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INTRODUCTION 

The Defense Waste Processing Facility (DWPF) is being constructed at the U.S. 

Department of Energy's Savannah River Plant to convert caustic-neutralized 

high-level radioactive waste into borosilicate glass for permanent disposal. 

Preliminary operating limits are required to assure safe operation of pilot 

scale nonradioactive melters, and to serve as a guide for operating limits for 

the DWPF production melter. 

Thermodynamic, experimental and computational methods were discussed in Part I, 

in these proceedings. Methods used in the development of specific limits 

outlined below are applicable to slurry-fed radioactive waste melters as a 

class. Specific values used in calculations are based upon anticipated 

conditiOns in the DWPF. 



SUMMARY AND CONCLUSIONS 

Melter redox control is necessary for safe and continued melter operation. A 

combination of feed composition control, melter operational controls and 

monitors, and periodic determination of product glass redox state is sufficient 

to meet operating and safety requirements. 

Mossbauer spectroscopy, or ·other methods which determine the Fe{II)/Fe(III) 

ratio of the glass product, can be used to determine the oxidation state of 

~ 

the glass and thereby assess operating conditions •. • 

Slightly reducing conditions can eliminate radio-Ru volatility by suppressing 

the formation of Ru04. Reducing conditions also limit foaming resulting from 

the release of oxygen as transition metal oxides are dissolved in the melt. 

The calcination and partial combustion of organic compounds in the melter feed 

generates combustible mixtures of CO, H2 and benzene. The organics must be 

essentially completely incinerated to avoid the accumulation of combustible 

offgas mixtures, and prevent fouling of the equipment by soot and tars. 

Operation of the melter plenum above the autoignition temperature, metering in 

of purge air in excess of that required for complete combustion~ and dilution 

by water vapor from reacted feed all preclude this occurrence in the melter. 

Prevention of dangerous offgas compositions after water vapor removal is 

assured by combustion in the melter, the addition of dilution air, and by 

continuous monitoring by % Lower Explosive Limit meters. 

Melter reducing power must be restricted to prevent formation of molten 

sulfides or selenides in the melter, and to prevent carburization and 



sulfidation attack of Inconel-690 melter components. Control 'of average oxygen 

partial pressure in the melter plenum is insufficient to assure prevention of 

localized attack of I-690. An additional requirement is therefore necessary, 

that no soot or tarry substances be deposited on the I-690. 

LIMITS TO PREVENT COMBUSTIBLE GAS AND SOOT ACCUMULATION 

One factor which places limitatioris on melter operation is' the p0t$ntial for 

accumulating combustible gas mixtures in the offgas system. G~~ coricentrations 

can shift because of changes in melter feed composition, air inl$akage rates, 

purge gas rates, melt rates, effective melter temperatures 1 and aurg•s which 

develop as a result of temporary cold cap instabilities. The major feed 

composition factor is the ratio of oxidizers to reductants~ Oxidi2ed 

transition metals, nitrites and nitrates are the principal oxidizing agents in 

the feed. Air inleakage to the melters, or deliberately added as purges, is 

the other major oxidizing agent. Reducing agents can either exist as 

deliberate additives, or as the residues from organic chemical operations. In 

slurry feed melters the effectiveness of reducing agents can b~ affected by 

boiling points, and average plenum temperatures: organics can volatilize (with 

no direct effect on the glass redox state), can react only during the last 

stages of glass melting (with quantitative effect on the glass), or can 

partially burn or pyrolyze in the initial stages of melting {with an 

intermediate effect). In the DWPF, the major organic species are formic acid 

(used to adjust feed rheology, and to reduce Hg to a strippable form ) and 

aromatics remaining from the tetraphenyl borate (used to concentrate 

radioactive Cs in waste supernate solutions). 

Flow rates are determined by nominal production rates, and the sizing of 
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offgas equipment. Surges in combustible gas components' up to 3X the normal 

rate have been observed in pilot scale melters. 

A second, related concern with melter operation is the prevention of the 

formation and accumulation of soot. In addition to possible pluggage of 

equipment by soot or tarry substanceS, it is necessary to keep carbon deposits 

off of melter materials to prevent carburization or sulfidization of melter 

components. Details for the materials concerns are discussed below in a 

separate section. 

The melter chemistry model described Part I was used to 

calculate offgas compositions. Based upon experiment, a glass Fe(II)/Fe(III) 

ratio of 0.24 was used. In addition, consideration was given to the 

distribution of air to the melter plenum. The results were evaluated against 

the criteria of explosivity and pyrolytic carbon formation. Based upon 

ex per irnen t, unburned aromatics were assumed to be phenol. This was 

conservative from an explosivity point of view since phenolts lower 

explosive limit (1.1%) is lower than ~ for instance, benzene's (1.4%}. 

Mixture lower explosive limits (LELs} were calculated based upon standard 

methods [1]. Combustible gases were normalized to the LELand evaluated 

against the criteria that the combustibles not exceed 70% of the LEL. 

The results are shown in Figures 1 and 2. At high temperatures, combustible 

surges over 3X and aromatic removal rates less than 70% can be tolerated. At 

low temp~ratures, the tolerable surge factor is reduced to 1.4X, and the 

tolerable aromatic removal minimum becomes 80%. 

To evaluate pyrolytic carbon formation, the thermal decomposition fragments of 



the aromatics were looked for in the offgas. The results are shown in Figure 3~ 

At low temperatures, there will be no significant thermal decomposition. At the 

higher temperatures. the minimum acceptable upstream aromatic remo'val rate is 

85%, and the maximum tolerable surge is 1.3X. Thus, pyrolysis prevention is a 

more restrictive criteria than explosivity. 

UPPER OXYGEN PARTIAL PRESSURE LIMITS BASED UPON FOAMING 

Uncontrolled glass foaming might result in the blockage of critical melter or 

melter offgas components. Glass foaming also reduCes melt rates by decreasing 

the rate of heat transfer to the unreacted batch . No excessive foaming has 

been noted in any defense waste glass melter which contained sufficient formic 

acid to adjust the sludge viscosity. 

Comparison of the melting characteristics of low vs. high temperature calcined 

sludge mixed with frit indicate that foaming is primarily a consequence of the 

dissolution of sludge in the glass rather than a calcination phenomena {2}. 

That is, while undergoing the change from transition metal oxides at standard 

state in equilibrium with air to dissolved ions in glass~ the transition metals 

may liberate oxygen. Partially calcined carbonates, oxalates, formates. etc. 

can liberate co. C02, H2, H20 in addition to oxygen and would normally be 

expected to contribute to foaming. However, DTA/TGA , and evolved gas 

analysis, indicate that most of these compounds decompose at temperatures below 

the softening point of the glass frit. and the resulting gases are free to 

escape through open porosity. 

Examination of the redox couples for a typical defense waste glass reveals that 

in a system dominated by the Fe(II)/Fe(III) content, Mn02 or Mn304 will release 
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oxygen as they dissolve in the glass as Mn{II)# Hrma has recently conducted a 

series of glass reaction studies which indicate that foaming will not be 

extensive if 2/3 of the Mn is reduced to Mn(II) [3]. This is close to the 

40-48% level of conversion by aqueous formic acid during melter feed 

preparation at 90% of the stoichiometric amount for formic acid I alkaline 

sludge reactions. 

In a time series of crucible melts containing formate' salts and carbon, 
' '.~ 

foaming developed in l/4 hour and persisted for more than 24 hours at 700 "C. 

No Fe(II) was detected in any of these samples. This implies that other 

reactions. such as those associated with devitrifieatiofi are more favored than 

reactions between the hypothesized pyrolyzed carbon and ferric iron~ The foam 

at 700 "C is attributed to the expansion of gases trapped when the porosity 

closed at lower temperatures. The stability of the foam is attributed 

primarily to the high viscosity of the melt at 700 °C. Upon subsequent 

reheating to 950 "C, the foam collapsed within l/4 hour, and did not reoccur. 

Mossbauer spectroscopy indicated no Fe{II) until about 950 1 C, indicating 

relatively slow iron reductions below this temperature, .··and that the major 

reducing agent for iron above this temperature is probably pyrolytic carbon 

from decomposed organics. 

UPPER OXYGEN FUGACITY LIMIT BASED UPON RUTHENIUM VOLATILITY 

Control of radioactive ruthenium was an early process concern because of 

expected'difficulty in scrubbing out the volatile offgas species Ru04 [4,5]. 

Thermodynamic calculations have indicated that this species is unstable in the 

offgas system, decomposing to the scrubbable particulate form Ru02. Further 

calculations show that Ru04 formation is sensitive to oxygen fugacity at melter 



plenum temperatures, and is effectively suppressed by operating at the slightly 

reducing conditions typical for the melter plenum. In melting studies at SRL 

and in Germany [6], no ruthenium has ever been detected past the scrubber 

section, even in non-reducing atmospheres, indicating very rapid decomposition 

of any volatile Ru oxide formed. 

LOWER OXYGEN FUGACITY LIMIT BASED UPON SULFIDE ACCUMULATION: 

Excessively reducing melter conditions can result in the reduction of nickel 

sulfate to nickel sulfide (typically Ni3S2). Similar selenide formation is 

possible. The sulfide has limited solubility in the glass, is electrically 

conductive, melts at a temperature well below the nominal melter temperature, 

and is denser than the glass. Excessive sulfide is a concern~ since 

electrically conductive globules would tend to build up on the bottom of the 

melter, possibly shorting out the melter electrodes. Nickel sulfides have only 

been found in one SFM run with very low oxygen fugacity. In this case, the 

melter feed was prepared by the dissolution of formic acid salts, rather than 

the actual production method of reacting formic acid with .. hydroxide sludge. 

Nickel sulfide nuggets can be produced in crucible melts by the addition of 

excessive amounts of reducing agents to feed containing anticipated 

amounts of sulfates and nickel. Oxygen probes submerged in slowly heated 

closed crucibles containing formated sludge, indicate that even with low formic 

acid contents, the low temperature reducing potential is strong enough to 

convert ·nickel oxide in its standard state, in contact with dilute S02 gas, to 

nickel sulfide. Figure 4. Since Fe{II} is not seen at 700QC, and nickel 

sulfide is only seen in melts containing higher levels of reducing agents~ slow 

kinetics and reduced chemical activities resulting from solution effects on the 



Fe, Ni. and sulfate are the most likely causes of the general lack of sulfide 

formation. 

OXYGEN FUGACITY LIMITS BASED UPON MELTER MATERIALS 

Inconel-690 has good resistance to oxidation and sulfidation in high-

temperature gaseous environments. Metal loss rates under melter operating 

conditions rarely exceed 50 mils per year, even in glass contact [7]. Nickel 

based alloys are, however susceptib~e to sulfidation attack, where sulfur and . 
oxygen set up an autocatalytic reaction which can lead to rapid oxidation of 

the metal. Under weakly oxidizing conditions, I-690 is moderately attacked {91 

mils/year in 1.5% H2S I 3% 02 I 36.5% H2 1 59% Ar at 121•c [8]). Under 

strongly reducing conditions, sulfidation can be catastrophic (1366 mils/year 

in 1.5% H2S/98.5% H2 at 121•c [8]). Samples of alloys I-600, I-601 and I-690 

subjected to melter operating conditions at PN·L, have been examined at PNL and 

SRL for evidence of sulfidation. SEM and Electron Beam Microprobe analysis of 

the samples showed complete oxidation of the 114 inch thick I-600, and 

localized perforation of the I-601. Sulfur was present at the metal/oxide 

interfaces indicating sulfidation of these two alloys. The I-690 had only a 

thin oxide coating, with no evidence of sulfidaticn. Sulfidation has occurred 

in Germany, where I-690 was exposed to molten sulfate salts containing 

fluorides and molybdates at about sso·c. 

No evidence of significant I-690 sulfidation attack has been seen in any 

defense "waste glass melter test. However, definitive results require a melter 

scaled with respect to combustion characteristics, to assure that strongly 

reducing conditions do not occur locally. Based upon our experience ~ith the 

feed composition, it is reasonable to assume that sulfidation will not occur, 



if sooty deposits are not developed during melter operation, and if operating 

time in the temperature range 600 - 900°C is minimized. 
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FIGURES 

Figure 1: Melter Offgas Surges Decrease the Safety Margin For Explosions. 

Figure 2: Increases in the Efficiency of Aromatic Removal Increase the Safety 
Margin for Offgas Explosions. 

Figure 3: Pyrolytic Carbon Deposition is Supressed by Low Offgas Surging, 
And High Aromatic Removal Rates. 

Figure 4: Crucible Tests Indicate Tha·t Nickel Sulfide Formation During Glass 
Melting Is Suppressed By Kinetics Or Competing Processes, Rather Than By 
Thermodynamics. Experimental Lines are For Two Levels of Formic Acid, and For 
90% Of the Stoichiometric Amount Of Formic Acid Plus 80% Removal Of Aromatics 
By Hydrolysis With Formic Acid. The Shaded Region Indicates the Thermodynamic 
Limits Of Oxygen Fugacity For Conversion o{ NiO (Standard State) To Nickel 
Sulfide. 
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FIGURE 3 
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FIGURE 4 
OXYGEN PRODE OF MELTING GLASS 
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