order to 
improve ttl. metter construction and process organization. 
The metter cold crucible .IHaws to obtain glass and 
minerallike materials of different composition. and also 
glass composition on tne base of waste. including 
ccmponents incompatible or of limited compatibility with 
glass matnx. E.G. sulphate radioactive 'MIste. tram atomic 
power station activity. 

In ttle precess of glass obtaining, the sulphates ftcat on 
glass surface, formmg tne insoluDIe ftlm, wtticn can't be 

immobiljzed in glass. so called "yellow pnase". Nuc!loe 
concentration in ·yellow pnase· IS about 10 times greate~. 
then nuclioe concentration In glass. . 

.- ~ l""" 

Table 5. Composition of desorbing solutions and pulps 
from decontamination service of the Chernobilskaya 

power station 
Type of wastes Quantity, CompoSItion. 

m3/dq gil 
Spent alkali 

I 
2 50 NaNO~. 5 

desoraing solutions KMn04.5-10 
~OHh 

Spent sour 2 100 HNO~. 2 
descraing solutions H?~04,2 

NaF,5-10 
Fe(OHh 

Spent etching 2 100 HNO~. 4 
solutions N~Hd, 2 NaF 
Pulos form abrasion 0.5 150 SiO., 
Putps of spent non- I q.7 100 (for solid 
ora.Hic materials ohase\ 

.. 
-S~tic actiVity ot desOrblftg SolutionS and pulps-

3. ]-105Bq11. . 

Table S. The parameters of the process for the atomic 
power station simulated waste vitrifying in the 

Induction metter ·cold crucible" .. / . 
Item KyrslCaya J ChmotlilslCaya 

station station 
~p.CIty for glass, 6.8-9.0 I 7.9-10.0 
~ 
Specific ~~ for 120-160 140-180 
glass. hr 
Specmc power S.Q..8.0 4.5-6.0 
SUDO/y, rcw-tIrlka 
Awtage temper.ltUre 1250 1250 
ofQ/as.OC 
ScUd matters 1.0-1.2 -
canying-owr tram 
ttle metter. mass " 
Radionuclides 3.0-3.9 -
_~Cs)''' 

The finaJ product of treatment can't be buried, due to low 
water resistance of "yellow phase". There are another 

. waste of low compatibility wrth glass matrix. •• g. chlondes 
and molybdates. The tecnnologlcal process for treatment 
of liquid radWaSte with sucn components. provides trletr 
immobilization in glass matnX. Obtaining glass composites 
(8.9). The waste sulphates. mOlytldates, chlondes ets. 
distributes homogeneousJy In ttle glass matrix in :he form 
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~19 1. SHEME OF THE PLANT FOR VITRIFICATION OF RAOWASTE. 
1- repository; 2-concentratar; 3-totary evaporator; 4,26-filters; 5,17 ,21.22-heat exchanger; 6. 16.2D-collector; 7~lass forming 

additives; B-mixing screw; 9-mixer, 1().grinder. '1-feeder; 12-unit of meJters; 13-fumace: 14-coarse filter; 1S-fine filter; 
18,23-canister: 1;.column; 24-hater; 2S-reactor. 

of dispersed phase the of dispelSed phase in 100-200 JI. 
This method . allows variation of glass fanning materials 
and waste compositions in sutftcient/y wide-range. 

The main results of wark are the following 
- the process for glass composites obtaining by induding 

of sulphate radwaste into borosilicate glass melt is 
developed, 

- glass composites. containing up to 30 " of sulphate 
phase, both on the simulated waste and on the base of real 
radWaste are optained. It was found out that leach rate of 
137 Cs form borosilicate matrix is within 5.0-10-0-5.0-10-5 

glcm2/day and by using of dlttnnt adcfrtives it is possible 
to obtain composites with water resistance within 10-7 -
10-6 gI(cm2-day}. 

- laboratory and ex;Ierimental pilot stand for optaining 
glass composites is developed. Pilot stand is assembled 
on Ute base of induction metter -cold crucible- and has 
capacity of about ,~ kglhr. 

- pilat plant designing on Ute base of induction melter 
wiin high-frequency generator SCHG-8-1S011,76 and mixer 
with capacity up to 2S ~r is on the way of 
accomplishment. 

The obtained results allows to start the development of 
full-scale pilot industrial facility for radwaste vitrifying. The 
facility must meet the following requirements: 

1. Sufficiently high capacity in comparison with capacity 
of real faculties for biturnenization (up to 100 IcgJhr for 
glass. or 3O~OO IIhr for LRW. 

2. Possible automation of technological precess in active 
zone. 

3. Continuity of the process. 
4. Possible replacement of the units with limited life 

time, and in particular the melter. 
5. High safety due to rigit joints between all the main 

units of Ute facility and syncnroniZing of their work. 
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6. ProVIding ot off-gasses and secondary waste 
purification trom radionucliaes and dangerous chemical 
compounC1s. 

7. Maxrmal application ot units. produced in Russia. 
The tull-scale facility. which meets all the mentioned 

requirements is shown in +. 1. The system includes tne 
tollowin9 units: unit tar receive of LRW (receiver), unit of 
LWR concentrating, unit for preparatiOti of glass forming 
additives. unit tor preparation materials, making 
composition, required for glass obtaining (charging), unit 
for feeding the charging into the melter, tumace for 
glassblocx preduction with discharging system, gas 
purification system. There are also auxilia~ systems for 
pawer supplying, sampling, radiation monitoring and so on 
The given system uses the principle of two staged process 
organiZation, which is as follows: the liquid raeMaste are 
concentrated and the mixture of charging in the form of 
suspension of 22-25 mass " hLtmidity and glass forming 
additives are fed into the metter. The humidity " is 
determined by sufficient spreading of charging on the 
surface of glass melt and sufficient low radio nuclide 
releases of off gases. 

The shot chara~c of main units; 
- the unit ot concentration is appointed for evaporation of 

initial pump- to optain concentrate with salt content 1000-
1100 kgmi3 and feeding· the concentrate to the unit for 
charge preparation. The unit is made on the base of rotary 
film evaporator 3, heated with steam. j'his unit allows to 
treat the waste of wide initial salt content and does not 
require heating steam pressure for stabilisation and 
container for evaporated pulp. The concentrate, coUectecI 

. in the collector 6 is fed for purification and besides another 
evaporation units can be used in this system. 

- the unit for charging preparation is appointed for 
pastellke charging of 22025 mass " humidity and consists 
of apparatus for glass forming additives preparation 7, 
mixing screw 8 and two mixers 9. As glass forming 
additives quarts sand, mild day and datolite conCentrate 
are used. 

The system is equipped 3 high-frequency metters -cold 
crucibl.-. EvelY crucible is placed in separate.box and 
supplies energy from separate generator. Simultaneously, 
different number at melters can work, tttis dependS either 
on required capacity or on wone regime. . 

Th. charging is fed into the mefters by the chargers in 
automatic regime 10. 

The joule furnace serves to control cooling of glass 
bled(. It is designed as a tunnel kiln annealing turnace with 
4 zones of heating-cooling. 

The nat unit - is gas purtficltion unit The main task of 
this unit is to trap the nuclides, mac:oelements of LRW 
and cnarging and tn. prodUds of their thetmal 
decomposition, released with otr-gases. the main at which 
are nitnc oxides. There are 2 attematives of gas 
purification. The first way is tn. following. The off-gases 
are cleaned from nuclides and mac:roetemems releases, 
tn~ the nitnc OXIdes are removed and nitric acid is 

regenerated and at last auxiliary removal ot nrtnc OXIdes IS 
came.a out. 

The second alternative the particle denltratlon (aDout 90 
%) is camed out directly in the melter by adC1rng organic 
compounds into the charging. them the off-gases are 
cleaned from aerosols, and auxihary removal at nnnc 
oxides is carried out. 

Sy choosing of trapping method (method at aerosol 
removing from tne melter) it was taken into conSideration, 
that "Wet" methods of purification prOduce a great volume 

• of secondary waste. Among the -dry" methods gas filtering 
is preferable. because it provides high-6tficlent cleaning of 
thin dispersed aerosols (about 1 micron) ansing in the 
process ot vitrification. 

Aerosol removing are carried out in 2 steps. On the first 
step a coarse tilter is used 14, the spent tllter is included 
into glass melt. 

On the seCond s~ep the fine filter from thin fibber glass, 
that is easily included into glass melt, is used. 

The apparatus for nitric oxides trapping must have low 
hydraulic resistance, hence we used packed column tor 
thiS purpose. 

The C8talylt method ot nitric oxides regeneration by 
ammonia on aluminium-vanadium catalyst In reactor was 
cnosen for final cleaning: This process is realised in the 
range ot temperatures 25D-400 °c, L e. the ammonia 
serves only for nitric oxides regeneration. One should not 
use such gases as CH4 and 1-12 for catalyst regeneration, 
because during tne regeneration by CH4 the limiting 
concentration of ~ in gases must not exceed 4 mass % 
and limiting concentration of 1-12 in gases must not exceed 
3 mass ~, due to high -exothermic oxidation reactions. 
The spent catalyst material, as AJ and V oxides mixture, 
can be easily included in glass. 

The etrectiveness of system in both variants was tested 
on experimental stands in the precess of vitrification in the 
metter -cold crucible-. The test'was carned out on real 
liquid radioactive waste, the dry residue of wtlich has the 
foUawing composition, mass ~: Na+ 20, ca+2 8.5, N~-
55, S04 -2 • cr 1-'. Th. total specific activity is about 
1.., era BqII. . 

Tabl.1 represents the results of o~-:9as purification from 
alJr'DSOis. 

Tabl. 8 represents the results of otr-gas puriftcation from 
nitric oxides. 

Th. oDtained nitric acid, the characteristic of wtlich are 
given in table 9, ~ be used for ion-exctlange column 
regeneration. The rinal choice of otr-gas purification has 
not made yet. Effec:tiYeness for off-gases purification from 
nitric oxides. 

Vrtriftcation facility is equipped with automatic control 
syStem, providing the control at all units processing all the 
data and transmitting them to the operator. The possible 
realization of the total process in automatic regIme is 
foreseen. 
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Table 7. Effectiveness for off-gases purification from 
radioactive aerosols 

versIon ot 

I 
Specttic ac:tMty. SqJm.:l 

otf-gas 
ourificatlon 

at the at the exit etfectivenes 
entry to from the s for otf-gas 

the system purification 
SYStem 

1 100 1.o-1cr-:r >99:9 
2 100 1.0-1o-~ :>99.9 

Table 8 Effectiveness for atr.gaus purification from 
nitric oxides . 

Version of Nitric OXIdes cencenttation, mgJrnV 
otf-gas 

Durltication 
alUle after atUle effectiveness 

entIyto absorDtion exit for off-gas 
the· from purification 

system the 
sYStem 

1 (0.2- 2.Q-1crt 20 >99.9 
2.0,.105 

2 (2-51·10" - 20 990 

Table 9 Characteristics of nitric acid . . 
Specific HN~ Admixture cenc:entr.ltion 
activitY. cencentration. 

san an Na I Ci I SOA~-
100 I 100.250 I <0.03 I <0.1 1<0.02 . 

Table 10 represents the basic' characteristics of the 
vitrification facility and the meJter-celd.c:rucible-. Testing of 
separate units is scheduled for,1992. 

Table 10. The basic technoJagical ~ of 
vitrification facllltv and the melter -cold crucible-. 

Ooerabon centinuous 
Process two-staged, LRW 

concentration in advance 
Control remote centrol. operatio~ In 

automaticntQime 
Capacity for glass. kglhr upto75 '. 
for LRW. m3lhr up to 330(salt content 200 

JcOJm3 

Specific activity 
up to 3.7-107 of initial LRW. BqJJ 

of glass blocks. BaJkQ 5.5.107 

DimenSIon of glass blOCIC 250-250-350 
(centainerl. mm 
Glass mass 1ft container. ko 50 

Melter cnaracterrstlcs 
CaoaCItV tor olass 1C0lhr I UP tc 25 
Ooeratlna fTeauencv. MH:: I 1.76 
Power at aenerator. kW I 16C 
Mass of metter Wltn tne I 130 
class. ka 
MinImal volume of glass 1ft I 0.034 
the melter. m3 

Dimensions of melter. mm 250-800-700 
Area of surface meltinct rnz- I 0.16 
Operating temperature of 
the Drocess. °c 

1250 

Specific power supply. kW 4.5-5.5 
~ kef of QI.ss 
S~ply of coaling water. 1.5 
m 1hr 
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Supplemental 

Vectra Technologies, Inc. 

The following information was provid~ by Vectra Technologies, Inc. immediately prior to the 
August meeting. Due to time constraints, it was not reviewed or included in any of the previous 
data packages. The information they provided is applicable to three different vitrification 
technologies, i.e., Data Packages 3, 5, and 6. Rather than disseminating the information, it was 
decided to include' it as a supplemen~. to the final report. 
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Ms. Phyllis J. Shafer. Research Engineer 
Battelle Pacific Nonhwest Laboratory 
Engineering Technology Center. MSIN: P7-41 
Battelle Blvd. 
Richland. W A 99352 

Subject: High Level Waste (HLW) Melter 
Technical Information 

Dear Ms. Shafer: 

QA Plan ETC-OOl 
Task 1.2.2.04.01 
File Cat. lIe .2. 4-

Pagrl J of I~ 

rs~'1 I D-{C, -9r..;. 

We have received your inquiry dated July 13. 1994 for additional information on VECTRA's 
melter technologies for possible application in vitrification of HL W. This letter will provide 
available design information for your review. 

I. Status of Technology 

VECIRA has designed three types of melters for use in vitrifying a wide variety of low level 
radioactive and mixed wastes CLLRW) such as paper. plastic. resins. debris and metal 
objects. In order to successfully vitrify such a wide variety of LLRW·s. a range of glass 
formulations is being developed. In developing our commercial EnviroGlass™ vitrification 
system. we reviewed existing melter technology and developed design criteria that would 
provide maximum flexibility in varying glass formulation and glass temperature - specifically 
to vary viscosity and conductivity and to melt metal objects that are introduced into the 
melter with the waste feed. As a result. our melters are all designed with bottom drains to 
allow removal of both molten glass and metals. A side tap could also be utilized but is not 
currently incorporated in our commercial LLRW melter systems. A novel top glass tap has 
been designed which could be an attractive option in the HL W application - as it could be 
remotely exchanged with relative ease. 

It should be noted that most aspects of the three VECI'RA melters have been successfully 
used in test or production installations in the metal melting or glass industry. The unique 
integrated VECI'RA melter designs have not yet been tested in glass/waste vitrification 
applications. 

S.2 
-- ... - ... ... , : _. "(.-. . ~e:-:nCIO;I~:, '~:. #.." • - .. -------- .. --- - .-. - --- ._--



"I , 

VECTRA 

The current development status of each melter is discussed below. 

Cold-Wall Induction Melter (High frequency) 
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Page 2 

Our specialty melter vendor has completed det.a!led design of the meleer and is ready to 
begin fabrication and testing of the commercial scale LLRW melter. The high frequency and 
low frequency induction power supplies have been built and tested. To fully demonstrate 
this melter - only the cold-wall. segmented. crucible assembly remains to be fabricated. The 
fabrication effort will require no more than 2 months with startup and testing to follow. 

We have called this mel~r the InduCto-SkultIM melter as it is induction heated and utilizes 
a thin solidified glass layer (skull) to protect the cold wall crucible arid reduce heat losses. 

Design calculations indicate that. this melter could be fabricated and operated with single 
melter throughput capacities of up to 25 metric tons of glass per day. This melter requires 
s'ubstantially more power to make up for relatively high heat losses. to the cold-wall. 
Electrical efficiency is 70-80 percent with 20-40 percent energy losses to the cold-wall. The 
principal advantages of this melter are that there are no elecn-odes or refractory that need 
periodic replacement and the unlimited operating temperature range and ease of changing 
glass form~ons. 

A color isometric" drawing of the melter is attached for your reference. The Inducto-Skull™ 
melter is pending patent application. 

Cold-Wall Induction Melter (Low frequency) 

VECI'RA has initiated the design of a unique cold-wall. low frequency, induction heated 
melter for use in our Modular EnviroGlass™ system. 

This Melter has an effective 4-12" thick layer of glass skull that protects the cold-wall and 
induction coils from the molten glass. Susceptor materials are placed inside the melter with 
the susceptor being directly heated by the low frequency induction coils. The hot susceptor 
materials then heat the surroundipg glass to maintain melt temperatures. This melter is ideal 
for our EnviroGlass"IM system as it can directly melt metal objects in the melter as well as 
provide internal heat for self-startup; i.e.. allows cold startup without any external heat 
source. 

The detailed . design of this melter is proceeding with completion of final design by late 
September, 1994. We do· not expect to fabricate this melter at this time as it will only be 
a back-up for the Inducto-Skull"IM melter or if high metal content waste (>25% metal) is to 
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be processed. This melter is pending patent application. 

Battelle 
R9~OO99.JBM 

Page 3 

Design Calculations indicate that this melter could be fabricated and operated with single 
melter throughput capacities of up to 30 metric tons of glass per day. 

Cold-wall. Joule-heated Melter (Vertical Electrode) 

VECIRA has designed a cold-wall, joule-heated, vertical electro'de melter specifically to 
handle high throughput vitrification of tLRW and HLW. We have applied for a patent on 
this design which we call VE-SKULL TM, for Vertical Electrode - SKULL lined (cold-wall) 
melter. We have attached a color isometric drawing of the melter for your reference. 

Design calculations indicate that the VE-SKULL'I'M melter could be readily built and 
efficiently operated in radioactive service with single melter throughput capacities of up to 
100 metric tons of glass per day. 

The melter housing detailed design is complete. This melter can be integrated into our 
Modular EnviroGlass'I'M system. The power supply and electrode designs are in progress. 
We expect the commercial scale VE-SKULL TM melter (2 TPD glass) to be in operation for 
testing by January 5 .. 1995. 

VECIRA has been advised by Westinghouse Hanford Company (WHC) that a contract 
award will be forthcoming for preliminary testing of the VE-SKULL TM melter as part of the 
Hanford High Sodium Waste Vitrification Demonstration Program. Mel£er testing for this 
anticipated contract is s,cheduled to begin in January, 1995. 

The VE-SKULL'I'M melter has numerous positive features that cottid facilitate vitrification of 
LLRW and HL W and provide significant maintenance and life cycle cost advantages over 
typical ceramic lined joule-heated melters, as discussed below. Many of these same features 
and advantages are also common to the Inducto-Skull™ (high frequency cold-wall, induction 
heated) melters. 

• Upon Completion of a melt campaign it is possible to dramatically decrease 
radiation levels inside the melter by reducing waste loading in the molten glass 
pool and increasing glass temperature to 15000C or higher which will melt a 
portion of the inner glass skull. The molten glass is then drained from the 
melter leaving a layer of clean, non-radioactive skull in place. 
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• No refractory is in contact with the molten glass inside the melter. Refractory 
requires high personnel expos~. ·expense and downtime to maintain or replace. 
If desired. a thin layer (1" to 4") of startUp refractory may be installed. During 
initial heat up, 1 % by weight of iron or other sUitable infrared absorber will be 
added to the melt to preclude radiative heat transport from the bulk glass to the 
Inner Vessel wall. This then limits heat transfer to principally conduction 
through the Skull. 

• Greatly reduced heat loss over other cold-wall designs because of insulative 
property of thick. solidified glass skull between melter inner vessel wall and 
mOlten glass pooL 

• Outer cooling jacket generates usable low-pressure steam with energy losses 
from radiative cooling of inner vessel wall. The projected savings of 600 kw of 
.electrical energy per 20 TPD melter should save over $ 200.000 in operating 
costs per year for a single 20 TPD vitrification facility (assumes 5 cents per 
kwhr). 

• Vertical Electrodes are remotely removable (retractable) at any time - even 
during hot operation with melter full of glass. 

• Low capital costs for melter since no expensive refractory is used. The VE
SKULL 'I'M melter vessels should cost less than half the cost of an equivalent 
ceramic lined; joule heated melter. 

• Melter has no moving parts, except retractable electrodes. Stirred melters and 
plasma centrifugal furnaces will require frequent maintenance and downtime. 
Gas sparge mixing as well as mechanical stirring can be utilized with VE
SKULL 'I'M melters if testing shows significant throughput increases· are 
warranted. 

• Extensive, large sc~ operational experience exists on melter " powertrain " , 
i.e., electrodes, power supplies. start-up and operating procedures. etc. based 
on ISV (Battelle and Geo-Safe), Roger Ek & Associates. and Coming 
experience. 

• Vertical electrode design eliminates potential loss of containment where 
horizontal side entry or bottom entry electrodes could fail and allow glass to 
drain from melter to floor. 
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• High capacity melters to over 100 TPD glass are possible. Single. large ISV 
melters have demonstrated capacities of 170 to 200 TPD in-situ. The identical 
electrode design (by Roger Ek & Associates) is currently in commercial 
operation at a 30 TPD glass melter located in Portland, Oregon. 

• All maintenance is from shielded top access area. except for Bottom Pour Valve 
assembly which will be remotely removable for maintenance. 

• Integral. double wall, water cooled jacket provides total dry containment of glass 
in the extremely unlikely event of inner vessel wall failure. For similar failure 
mode, all other melters would expose molten glass directly to the circulating 
water in the cooling jacket which could cause an explosive steam release. The 
annulus between the double wall jacket and inner vessel wall can be pressurized 
with an inert gas. Alarms will indicate that a leak path has developed. 

• Melter startup from cold shutdown can be accomplished WI1HOUT need for 
auxiliary burner or high maintenance, electrical resistance, plenum heater (Le., 
SiC). The startup method has been proven many times on large ISV process 
runs. 

• Melter is designed specifically for highly radioactive service by eliminating 
refractory and all direct manual maintenance on melter and ancillary equipment 

• Melter can be easily shielded. Integral shielding can be built-into the melter 
vessel walls to facilitate ultimate disposal and periodic inspections. Integral 
shielding can be provided by use of heavier cooling jacket walls. 

• Glass fonnulations can be changed at any time without affecting melter life. 
Typical melters require refractory which must be carefully selected for resistance 
to specified glass fonnulations and temperatures. If glass fonnulations are 
changed. already installed refractory may be subjected to accelerated corrosion, 
dissolution. and possible failure. The VE-SKULL TM melter uses no refractory 
in contact with glass. 

• Vertical elec~des can be remotely positioned to vary electrode penetration into the 
melt and to VARY ELECI'RODE SPACING ON-LINE. The ability to remotely 
change electrode spacing (adjust approach angle and tip clearance), even during 
operation, this allows optimal performance over an extremely wide range of glass 
fonnulations, to adjust for significant changes in operating melt temperature, glass 
viscosity and conductivity. 
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• Glass residence time of 12 hours or more is projected for 20 TPD VE-SKULL 1M 

melter. This should assure excellent glass homogeneity. Testing indicates that 
four hours residence time is considered the minimum a1low~ble to produce 
homogeneous glass. Longer residence times may be required if glass fanners 
are not powdered or waste and glass fanners are not thoroughly mixed. 

• Melter vessel is of fully welded pressure vessel construction. There will be no 
'leak paths to or from environment This will prevent "puffs" of radioactively 
contaminated gases and dust in the event of pressure cycles inside melter. 

• Vertical electrode diameter far exceeds size of typical horizontal electrodes. The , 
use of smaller horizontal electrodes in other melters means more failure prone 
penetrations below glass level and much shoner electrode life. Gradual 
dissolution of molybdenum electrodes. especially by corrosive high N~O glass, 
together with small electrode diameter means that horizontal electrodes must be 
changed frequently compared to vertical electrodes. Such shutdowns require 
significant time for draining, cooldown. mechanical removal of corroded 
electrodes and restarting process. There should be no need for any shutdown for 
electrode replacement with VE-SKULL 1M melters. 

• Alternate electrode materials. ie .• chrome oxide. graphite. etc .• could be readily 
tested and used to replace initial molybdenum electrodes. because vertical 
electrodes can be remotely retracted and replaced in the low radiation access 
area above the melter. even during hot operation. This allows flexibility in use 
of electrodes and changing electrode materials. 

• Cylindrical pressure vessel construction provides strong structural containment 
that can be easily designed and simply fabricated while allowing full analytical 
analysis of structural. seismic and therinal stresses as well as cyclical fatigue and 
creep. 

• ;Melter can be operated with cold-cap which serves to fIlter and hold volatized metals 
and radionuclides· for re-incorporation into the melt 

• Melter can be easily idled in hot standby with no detrimental affects. 
Radiatively cooled melter plenum will reduce volatility from hot, idled melt pool 
oy removing heat from top of melt to lower upper glass surface temperature. 
thereby reducing volatile metal losses. 

• Eliminating refractory minimizes or eliminates risk of spilled refractory blockage of 
bottom pour nozzle. 
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In addition to the three cold-waIl high temperature melters described above. VECI"RA has 
developed a cold-waIl. induction heated. bottom mounted glass tap (Cold-TapTM) that could 
greatly extend the useful life of bottom glass tap assemblies. The cold-waIl tap is shown on 
the bottom of the Inducto-SkullI'M and VE-SKULL TM melters on the drawings that are 
attached. VECTRA is applying for patent protection for this design. 

The unique features of the Cold-TapTM inclQde; 1) the central. hollow. tap pipe that can be 
easily replaced without disassembly of the melter bottom; 2) there is no melt-down failure 
mode as the cold-waIl removes sufficient heat from the tap pipe that the glass is always 
contained within a full water cooled assembly at all times (for example. on typical induction 
heated bottom drains. if the metal drain pipe is overheated and melts. the glass inventory in 
the melter can be lost); and 3) the cold-waIl quickly removes heat from the tap pipe and 
flowing glass to provide improved flow stoppage. 

The Cold-TapTM design is complete and a full scale test unit has been built. Testing of the 
Cold-TapTM should begin by December 15. 1994. The Cold-TapTM will be fIrst utilized on 
VECTRA's Modular EnviroGlass™ system. A copy of the Module EnviroGlass™ system 
description is enclosed for your information. 

II. Inquiry Response 

In your letter (page 2), you listed a number of concerns related to VECI"RA"s melter 
technologies. Most of these concerns we cannot address because our melters are not yet 
operational. From our detailed analyses and design work. as briefly described in this letter. 
we believe VECIRA's cold-waIl melter designs have substantial merit and could provide 
unparalleled performance in processing HLW. 

In the balance of this letter. we will address the main areas of concern by means of 
engineering analysis and comparison; however. in all cases only actual future performance 
testing can verify the designs. 
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There are many other important considerations related to maintainability, life cycle costs. facility 
interface requirements. suppon requirements, etc. that cannot be ascertained until the melters are 
fully tested and detailed engineering analyses completed. 

We hope the above information will be adequate for your current needs until testing is performed. 
We look forward to working with your on the continued HLW program development. 

Very truly yours, 

o /.' -/' ,,./-

-,' /;J . f I !2/'~ . 1'.' :..", . ............. 
c.. 

J. Bradley Mason, P.E. 
Chief Engineer 

IBM/ram 

Enclosures - Modular EnviroGlass'l'M System Description 
, - VE-SKULL'l'M Drawina 

::I 

- Inducro-Skull'l'M Drawing 
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J)es'gn and Operating VE-SKULI .. Tt.1 Low Fre(lliency IndncUon INUUC'I'( )-SK UI.1. Ilol 

C.-Her'a Vertical Eledrode-Skulll.lned Ileated Melter Induction-I luted Iligh 
FreIJueney Cold Willi f\hUer 

Operating Temperature 1050 - 1600°C 1050 - 1500°C 1050 - 2000'C 

Glass Viscosity Not critical, except for glass drain Not critical, except for glass Not crilical, except for 
operation drain operation glass drain oper~tion 

Glass Conductivity Must be within acceptable range No impact, not joule heated Must he within' acceptable 
range 

Liquidus Temperature Must be within allowables at Must be within allowables at Must he within allowahles 
operating temperature operating temperature at operating temperature 

rl'ccipitatesll nsoluhles No impact, as long as precipitate size No impact, as long as No impact, as long as 
is less than 25% of bOllom drain tap precipitate size is less than precipitate size is less than 

I I.D. 25% of bottom drain tap I.D. 25% of bollom drain tap 
en . I.D. i -o 

Dry Calcined Feed Yes, requires protective sleeve around Yes Yes 
vertical electrodes above glass 

Slurry Feed Yes, requires protective sleeve aro'und Yes Yes 
vertical electrodes above glass 

Feed System Can use variety of feed systems Can use variety of feed Can use variety of feed 
systems systems 

, Glass Composition Minimal impact, as meller has no Minimal impact, as rneller Minimal impact, as melter 
refractory in contact with glass. has no refractory in contact has no refractory in contact 
Electrode corrosion and glas.s tap are with glass. Glass tap with glass. Glass tap 
only concerns. corrosion is only concern. corrosion is only concern. 

Incnrpnfnte Semi Volatiles Unknown Unknown Unknown 

Waste Luading Unknown Unknown Unknown 
- - - - -- --- - - - - ----- - ---- --- '---- -- -- - ----
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Design and Operating VE-SKULL nl 

Criteria' VerUcal Electrode-Skull Lined 

Glass Ilomogeneity Can achieve long residence times at 
high throughput due to large scale up 
range. good thermal gradient mixing 
around vertical electrodes 

Salt Phase Separation Unknown 

Metnl Rich-llighly No impact. bottom drain eliminates 
Conductive Bottom Layer buildup of metal rich (Ru) glass strata 

Glass Residence Time Best. long residence times possible at 
high throughput due to ease of 
fabrication of large melter 

Optimum Residence Time Unknown 

Minimum Residence Time Unknown 

Unpredictable Segregat~on of Glass 
,Cnm~m~n~~ 

Unknown 

- -

Low Frequency Induction INnUCI'O-SKUI.L 1M 

Healed MeUer InducUon-lIealed 111gb 
Frequency Culd Wldl Meller 

Convective currents due to Strong convective currents 
thermal gradients due to induction field 

Unknown Unknown 

No impact. hottom drain No impact. bUIIOIll drain 
eliminates buildup of metal el,iminates buildup of metal 
rich (Ru) glass strata rich (Ru) glass strata 

Good scale up capability Good scale up capahility 

Unknown Unknown 

Unknown Unknown 

Unknown Unknown 



()eslgn and Operating VE-SKULL1M 
Low Frequency Induction INnUCI'( )-8K UU. 1M Criteria Verllcal Electrode-Skull Lined Ilea ted Meller Induction-ilea ted IIIgla 

Frequency Cold Willi Mtlh:r 

Demonstrated Scale of Operation Vertical electrode and power supplies Not commercially Moderate si7.e 0.5 - 1.0 have been proven in single unit demonstrated. TPD Glass units tested by operation to over 100 TPD -
French (Cogema) and commercially and in test prograQls Russians (Radon) 

(Roger Ek & Associates and Oeo-
Safe). Cold-wall melter housing has 
not yet been demonstrated. Testing 
should begin on 2 TPD VB-SKULL 1M 

in January, 1995 as part of WIIC 
High Sodium Waste Vitrification 
Demonstration 

en 
Availability of Data Vertical Electrodes and Design information will be VECTRA detailed design Power Supplies. available in late September, information and analysis are Data available from: Roger Ek & 1994. currently availnble. Testing Associates, Oeo-Safe, Battelle, 

data is availnble from Corning 
others - French and 

-t>.l 

Russians. First Inducto-Cold-Wall HOllsing; 
Skulfn.t, melter will be 

Ansys and Tempest code design 
operational in January, 

analyses are available on commercial 
1995 with operational data scale (2 TPD) melter 
available by March, 1995. 
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Design and 0llerallng VE-SKULL™ . Low Frequency Induction INUUC'I'n-8KUI.I.tM 

Criteria VerUcal ElecCrode-Skulll.lned Heated Meller IndllcUun·llealed 111gb 
Frequenc)' Culd Wall Meller 

Remote Maintenance Features VECTRA has designed melter to fit VECTRA has designed VECTRA has designed 

I 

",,1 

into Modular EnviroOlassnt System. melter to fit into Modular melter to fit into Mudular 
Remote maintenance. shielding and EnviroOlassnt System. EnviroOlass™ System. 
support hardware and systems are ,Remote maintenance. Remote maintenance. 

I 
1 

being developed at this time for shielding and support shielding and support 
handling g~ass with contact dose hardware and systems are hardware and syslems are 
levels of 2.000 to 5.000 REMlhr being developed at this time being developed at this lime . for handling glass with for handling glass with 

contact dose levels of 2.000 contact dose levels of 2.OlK) 
to 5.000 REMlhr to 5.000 REMlhr 

, I 
j 

en ! . 
",j ..... 

w 

Development Re(luired VECTRA test program can be Fabrication of test melter is Crucible is ready to be 
extended to provide substantial required. Test program can fabricated and test program 
information by mid~1995. One step be extended to provide performed to provide 
scale up will be required to process up substantial information by subslantial information by i 

to 20 TPD glass mid-1995. One step scale up Feb.-1995. One slep-scale I 

will be required to process up will be required to 
up to 20 TPD glass process up to 5 TPD glass 

and a second scale up for 
20TPD 

---.-~---- ----- ----~---.---------- --- --

. I 
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Design and OperaUng VE-SKULL™ Low Frequency Induction INUUCTO-8K UU. 1M 

Criteria Vertical Electrode-Skull Lined Heated Meller Induction-I lea ted IIiCh 
Frequency Cold Willi Mt:lter 

Processing Rate (Calculated) Single Unit Expected Diameter and Single Unit Expected Single Unit Expected 
Meller Operating Weight Diameter and Meller Dlamet~r Rnd Meller 

Operating Weight Operating Weight 

Dry Calcined Fecd 
(75 Ib solidS/hr per re glass) 

• 5 TPD Glass 5'-0" ID 5'_0" ID 3'_0" ID 
27.000 Ibs 27,000 Ibs 12,300 Ibs 

• 10 TPD Glass 6'-6" ID 6'-6" ID 4'-0" ID 
49,000 Ibs 49,000 Ibs 22,()(}(' Ibs 

CIl • 20 TPD Glass 8'-0" ID 8'-0" ID 6'-10" ID 
84,000 Jbs 84,000 Ibs 65,OOOIbs -~ 

(maximum diameter) 

Slurry Fecd 
(20 Ih solidS/hr per flz glass). 

• 5 TPD Glass 8'-0" ID 8'-0" ID 6'-0" ID 
84,000 Ibs 84.000 Ibs 58,000 Ibs 

• J() TPD Glass 10'-0" ID 5 TPD Limit 8' ;()" ID 
) 19,000 Ibs 2 mellers required 82.(}(}() I hs 

(maximum diameler) 

• 20 TPD Glass 13'-0" ID 5 TPD Limit 10 TPI) Limit 
178,000 Ibs 4 mellers required 2 mellers rCtluired 

New Invenlions Required No No Nu 
--'--- - --- -- - ~-------- --- ------
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Design and Operating 
Criteria 

Test Facilities Required 

Feed Preparation Requirements 

Orr-gas System Requirements 

Minimum Number of Meller Trains: 

• Slurry Feed (20 TPD Glass) 

• Dry Calcined Feed (20 TPD 
Glass) 

Plant Service Recluirement 

• Electrical 

• Ofr Gas 
----- ------ - - -- ---

\ '- -

--- - -

VE-SKULLYAI 

Vertical Electrode-Skull Lined 

Yes 

Unknown, calculations required 

Unknown, calculations required 

One 

One 

Calculations Required 

Calculations Required 

.~ 

- --

Low Frequency Induction INUUCTO-SKUI.L 1M 

Heated Meller Induction-llcaled IIIgh 
Frequency Culll Wall Meller 

Yes Yes 

Unknown. calculations Unknown, calculations . 
required required 

Unknown, calculations Unknown. calculations 
required required 

" 

Four Two 

One One 
I , I 

Calculations Required Calculations Re(luired 

Calculations Required Calculations Required 
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