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Summary 
 

An efficient waste-glass melter should have a sustained, high-volume glass throughput. A more 
efficient operation at higher capacities would result in a smaller vitrification facility, a shorter lifecycle, 
and glass with a higher concentration of waste, all of which would reduce costs significantly. These 
benefits would enhance the vitrification of waste at several current and future U.S. Department of Energy 
sites, including Savannah River, Hanford, and Idaho. 

 
This research is based on a workable hypothesis to control the rate of melting in a high-level waste 

melter. Its objective is to develop methods for increasing the melting rate, to quantitatively describe the 
phenomena underlying melt-rate problems, and to propose the ways to solve or mitigate them.  

 
This report summarizes results of research accomplished during the first year of the 3-year project. 

The data presented in this report have been gathered to support work on the mathematical modeling of 
waste-glass melters. At this stage, only a qualitative description and interpretation of the observed 
phenomena has been attempted. 

 
Two Savannah River feeds were used for the study. These feeds were subjected to thermal 

gravimetric analysis, differential thermal analysis, differential scanning calorimetry, evolved gas analysis 
with volume-expansion monitoring, modified reboil test, quantitative X-ray diffraction, scanning electron 
microscopy with energy dispersive spectroscopy, wet chemical analysis, and Mössbauer spectroscopy. 
Glass viscosity was also measured. Finally, it was recommended to use melt-rate furnace test data to 
measure thermal diffusivity of the feed. 
 

Though both feed were reduced to prevent oxygen evolution from the melt, oxygen evolved form one 
of the melts and COx evolved from both. Hence, foam is likely to form under the cold cap even when the 
feed is reduced. An important difference between the feeds was in the melt viscosity at the temperature at 
which the melt interfaces the cold cap. It was suggested that low viscosity destabilizes foam under the 
cold cap, thus enhancing the rate of melting. 
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Acronyms 
 

DOE U.S. Department of Energy 

DSC differential scanning calorimetry 
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DWPF Defense Waste Processing Facility 
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LAW low-activity waste 

PNNL Pacific Northwest National Laboratory 

RSM research-scale melter 

RT room temperature 

SEM EDS scanning electron microscopy with energy-dispersive spectroscopy 

SRTC Savannah River Technology Center 
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1.0 Introduction  
 

This research is based on a workable hypothesis to control the rate of melting in a HLW melter. Its 
objective is to develop methods for increasing the melting rate, to quantitatively describe the phenomena 
underlying melt-rate problems, and to propose the ways to solve or mitigate them. These problems persist 
because the complexity of the glass-melting process is not well understood. This report summarizes 
results of research accomplished during the first year of a project conceived for three years. 
 

The goal for an efficient waste-glass melter is a sustained, high volume, glass throughput. If HLW 
melters could be operated more efficiently and at higher capacities (e.g., vitrify the waste several times 
faster without having to idle the melter), vitrification facilities could be smaller, the cleanup lifecycle 
could be shorter, and glass could be formulated to contain a higher concentration of waste. This reduction 
in operating expenditures (waste remediation could be completed faster) and the total volume of 
generated waste glass would result in significant cost savings.  

 
The benefit of increased melting efficiency and the resulting cost avoidance applies to several current 

and future U.S. Department of Energy (DOE) vitrification facilities, including sites at Savannah River, 
Hanford, and potentially Idaho. Considering Hanford’s HLW and LAW vitrification programs alone, the 
impact of even a small increase in melter efficiency could result in cost savings in excess of hundreds of 
millions of dollars over the vitrification campaign. At the Savannah River Site Defense Waste Processing 
Facility (DWPF), the design-basis melting rate has not yet been achieved. At a cost of approximately 300 
million US dollars per year of operation, reduced processing rates translate to a substantially higher 
processing cost. 
 

As similar (all-electric) commercial melters demonstrate, electric melting can be three to five times 
more rapid than that achieved in Joule-heated waste-glass melters (Kim and Hrma 1994). One of the 
causes of a slow average rate of melting is an unsteady growth of the cold cap that requires the melter to 
be idled while the cold cap is incorporated into the melt (a cold cap is an island of unmelted and partially 
melted feed that floats on the top of the molten glass). Extensive periods of melter idling significantly 
reduce melter throughput and efficiency. The other issue that reduces HLW melter performance is 
foaming of the feed as the glass-forming melt becomes interconnected within the cold cap, and fine 
bubbles from the melt are trapped under the cold cap. The foam is a thermal insulator that inhibits the 
melting process. Additionally, cold foam is fairly stable and difficult to destroy. This contributes to slow 
melting rates and also necessitates melter idling. 
 

Melting methods that do not use a cold-cap approach are not the focus of this research. Even though 
melting without a cold cap, such as with a stirred melter, can potentially be faster, cold-cap melting is 
likely to be the preferred method for vitrifying HLW. This is because a properly controlled cold cap can 
minimize the volatilization of radioactive species during melting, and is the basis for the design of melters 
for DWPF and the Waste Treatment Plant (WTP) at Hanford. 

 
This research addresses the slow rate of melting in current HLW glass melters by attempting to 

minimize foaming and unsteady melting. Unsteady melting is an inability to maintain a steady state in the 
melter with respect to the throughput rate. Periodic idling is an extreme example of unsteady melting. 
Although idling can be driven by many causes, it is often associated with disturbances in cold-cap 
behavior that may or may not be related to foaming. The benefits of this research will be greater 
efficiency and productivity for waste-vitrification facilities and reduced overall operational and disposal 
costs associated with vitrified waste and greater understanding of the effects of physical and chemical 
parameters on melter performance.  

 



1.2 

1.1 Objective 
 

An intermediate (but by no means exclusive) goal of this project is to investigate the feed-to-glass-
conversion mechanism of the DWPF Macrobatch 3 feeds, thus responding to the DWPF need for 
increasing the melt rate and mitigating difficulties associated with cold-cap behavior. The ultimate 
objective is to increase the rate of melting in HLW glass melters to the highest level possible without 
adversely affecting glass durability and waste loading.  

 
1.2 Prior Research  
 

This section explains, in detail, the rationale for the research work; it reviews the basics of cold-cap 
melting mechanisms, explains why the rate of melting is slow in HLW glass melters, and argues that the 
main cause of slow melting is the presence of gas bubbles under the cold cap. These bubbles act as an 
insulation barrier that blocks the transfer of heat needed for steady-state melting. This section also 
explains the origin of the bubbles and methods to prevent or minimize their formation.  
 

In a HLW melter, pre-mixed slurry-feed containing the waste and glass-forming compounds (that 
may be premelted into a frit) is introduced into a heated tank filled with molten glass. Numerous chemical 
reactions occur to convert the feed into glass. The feed-to-glass conversion process involves chemical and 
mineral components that undergo rapid changes from a mechanical mixture of different solids, to a 
mixture of molten salts and solid particles, to a homogeneous borosilicate glass melt. The reactions 
proceed far from equilibrium and occur under nonisothermal conditions as the feed moves through a steep 
temperature gradient in the reaction zone of the cold cap.  

 
A process of this complexity is impossible to reproduce in a laboratory crucible. Nonisothermal heat 

treatment is the closest approximation regularly achieved in laboratory investigations—see Section 2.1. A 
recently designed centimeter-scale melter (Darab et al. 2001) has yet to be applied to neutralized feeds 
that form a cold cap. Elements of the feed-to-glass conversion process can be identified, and the material 
parameters can be measured. For example, the melt-rate furnace developed at the Savannah River 
Technology Center (SRTC) (Stone and Josephs 2001) uses a one-dimensional heating of a feed layer 
from below. This equipment will be used to measure the thermal diffusivity (Section 3.8).  

 
The rates of feed-conversion reactions are not decisive for the rate of processing in a HLW glass 

melter. The rate of heat transfer from molten glass to the cold cap has the major impact on the melting 
rate. Hence, the feed-to-glass conversion process must be treated as a part of the overall melting process. 
Such an approach is necessary because the rate of feed-to-glass conversion is controlled by phenomena 
that determine the heat flux to the cold cap. The production rate of HLW glass melters can be expressed 
by the formula (Hrma 1990) 
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where N is the melting rate, NC is the conversion-controlled melting rate, and NH is the heat-transfer-
controlled melting rate (N→NC if NH→∞ and N→NH if NC→∞). As thermo-analytical measurements have 
shown (Smith et al. 1995), the feed-to-glass conversion rate (NC) can be fast if thermal energy can be 
rapidly delivered to the feed coming into the melter. Thus, heat transfer predominantly controls the 
melting rate; i.e., the overall conversion rate is nearly as rapid as the heat can be delivered to the cold cap. 
As previously mentioned, the main barrier to transferring thermal energy to the incoming feed is the 
formation of a foam layer below the cold cap. 
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The heat for feed-to-glass conversion is delivered mainly from the bottom side of the cold cap by 

conduction and convection from the pool of molten glass on which the cold cap floats. Because glass is a 
poor heat conductor, convection is the main mode of heat transfer. The convection is driven by buoyancy 
or density difference that exists in the glass because of thermal gradients in the melter (e.g., 900ºC 
underneath the cold cap and 1150ºC at the central region of the melter). This temperature difference 
results in a constant circulation of glass in the melter. However, this type of natural convection operates 
fully if temperature is the sole density-determining variable. If bubbles are present, they become a 
dominant factor for the overall density and interfere with natural circulation. 

 
Gas bubbles that form in the melt and during the final stages of conversion (when the glass-forming 

melt is connected) tend to accumulate under the cold cap. These bubbles influence the density of the 
molten glass more than the thermal gradient by reducing the net density of the molten glass at the top of 
the melter. Two sources of bubbles exist (Figure 1.1): 1) gas trapped within the melt at the final stage of 
melting and 2) bubbles that ascend through the melt below the cold cap and accumulate under the cold 
cap. Melt with bubbles generated within the cold cap is referred to as primary foam (also called feed 
expansion, see Kim and Hrma 1990; Smith et al. 1995; Darab et al. 1999). Melt with bubbles generated in 
the molten glass is referred to as secondary foam (Gerrard and Smith 1983; Kim and Hrma 1990 and 
1991). 

 
Foam creates a low-density, thermally insulating layer under the cold cap that is virtually motionless 

and thus insulates the cold cap from the hot glass underneath. In other words, this stagnant bubbly layer 
under the cold cap reduces the convective heat transfer that is needed for faster melting.  

 
Though the detrimental effect of bubbly melt under the cold cap has been well known for decades 

(Morelissen et al. 1980), neither its properties, such as density, viscosity, or thermal conductivity, nor its 
behavior are well known. One of the consequences of this ignorance is that existing melter models cannot 
correctly predict the rate of melting. Instead of predicting it, they often use the measured melting rate as a 
boundary condition. If such a condition is not imposed, the heat flux rates calculated by these models 
predict melting rates several times faster than reality. The obvious cause of this discrepancy is neglecting 
the effect of gas bubbles on melt density and assuming that the buoyancy-driven convection in molten 
glass is associated solely with the thermal gradient.  

 
It was previously believed that ordinary batch gases, such as NOx and COx, may cause the primary 

foam, but a study by Izak et al. (2001) showed that gas-producing inorganic salts disappeared from the 
cold cap before enough silica dissolved to make a connected body of high-viscosity glass-forming melt 
that is capable of trapping gas. They suggested that the decomposition of sodalite [Na8(AlSiO4)6(NO2)2] is 
one of the more prominent reactions that generate substantial volumes of gas, leading to the formation of 
primary foam. With a different feed makeup, gas evolution and glass-forming melt generation may 
overlap to different degrees. For example, glass-forming additives are premelted and mixed with HLW in 
the form of frit in the DWPF (but not at Hanford). On the other hand, reducing agents substantially 
decrease the temperature of nitrate decomposition. DWPF feeds combine these two measures.  
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Figure 1.1.  Schematic Cross-Section of a Glass Melter 

 
Sodalite is an alkali aluminosilicate-nitrate that forms within the cold cap during feed-to-glass 

conversion. Sodalite decomposes around 800ºC, producing gas at a stage in the feed-to-glass conversion 
where the glass-forming melt is viscous and largely inter-connected. Nosean, a crystalline phase in the 
sodalite family, was identified as a possible source of foaming in commercial glass making (Emer 1969).  

 
To estimate the rate of secondary bubble generation (bubbles created from chemical reactions within 

the molten glass that subsequently rise to the surface and collect below the cold cap), consider a HLW 
glass with 11 mass% Fe2O3. This glass contains 1.4 moles of Fe per kg of glass, or 3.3 kmoles of Fe per 
m3 of glass (with glass density 2.4×103 kg/m3). With increasing temperature, iron has a lower affinity for 
oxygen, and consequently Fe2O3 is partially reduced to FeO, thus generating O2. The volume of gas 
produced by this reaction can easily be estimated. 
 

The redox ratio  
 
 ϕ = [Fe(II)]/[Fe(III)]  (1.2) 
 
depends at equilibrium on temperature according the equation  
 
 ln(ϕ) = a + ∆H/RT (1.3) 
 
where 

a = a constant (a depends on glass melt oxygen fugacity and composition) 
∆H = reaction enthalpy 

R = gas constant 
T = temperature 
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For a typical HLW glass, ∆H = - 100 kJ/mol, and a = 5.0 (Hrma et al. 2002).  
 

By Equation (1.3), we obtain ϕ = 0.005 at 900ºC and 0.032 at 1150ºC. Accordingly, an increase in 
glass temperature from 900ºC to 1150ºC produces 95 mol Fe(II) per m3 glass. By stoichiometry, each mol 
Fe(II) produced by the redox shift is accompanied by a generation of 0.25 mol O2. Hence, a temperature 
change from 900ºC to 1150ºC results in the formation of 24 mol O2 per m3 glass. Using the ideal-gas-state 
equation, this amount of oxygen corresponds to 2.5 m3 O2 per m3 glass at 1000ºC. Note that Fe can only 
be re-oxidized by dissolving bubbles that have not yet reached the surface. This process continues as the 
melt temperature increases during circulation flow, and a substantial fraction of oxygen has been released 
from the melt. 

 
This example shows that even a small shift in the oxidation state of a multivalent cation can create a 

large volume of gas in the melt. In general, redox reactions can produce a large number of oxygen 
bubbles in the area underneath the cold cap. However, redox reactions are not the only source of bubbles. 
Because HLW feed is fed to the melter in the form of water slurry, it is likely that bubbles contain a 
substantial fraction of H2O. Goldman et al. (1986) reported this phenomenon.  
 

Which foam, whether primary or secondary, is the main cause of slow melting rates in HLW glass has 
yet to be determined. Using Kim’s feed-expansion data,(a) Elliott(b) compiled the melting characteristics of 
several different types of feeds (nitrates or hydroxides; see Yasuda and Hrma 1991; this reference 
describes the feeds, but does not mention Kim’s data) and compared the feed-expansion volume to the 
melting rate. Elliott concluded that glass-batch expansion (primary foam) and melting rates were not 
correlated. This suggests that the secondary foam, (which in the case of HLW glass is generated from O2 
bubbles from redox reactions and possibly H2O) is probably the major contributing factor to the bubbly 
melt under the cold cap. However, this observation needs to be verified for different types of waste glass. 
For example, it is highly plausible that high-viscosity HLW glass (such as DWPF Macrobatch 3 with Frit 
200) stabilizes secondary foam regardless of the rate of gas generation. 

 
Bubbles that are produced by redox reactions can be eliminated if the feed is reduced before the 

viscous glass-forming melt starts to develop an interconnected structure. Commercial batches are 
formulated to prevent gas generation when the glass-forming melt becomes connected. This reduces the 
likelihood of a bubbly melt forming under the cold cap (Morelissen et al. 1980). If the partial pressure of 
oxygen in the glass-forming melt is lower than the atmospheric pressure, bubbles will not form. Thus, 
reducing Fe2O3 to some degree while within the cold cap before it enters the melt would prevent oxygen 
from evolving under the cold cap. Free convection would then deliver hot glass to the cold-cap bottom, 
and the melting rate would be enhanced. Redox couples other than Fe(II)/Fe(III) usually have little impact 
on foaming. For example, the Mn(II)/Mn(III) redox couple is unlikely to contribute substantially to 
foaming because Mn is reduced to Mn(II) early during the conversion process (Lucktong and Hrma 1988; 
Schreiber et al. 1990). The Cr(III)/Cr(VI) couple undergoes a dramatic change at temperatures around 
1150ºC, but the oxygen output is negligible in most HLW glasses because the overall Cr concentration is 
very low. 

 
For HLW glass, controlling the redox state of the melt can mitigate bubble generation. Several 

reducing agents have been proposed and tested: formates, oxalates, glycolic acid, sugar, uric acid, and 
carbon. However, reducing Fe2O3 in HLW feed faces three major problems. First, reducing agents must 
be used in large excess because they are oxidized by molten salts (predominantly nitrates; see Ramsey et 
al. 1991). Second, an excessive quantity of reducing agent may produce too much FeO, which could lead 
to the formation of crystalline phases (spinels and sulfides) that would precipitate in the melter, a situation 
                                                      
(a) D-S Kim. 1991. Quartz Crucible Batch Expansion Tests, Progress Report, PNL Subcontract 126061-A-A3. 
(b) ML Elliott. 1991. Private communication. 
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that is not acceptable (Bickford and Diemer 1986). Third, if some residue of the reducing agent were 
incorporated into the molten glass (and this is possible because the redox reaction is diffusion controlled, 
and thus slow), it could generate CO2 bubbles, possibly at a larger quantity than the reduction of 
multivalent cations would have created without the reductant. Therefore, the selection and dosage of 
reducing agents must be chosen carefully. 

 
Hrma (1990) discussed factors that affect the melting rate via NC and NH in Equation (1.1). The 

conversion-controlled melting rate (Nc) is 
 

 
Q
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where λF is the effective heat conductivity of the cold cap, k is the conversion-rate coefficient, ρ is the 
feed density, TF is the feed temperature at the beginning of conversion reactions, TI is the temperature at 
the cold-cap-melt interface, and Q is the conversion heat. The heat-transfer-controlled melting rate (NH) is  
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where λM is the effective heat conductivity of the melt under the cold cap, TM is the melter operating 
temperature, and δ is the temperature-boundary-layer thickness in the melt under the cold cap. 

 
Considering that the overall rate of melting is determined predominantly by the rate of heat transfer 

(the heat flux) from the melt to the cold-cap bottom, we can disregard the effect of other variables in 
Equation (1.4), such as the rate of conversion or cold-cap density. Therefore, we can argue that the 
variables in Equation (1.5) dominate the overall melting rate:  

1. An increased temperature of melting (TM) can increase the rate of melting, but such a solution is 
limited by the presence of Inconel™ electrodes used in Joule-heated melters. Induction-heated 
melters do not constrain TM and thus can achieve higher rates of melting. However, these melters also 
use a cold cap, and thus their rate of melting is subjected to the issues discussed in this section. 

2. The interface temperature (TI) is virtually fixed by the feed melting chemistry.  

3. The heat conductivity of the melt (λM) is a function of glass composition, temperature, and the content 
of bubbles. Besides, the waste glass is opaque, and thus, radiation heat transfer is absent; the fononic 
conductivity of glass is little affected by temperature. It is not certain how the presence of bubbles 
affects λM. 

4. Another important factor is the heat of conversion (Q). The necessity to evaporate large volumes of 
water from the liquid feed requires excess heat. Exothermic reactions between reducing agents and 
nitrates produce heat and thus help increase the rate of melting.  

5. Finally, the thermal-boundary-layer thickness (δ) affects the rate of melting and is the most important 
rate-controlling factor. It is defined as  
 

 

y
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where ∂T/∂y is the temperature gradient under the cold cap. The steeper the temperature gradient, the 
larger the heat flux to the cold cap, and thus the faster the rate of melting. The boundary layer can be 
compressed by stronger convection, whereas the presence of bubbles hinders convection and thus expands 
the boundary layer. Consequently, reducing the bubble content is the most effective measure that can be 
taken to increase the heat flux to the cold cap.  

 
Lowering the melt viscosity will enhance natural convection in the melt and will destabilize 

secondary foam. This can be achieved by 1) lowering the overall melt viscosity or 2) formulating a 
“longer” melt. The overall melt viscosity can be reduced by increasing the alkali + boron versus silica + 
alumina ratio (roughly speaking). In the second case, glass can be made “longer” (i.e., its viscosity will 
change less with changing temperature) if the melt is enriched with lithium. Formulating the glass with 
minimum viscosity compatible with glass corrosivity, volatility, and chemical durability is probably 
responsible for the success of Frit 320 for SRTC Marcobatch 3 waste (Peeler et al. 2001; Lambert et al. 
2001)—see Section 2.1.  

 
Mechanical bubblers produce large gaseous bubbles that drive a powerful forced convention in the 

melter. Hence, apart from lowering glass viscosity, melt convection can be greatly enhanced and foam 
can be driven from underneath the cold cap by bubbling the melt.  
 

Poor heat conductivity of the cold cap (λF) has been often considered to be the main reason for slow 
melting rates. By Fourier’s law, the heat flux is q = - λgradT. Hence, with the heat flux unchanged, a 
decrease in the heat conductivity of the cold cap would lead to an increase in the temperature gradient 
within the reacting layer of the cold cap. Consequently, the reacting zone would be thinner while the melt 
rate may be unaffected. In other words, if the heat is delivered to the cold cap, it has little choice but to 
melt, regardless of its thermal properties and porosity (primary foam). The only limit is the rate of feed 
melting reaction. 
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2.0 Approach  
 

The rational approach to solving the complex problem of increasing melt rates in HLW feed begins 
with understanding and characterizing the relevant phenomena involved in this process. Once 
accomplished, the next steps are to determine the critical parameters in the process and to develop 
physical and mathematical models based on the knowledge that has been gained. The final step using a 
research-scale melter is to verify mitigation techniques suggested by the models. These four steps are 
described in Sections 2.2 through 2.5. The selection of the baseline feed and baseline time-temperature 
function is described in Section 2.1. 
 
2.1 Feed Selection and Heat-Treatment Schedule 
 

A nominal DWPF (simulated) Macrobatch 3 waste composition will be used as a baseline for HLW 
feed in this study. The main reason for this selection is that the DWPF runs the only currently operating 
melter within the DOE complex, thus making the results of this study directly applicable to current needs 
for improved HLW production rates and fostering strong coordination with the work actively in progress 
at that facility. The composition of DWPF waste also can be considered as prototypic for Hanford, thus 
adding future value to the results of this study because they can be applied to the Hanford clean-up effort. 
Finally, the melt viscosity for Macrobatch 3 waste plus additives (frit) has been nearly optimized (Peeler 
et al. 2001) and was shown to result in increased melting rates (Lambert et al. 2001).  
 

Glass-frit compositions (such as Frit 320) were developed for the DWPF waste with the specific goal 
of improving the processing rate of Macrobatch 3 HLW feed over those experienced by Macrobatch 2 
(Peeler et al. 2001). The melting rate increase was achieved by modifying glass viscosity. As discussed by 
Kim and Hrma (1994) and Vienna et al. (1994), the rate of heat transfer to the cold cap in the HLW glass 
melter depends on the viscosity of glass at the nominal melting temperature and the rate of viscosity 
change with temperature because 

• higher viscosity glass slows down natural convection that brings heat to the bottom of the cold-cap 

• bubble removal is generally slower in more viscous glass 

• the shallower the viscosity-temperature relationship, the lower the viscosity at the region of cooler 
glass below the cold-cap. 

 
It should be born in mind that a number of competing properties must be simultaneously optimized. 

Considering major glass-processing and glass-quality constraints, Peeler et al. (2001) developed Frit 320, 
which was subsequently recommended by Lambert et al. (2001). The DWPF feed with Frit 320 will be 
the focus of efforts on other parameters that influence the melter-processing rate. Though the main 
criterion used in developing Frit 320 was the viscosity-temperature function, the change in glass 
composition impacted the melting process in all its stages. Therefore, this project will characterize the 
effect of Frit 320, as compared with the nominal Frit 200, on individual conversion reactions and their 
impact on cold-cap behavior. 
 
2.2 Process Characterization 
 

Several studies were performed in the past to characterize glass evolution from the feed, feed 
expansion, and feed-melting reaction (Gerrard and Smith 1983; Goldman et al. 1986). Studies were also 
undertaken that attempted optimization of the redox state of the feed (Ramsey et al. 1991). However, 
there has not been a study focused on the final stages of conversion where the viscous melt becomes 
interconnected and thus capable of retaining gases. Kim and Hrma (1990 and 1991) measured the kinetics 
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of this process, but they did not identify the gas source. Izak et al. (2001) identified sodalite as a possible 
gas source of primary foam, but did not study the process in depth.  
 

To characterize the process of gas evolution, retention, and release, we use the following methods: 

• Standard thermal-analysis techniques, such as thermal gravimetric analysis (TGA) and differential 
scanning calorimetry (DSC), are used to determine the kinetics of major feed-melting reactions as a 
function of temperature. These, however, cannot be the only analytical tools because these methods 
expose the feed to conditions substantially different from those the feed experiences within the cold 
cap. Because the feed samples used by these methods are very small (<1 g), the effects of ambient gas 
and crucible walls shift the gas-producing reactions to lower or higher temperatures (according to the 
nature of the ambient gas) and may even affect the sequence of reactions. Despite these shortcomings, 
the overall conversion extent, energetics, mechanisms, and rate of major reactions can be determined 
or estimated.  

• Evolved glass analysis (EGA) and volume-expansion monitoring are methods that use medium-sized 
samples (several cm3) and better approximate the cold-cap environment. They determine the volume 
of gas evolved from the melt as a function of temperature during ramp heating. These methods have 
been widely used for feed-melting-reaction studies and primary foam studies. 

• A modified volume-expansion monitoring method is used to estimate the actual bubble content of the 
melt under the cold cap. This method is a variation on the classical reboil-testing method where the 
molten glass is suddenly exposed to either a sudden temperature increase or a sudden pressure drop to 
generate bubbles. In its classical from (see Gerrard and Smith 1983), the method determines the 
lowest temperature or highest pressure at which reboil occurs. We use this technique to monitor the 
melt volume as it swells due to bubble evolution and to measure the release of gases using the EGA 
technique. Thus, we determine how much of different gases evolve from HLW glass melt under the 
cold cap. 

• X-ray diffraction (XRD) analysis and scanning electron microscopy with energy-dispersive 
spectrometry (SEM EDS) have been successfully used for feed reaction studies (Izak et al. 2001). In 
particular, these methods are used to determine the sources of some bubble-producing gases. Sodalite 
as a possible source of primary foam has been discussed above. Quantitative XRD is used to 
determine the kinetics of formation and decomposition of sodalite or other important crystalline 
phases. 

• Glass redox is measured using wet analysis and Mössbauer spectroscopy for Fe(II)/Fe(III) redox 
couple. The redox change measurement confirms and/or enhances the understanding of O2 evolution 
determined by direct methods. 

 
These tools, when applied to DWPF feed as heat treated in a way that mimics the temperature history 

experienced by feed in the cold cap, provide complete and detailed information regarding the final stages 
of the feed-melting reactions. There is a special focus on the gas-involving reactions. As has been argued 
above, these data together with the values of Q (obtained through DSC) and λM (estimated using the 
temperature profile data from the melt-rate furnace tests at SRTC [Stone and Josephs 2001]) suffice to 
determine the heat transfer to the cold cap and thus the melting rate. 

 
The heat treatment used in the test methods described above to convert the DWPF feed into glass 

proceeds in a non-isothermal regime. The rate of temperature increase is the same as the estimated rate 
that the feed experiences in the DWPF melter during its conversion to glass.  
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2.3 Heat-Transfer Control 
 
Increasing the rate of heat transfer from the molten glass to the cold cap and incoming feed will 

increase the rate of melting in HLW glass melters. The two main barriers interfering with this heat 
transfer are bubbles that 1) form in the melt and 2) accumulate under the cold cap, where they form a 
foam layer that is stabilized by high melt viscosities. Preventing the formation of secondary foam and 
destabilizing the foam that has formed will, therefore, increase melter efficiency.  

 
Our first emphasis is to deal with the problem of bubble formation. As stated in previous sections, the 

excessive formation of bubbles that is characteristic of HLW glass vitrification reduces the rate of heat 
transfer in two ways: 1) bubbles that collect under the cold cap act as an insulating blanket between the 
molten glass and the cold cap, and 2) bubbles that remain trapped in the glass interfere with the density-
driven natural circulation of molten glass. The two main sources of bubbles were identified to be from the 
decomposition of solid phases in the melt (e.g., from the initial feed components and intermediate 
reaction products) as well as from dissolved gasses that originate from the reduction of multivalent 
cations, reaction between metal oxides and reducing agents, and entrained water in the feed.  

 
Consequently, modifying HLW feed makeup to control gas-producing chemical reactions will affect 

foam formation. HLW feed can be modified using reducing agents, such as formates, oxalates, glycolic 
acid, uric acid, sugar, carbon, SiO, and other agents, at different concentrations. The reaction kinetics of 
these agents with nitrates and multivalent oxides (FeIII/FeII, MnIII/MnII, CrVI/CrIII) is a function of 
temperature. It is important to evolve gases from the feed at low enough temperatures that gas can be 
released to the atmosphere and not to the glass melt. Presumably, an optimum form and concentration of 
reductants can be determined to reduce or prevent foam generation. 

 
However, foam formation may not be entirely preventable in HLW glass. Thus, destabilizing the 

existing foam may be as effective a way of increasing the rate of melting as foam reduction. A lower melt 
viscosity increases natural convection and helps remove existing bubbles, but more importantly, 
destabilizes the foam by allowing bubbles to coalesce. Large pockets of gas that result from the collapsed 
foam then easily escape to the atmosphere. Moreover, large cavities do not insulate the feed as much as 
foam at high temperatures because they allow the radiative mode of heat transfer. Even though the 
viscosity has already been reduced for the DWPF Macrobatch 3 glass that we propose to work on (by 
using Frit 320 instead of Frit 200, see Peeler et al. 2001), further improvement in reducing its viscosity is 
still possible. The viscosity of a HLW glass from a potential feed composition can be calculated as a 
function of both temperature and glass composition using partial-specific viscosity coefficients. A 
database of partial-specific viscosity coefficients has recently been re-evaluated, see Hrma et al. (2001). 
This database and associated models are continuously updated.  

 
Other potentially rate-affecting phenomena exist, allowing more possibilities to optimize the feed-to-

glass conversion process and heat transfer toward and within the cold cap. For example, bubbles that 
reach the free surface of the melt at the cold-cap edges and create foam often lead to melter idling. To 
assist understanding the factors that affect the melt rate of cold-cap feeds, the cold-cap samples taken 
from mini-melter tests at SRTC were analyzed using optical microscopy and SEM/EDS. 

 
Experiments described in this section will help determine the best combination and dosage of 

reducing agents and develop a method applicable to other feed compositions. However, the complex 
nature of the continuous HLW-glass-melting process cannot be fully simulated in the laboratory. Thus, 
mathematical modeling and research-scale melter runs are necessary before final implementation of the 
newly developed methodologies. 
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2.4 Mathematical Modeling 
 
The cold cap is an accumulation of pre- and unmelted feed that floats on top of the molten glass. It is 

characterized by a steep thermal gradient where the melter feed gradually moves from top to bottom while 
undergoing conversion into molten glass. Heat transfer within the molten glass is established through 
natural convection that is controlled by buoyancy associated with both temperature gradients and self-
generating bubbles. A bench-scale melter reasonably approximates such an experiment, but the refractory 
walls and the opaqueness of the melt do not allow in situ observation of the melt underneath the cold cap. 
Fortunately, all the relevant fields can be realistically visualized using mathematical modeling. 
Mathematical modeling should, therefore, precede the research-scale melter testing.  

 
It is important to note that including the cold cap into the model of a glass melter is a groundbreaking 

step. The current models represent the cold cap as a boundary of the melt pool. To correctly formulate the 
boundary condition for the interface between the melt and the cold cap is extremely difficult and 
ultimately unjustified. The form and even direction of the natural convection cell within the melt pool is 
extremely sensitive to this boundary condition. In reality, the cold cap and the melt form a single body. 
Separating the melt pool from the cold cap is artificial and, to some degree, arbitrary. 
 

As mentioned above, mathematical models have not succeeded in reliably predicting the rate of 
melting. Although major modelers claim to model the cold cap, they use “fudge” factors that adjust the 
melting rate to that empirically observed at the expense of modifying the temperature and velocity fields 
in the melting zone. True and accurate descriptions of the temperature and velocity fields in the melter are 
a critical need for successful predictive application of these models. It is a significant challenge to rectify 
this deficiency, but it can be done with correct information regarding bubble-concentration distribution 
and by coupling the bubble-concentration field with other fields. This improved mathematical model will 
link measured data to the complex coupled process of melting that actually occurs in the large-scale 
melter and verify, refine, and guide feed optimization for maximum melting rates.  

 
A mathematical analysis of the cold-cap process was first formulated by Hrma (1982) and applied to 

melter modeling by Schill (1982) and Schill et al. (2001). Ungan et al. (1983) suggested incorporating the 
bubble concentration field into the melter model. Matyas (2001) also incorporated bubbles into a model 
for a commercial melter, but they were not linked with the rate of melting. This proposed research will 
allow the development of this last missing link for HLW melters on the basis of reliable and accurate 
data. 

 
To represent the impact of melter design and operation parameters and the parameters that 

characterize the feed chemistry and makeup, mathematical models must represent the following fields: 

• bubble concentration fields that are coupled with other fields via melt properties (i.e., melt density, 
viscosity, thermal expansion, electrical conductivity, and heat conductivity) 

• chemical fields, such as the partial pressure of oxygen and concentration of dissolved gases that are 
affected by reducing agents and affect viscosity variation under the cold cap. 
 
Finally, to make the models useful, parameter studies for optimizing the cold-cap melting must be 

performed. 
 

It has been proposed to subcontract mathematical modeling to Glass Service, Inc. Pacific Northwest 
National Laboratory (PNNL) has several years of experience working with this company on melter-
modeling issues, including the settling of spinel crystals in a HLW glass melter (Schill et al. 2001). Spinel 
crystals behave in a similar manner as gas bubbles except that crystals move in the opposite direction (the 
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interaction between bubbles and crystals needs to be considered if both are present). The bubble issue was 
discussed in depth with Glass Service researches on several occasions (the last time at a February 2001 
seminar in conjunction with their participation at the WM’01 symposium), and they are willing and able 
to address these modeling needs. 
 
2.5 Research-Scale Melter Tests 

 
Limited research-scale melter testing is a necessary step from laboratory measurements and 

mathematical modeling toward large-scale application. A research-scale melter is available at PNNL to 
perform several tests with different modifications of the baseline DWPF feed. Samples of the cold cap 
and the melt underneath the cold cap can be taken for analysis to compare the degree of conversion, 
bubble composition, bubble distribution, and other characteristics with laboratory results. Research-scale 
melter tests verify the outcome of the mathematical model and demonstrate increased melting rates. 

 
The melter system’s capability to produce glass in a continuous manner (without idling caused by 

process instability) also is essential to model the behavior of a full-scale system. Moreover, the size of the 
research-scale melter allows the impact of process variables upon melter performance or glass quality to 
be quickly and efficiently evaluated without undue expense or waste generation.  

 
The research-scale melter itself is a small Joule-heated melter that is capable of processing melter 

feed on a continuous basis (Figure 2.1). The body of the melter is an Inconel® closed-ended cylinder 
lined with Alfrax® refractory and containing a Monofrax® K3 refractory melt cavity. An Inconel 
overflow tube discharges molten glass into a stainless steel canister. An electric kiln surrounds the melter 
body and minimizes heat loss from the melter body during operation, and auxiliary heaters are used to 
heat the melter’s discharge section to facilitate pouring of the glass. The stainless steel glass receipt 
canister sits inside a smaller kiln maintained between 700ºC and 900ºC to promote uniform canister 
filling. A platform scale that supports the smaller kiln allows glass-canister accumulations to be 
monitored as necessary. Two top-entering Inconel 690 electrodes (19 cm2, 6 mm thick) that are suspended 
in the glass supply joule-heating power to the research-scale melter. The electrode’s connecting tubular 
busbars also serve as thermowells that allow continuous measurement of the glass-pool temperatures. 

 
The melter feed system is located on the elevated steel platform adjacent to the melter. The tank used 

during current testing was a conical-bottom tank with a maximum capacity of 5.7 L. The melter feed tank, 
variable-speed agitator, peristaltic feed pump, and valve-control station are attached to a steel pallet that 
allows the tank to be lifted from the platform with the use of a forklift. 
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Figure 2.1.  Photograph of Research-Scale Melter 
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3.0 Experimental Procedures 
 

Melting reactions affect the rate of conversion of feed to molten glass in a complex way that is not 
fully understood. The analysis of melting reactions help elucidate the process that occurs in a HLW glass 
melter, particularly at the interface between the cold cap and the melt underneath it. The following 
sections describe the experimental procedures that are used in process characterization and heat-transfer-
control studies discussed in Sections 2.2 and 2.3. 
 
3.1 Thermal Gravimetric Analysis, Differential Thermal Analysis, and 

Differential Scanning Calorimetry 
 

Thermal analysis provides real-time information on reaction products, reaction enthalpies, mass 
changes, and reaction kinetics. The feed-to-glass conversion process is characterized by standard thermal-
analysis techniques, i.e., TGA, differential thermal analysis (DTA), and DSC. The TGA and DTA 
(SDT 2960 Simultaneous TGA-DTA) is performed with the ambient flow rate of 65 cm3/min He. 
Approximately 50-mg samples are heated at 4ºC/min from room temperature to 1100ºC. DSC 
(STA 409C) measures reaction enthalpies using 60-mg samples heated at a constant rate of 4ºC/min in a 
He atmosphere.  
 

In small samples used for TGA, DTA, and DSC, the ambient He atmosphere dilutes gaseous reaction 
products, accelerating decomposition reactions and shifting the gas-producing reactions to lower 
temperatures and may affect the sequence of reactions. Therefore, additional tests that use larger samples 
are necessary. 
 
3.2 Evolved Gas Analysis with Volume-Expansion Monitoring 

 
Both the heat-transfer rate and the feed-reaction rates within the cold cap depend on feed expansion 

(primary foam). Changes in feed chemistry affect gas-generating reactions and primary foam generation. 
Evolved gas analysis identifies gas-generation reactions, including those that contribute to feed 
expansion, by determining the off-gas composition as it evolves during the progressing conversion of the 
feed to glass. Approximately 10-g samples of feed are heated at 4ºC/min in a tall quartz crucible, starting 
from 80ºC and ending at 1100ºC. The change of feed volume is measured as a function of temperature in 
the quartz-crucible furnace equipped with a quartz-viewing window and is recorded on video. The off-gas 
carried in a 65-cm3/min stream of pure He is analyzed quantitatively by gas chromatography-mass 
spectrometry (GC-MS) (Hewlett Packard 5890A GC with 5971A MS). The fractions of gases, including 
CO2, CO, NO2, N2O, H2 and CH4, are recorded as functions of temperature.  

 
In larger samples used for EGA, the flush gas (He) and the container walls (SiO2 glass) may affect 

reactions only at sample surfaces. However, temperature gradients may affect the reaction progress 
because the gases are simultaneously evolved from a temperature interval. These effects need to be 
considered when different methods are compared and when the decision is made as to which data will be 
used for process modeling. 
 
3.3 Modified Reboil Test and Bubble Analysis 
 

The purpose of this test is to determine the amount and composition of gases that evolve from the 
molten glass after the feed melting reactions are completed. These gases produce secondary foam that 
accumulates under the cold cap and hinders convective heat transfer from melt to feed. 
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Approximately 10-g samples of feed are heated at 4ºC/min in a tall quartz crucible, starting from 
80ºC up to 870ºC and held at 870ºC for 1.5 h to allow the melting reactions to complete and the melt to 
homogenize. Then the temperature is increased at 25ºC/min to 1200ºC and held at this temperature for 
0.5 h. The gases liberated after the heat rate was increased to 25ºC/min are analyzed using GC-MS. For a 
faster response, only MS is used. In this case, after the 1.5-h dwell at 870°C, the temperature is increased 
at 100ºC/min to 1200ºC and held for 0.5 h. The feed volume is recorded on video. Samples with gas 
bubbles are preserved for future analysis. 

 
The purpose of bubble analysis is to complement the reboil test results. Bubble analysis is an 

important diagnostic method used in the glass industry. The most frequently used methods for 
determining the bubble content are GC and MS. The quadropole mass spectrometer will be used in our 
study to analyze the gaseous components of bubbles. Analyses are routinely performed for the following 
gases: H2O, N2, N2O, NO, O2, CO, CO2, SO2, COS, and H2S. The bubble-containing HLW glass and/or 
partly reacted feed samples were stored to be sent to a commercial-glass-service laboratory at a future 
time. The chemical composition of bubbles in HLW glass samples has not been analyzed at this stage.  
 
3.4 Quantitative X-Ray Diffraction 
 

Crystalline phases in the feed are identified, and the mass fraction of each phase in the sample is 
determined using an X-ray diffractometer (Scintag PAD-V) with Peltier Detector and Cu target. Before 
measurement, samples of dried feed are heated up at 4ºC/min, starting from 160ºC. At different 
temperatures (up to 1000ºC), samples are quenched in air, ground, and mixed in the tungsten-carbide mill 
with a 5 mass% internal standard (CaF2). The scan parameters are the step-size range of 0.04° 2-θ and the 
scan range of 5° to 70° 2-θ. Jade software is used to analyze the scans and to identify the phases. The 
RIQAS 3.1 program is used to determine quantitative mass fractions of the phases in the samples.  
 
3.5 Scanning Electron Microscopy and Energy Dispersive Spectroscopy 
 

The SEM/EDS is used to investigate the microstructure of partly reacted feeds and to analyze the 
chemical composition of the intermediate crystalline phases. Thus, the composition of crystals is 
determined. Also, crystals undetected with XRD and reaction products on the interface between crystals 
and melt are detected and analyzed. The samples are mounted in epoxy, polished, and coated by carbon in 
a high vacuum (10-5 torr). 
 

SRTC provided the cold-cap samples retrieved from the recent mini-melter run using the 
Macrobatch 3 batch with Frit 320. The samples were mounted in an epoxy resin under reduced pressure, 
polished, and analyzed using optical microscopy and SEM/EDS. 
 
3.6 Wet Chemical Analysis and Mössbauer Spectroscopy  
 

The oxidation-reduction equilibrium of Fe in multicomponent borosilicate glass containing several 
multivalent elements (Fe, Ni, Cr, Mn) is measured using wet chemical analysis and checked with 
Mössbauer spectroscopy. This measurement is important for determining the link between the melt redox 
and its capacity to generate bubbles.  
 

To perform wet colorimetry for measuring the ratio of Fe(II) to Fe(III), glass samples are first milled 
in an agate mill for 4 min. The fine glass powder of each sample is dissolved in a mixture of sulfuric and 
hydrofluoric acids. Fe(II) is prevented from oxidizing by adding ammonium metavanadate in solution. 
Iron-fluoride complexes are disassociated by adding boric acid. Ferrozine reagent forms purple 
complexes with Fe(II). A buffered ferrozine solution is used for baseline measurement. The ferrous ion is 
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quantified spectrophotometrically at a wavelength of 560 nm using an ultraviolet visible near infrared 
(UV-VIS-NIR) spectrophotometer (Cary 500 Scan, Varian) with Cary WinUV software. The total iron is 
then determined by reducing ferric ion with ascorbic acid at ambient temperature. 

 
Mössbauer spectra of quenched glass are obtained using a Ranger Scientific model MS-900A 

Mössbauer spectrometer system in transmission mode geometry at room temperature (RT). Calibration 
spectra are obtained with a 20-µm-thick α-Fe foil placed in exactly the same position as the samples to 
minimize any error due to changes in geometry. The transmitted radiation is recorded with an Ar-Kr 
proportional counter. An approximately 180-mg powder sample is mixed uniformly with petroleum jelly 
in a 12-mm-thick and 12-mm-diameter Cu holder sealed at one end with clear tape. The amount of sample 
corresponds to the ideal absorber thickness that provided the largest signal-to-noise ratio in the given 
collection time. The unfolded spectra obtained are folded and evaluated with the Mosmod and Recoil 
programs using the Voight-based hyperfine parameter distribution method.  
 
3.7 Viscosity 
 

Viscosity and its dependence on temperature and composition is an important variable in glass 
processing. As has been discussed above, viscosity affects the rate of melting of the feed, the rate of gas-
bubble release, and the rate of homogenization. High-temperature viscosity is measured as a function of 
temperature using a spindle viscometer. 
 
3.8 Thermal Diffusivity (using melt-rate furnace test data) 
 

The thermal diffusivity (or heat conductivity) of feeds is evaluated from the results of the melt-rate 
furnace test (Stone and Josephs 2001) as a function of the reaction progress. In the melt-rate furnace test, 
the batch (to make 500-g glass) is heated from the bottom of a stainless-steel crucible to which eight 
thermocouples are inserted at various distances from the bottom. It is anticipated that the thermal 
diffusivity of the feed will be obtained as a function of temperature and reaction progress using reaction-
enthalpy data from DSC and the time-space temperature data from the melt-rate test. No attempt has been 
made so far to generate an appropriate mathematical model for performing this task. 
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4.0 Description of Feeds 
 

The objective of this research is to provide a method for increasing the rate of melting of HLW and 
LAW feeds. Instead using a generic (simplified) feed for easy handling and straightforward analysis, we 
performed this study with potential Savannah River feeds to help an immediate need of the DWPF. The 
Macrobatch 3 sludge simulant, Frit 200, and Frit 320 were provided by SRTC. Table 4.1 and Table 4.2 
show their compositions, based on Stone and Lambert (2001). The particle sizes of the frits were 74 to 
177 µm. 
 
 

Table 4.1.  Composition of Baseline Macrobatch 3(a) 

Solids Analysis (mass%) 
Total solids 18.85 
Soluble solids 6.305 
Insoluble solids 12.55 
Calcine solids 14.45 

Elements 
Mass% Elemental
(Calcined Basis) 

Mass% Oxide 
(Calcined Basis) 

Al 9.870 18.649 
Ba 0.267 0.298 
Ca 3.210 4.491 
Cr 0.253 0.370 
Cu 0.161 0.202 
Fe 36.000 51.469 
K 0.128 0.154 
Mg 0.147 0.243 
Mn 2.635 3.402 
Na 10.45 14.087 
Ni 1.030 1.311 
P 0.048 0.000 
Pb 0.231 0.249 
Si 1.395 2.984 
Sr 0.116 0.137 
Ti 0.005 0.008 
Zn 0.315 0.391 
Zr 0.619 0.836 
Sum of oxides  99.281 

(a) U3O8 was removed and the sludge renormalized to 
facility research capabilities. 

 

Table 4.2.  Nominal Composition of Frits in Mass% 

Oxide Frit 200 Frit 320
B2O3 12 8 
Li2O 5 8 
Na2O 11 12 
SiO2 70 72 
MgO 2 0 
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To determine the calcine factor (amount of solids remaining after the sample is heated to 900ºC), 

Macrobatch 3 slurry was heated up at 4ºC/min, starting from 200ºC to a set temperature 900ºC and held at 
this temperature for 2 h. The resulting calcine factor, 15.06 mass%, was subsequently used to determine 
the fraction of Macrobatch 3 sludge simulant in melter feed, based on a waste loading of 23.2 mass%.  

 
To make simulated DWPF Feeds I and II (DWPF Macrobatch 3 with Frit 200 or Frit 320, 

respectively), a similar procedure was followed as described in Stone and Lambert (2001). The 
Macrobatch 3 sludge simulant was mixed with required amounts of Frit 200 and Frit 320, homogenized in 
a closed glass beaker for 5 h using a stir bar, transfered to a stainless plate, and finally dried at 110ºC for 
24 h. Feeds I and II were then used for experiments to obtain data described in this report.  

 
Table 4.3 shows the compositions of the resulting glasses. Glass I is DWPF Macrobatch 3 with 

Frit 200, and Glass II is DWPF Macrobatch 3 with Frit 320. Both glasses have 23.2 mass% waste loading. 
 

Table 4.3.  DWPF Glass Compositions in Mass Fractions 

Oxides Glass I Glass II
Al2O3 0.0436 0.0436 
B2O3 0.0922 0.0614 
BaO 0.0007 0.0007 
CaO 0.0105 0.0105 
Cr2O3 0.0009 0.0009 
CuO 0.0005 0.0005 
Fe2O3 0.1203 0.1203 
K2O 0.0004 0.0004 
Li2O 0.0384 0.0614 
MgO 0.0159 0.0006 
MnO2 0.0079 0.0079 
Na2O 0.1174 0.1251 
NiO 0.0031 0.0031 
PbO 0.0006 0.0006 
SiO2 0.5446 0.5599 
SrO 0.0003 0.0003 
ZnO 0.0009 0.0009 
ZrO2 0.0020 0.0020 
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5.0 Results and Discussion 
 
5.1 Thermal Gravimetric Analysis, Differential Thermal Analysis, and 

Differential Scanning Calorimetry 
 

The results of simultaneous TGA-TDA and TGA-DSC for DWPF Macrobatch 3 feeds with Frit 200 
and Frit 320 are shown in Figure 5.1 through Figure 5.7. The TGA-DTA measurements were repeated 
twice to check the reproducibility. Figure 5.1 compares all TGA measurements performed. The 
differences in mass losses between individual measurements and between feeds were not expected and 
can be associated with measurement error. The measurement accuracy is ±2.5%. As Figure 5.2 shows, the 
peak positions are not affected by repeated measurements. The total mass losses are summarized in Table 
5.1. 
 

 
Figure 5.1.  TGA Mass Loss of DWPF Macrobatch 3 Feeds Versus Temperature 
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Figure 5.2.  TGA Mass Loss Rate of DWPF Macrobatch 3 Feeds Versus Temperature 

 

Table 5.1.  Total Mass Losses (in mass%) of DWPF Macrobatch 3 Feeds 

Method Feed I Feed II
TGA-DTA 9.09 7.73 
 9.48 8.68 
TGA-DSC 9.50 8.96 
Average 9.36 8.46 

 
Figure 5.3 and Figure 5.4 compare DTA data for two feeds, each measured twice. Measurements 

were repeated to identify and disregard accidental peaks and assess the reproducibility.  
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Figure 5.3.  DTA Traces (Temperature Difference Versus Temperature)  

for DWPF Macrobatch 3 Feeds 

 
Figure 5.4.  ∂∆T/∂T Versus Temperature for DWPF Macrobatch 3 Feeds 
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Figure 5.5 shows the result of the DSC testing for Feeds I and II. Each measurement was performed 
only once. The Netzsch STA 409 TGA/DSC instrument was calibrated using NIST pure samples of In, 
Sn, Bi, Zn, Al, Au, and Ni. Each sample was heated through its melting point.  

 

 

Figure 5.5.  DSC Conversion Heat Rate versus Temperature for DWPF Macrobatch 3 Feeds 

 
 Figure 5.6 and Figure 5.7 superpose DTA and TGA curves for each feed. Two broad indistinct 
exotherm peaks appear at temperatures below 200°C. These peaks are associated with a mild mass loss. 
They indicate possible solid-state reactions, probably too slow to reach a significant progress with the 
4°C/min temperature-increase rate. 
 
 Two pronounced endothermic peaks associated with substantial mass loss are seen at 200°C and 
250°C. The first of these reactions is also noticeable on the DSC curve (Figure 5.5). The first peak is 
probably associated with the formation and a reaction of nitrate-nitrite eutectic melt with sodium formate 
(compare DTA-TGA-EGA analysis in Section 5.2), the second with the melting of sodium formate and its 
reaction with the nitrate-nitrite melt.  
 
 Mass loss continues to ~750°C because of the continuing gas-releasing reactions of nitrates, nitrites, 
formates, and carbonates as evidenced by EGA and XRD analyses (see Sections 5.2 and 5.4). Carbonate 
decomposition is suspected as the cause of the broad peak at ~670°C in Feed I and the doublet at 713°C 
and 728°C in Feed II. The difference could be associated with the differences in frit chemistry.  
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Figure 5.6.  Comparison of TGA and DTA data for Feed I 

 
Figure 5.7.  Comparison of TGA and DTA data for Feed II 
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One remarkable feature of the gravimetric and calorimetry curves is an instability at temperatures 
between ~800ºC and 1000ºC. Based on volume expansion data (Section 5.2), the glass-forming phase 
becomes interconnected starting at 800ºC (see Section 5.2). It is possible that bursting gas bubbles from 
the highly viscous, glass-forming phase caused the mechanical disturbances recorded by TGA. Figure 5.2 
shows that these disturbances had a higher magnitude in Feed I with the high-viscosity Frit 200 (see 
Section 5.7). However, this does not explain the similar disturbances seen in Figure 5.4 showing the DTA 
curves. This phenomenon was also observed in MS-7 glass feed (Izak et al. 2001) and was attributed to 
the decomposition of individual crystals of sodalite. This hypothesis is in agreement with the observation 
that sodalite begins to decompose at 800ºC, and more sodalite forms in Feed I than in Feed II (see 
Section 5.4).  

 
Table 5.2 summarizes mass losses obtained from the 4ºC/min heat treatments of dried feeds (at 

110ºC), starting from room temperature and ending at 1100ºC.  
 

Table 5.2.  Mass Losses of DWPF Macrobatch 3 Feeds 

Temperature Interval  
(°C) 

Feed I Mass Loss 
(mass%) 

Temperature Interval 
(°C) 

Feed II Mass Loss 
(mass%) 

30-60 0.38 30-65 0.48 
60-215 2.60 65-215 2.50 

215-270 1.30 215-270 1.30 
270-334 0.70 270-350 1.00 
334-515 2.80 350-515 2.00 
515-658 0.30 515-605 0.20 
658-710 0.20 605-748 0.35 

710-1100 1.20 710-1100 0.85 
 
 
5.2 Analysis of Evolved Gas with Volume-Expansion Monitoring 
 

The results of GC-MS data for two different feeds are presented in Figure 5.8 and Figure 5.9 and 
Table 5.3 and Table 5.4. 

 
The GC-MS results summarized in Figure 5.8 and Figure 5.9 indicate that maximum off-gas rates of 

CO2, CO, and H2 occurred at ~240ºC. This temperature roughly coincides with the temperature at which 
NaCOOH melts and decomposes (the melting point is 253ºC; decomposition occurs around 300°C). This 
coincidence suggests that the 240ºC peak corresponds to melting and a partial decomposition of 
NaCOOH. Continuous generation of CO2, H2, and CO below 780ºC is probably due to the continued 
decomposition of residual NaCOOH (XRD data indicate its presence up to 500°C; see Section 5.4) and 
the initial decomposition of carbonates. CH4 is formed by the reaction of H2 with CO or CO2 at the 
temperature range of 220 to 700ºC. The evolution of CO and CO2 initially ended at ~750ºC, resumed at 
~800ºC, and ended at ~930ºC in Feed-I and at 970ºC in Feed-II.  

 
The ~750ºC cessation of COx evolution roughly coincides with the end of nitrate detected by XRD in 

quenched feed (Section 5.4), which also marks the end of the existence of the primary (inorganic-salt) 
melt in the feed. Only undissolved sulfates and phosphates may persist to higher temperatures in bubbles 
with the secondary (glass-forming) melt, but this is not the case of DWPF glasses.  
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Figure 5.8.  The Rate of Gas Evolution  and Relative Volume Expansion of 10-g Feed I 

 

 
Figure 5.9.  The Rate of Gas Evolution  and Relative Volume Expansion of 10-g Feed II 

 



5.8 

Table 5.3.  Maximum Volume Expansion (in vol%) and Total Volume of Batch Gases  
(in mL/g glass) Evolved from 10-g DWPF Macrobatch 3 Feeds 

Gas Feed I Feed II
Maximum Volume Expansion 19.2 5.5 
CO 38.38 30.20 
CO2 57.68 45.89 
N2O 0.91 1.20 
NO 0.24 0.39 
H2 1.44 0.79 
CH4 0.20 0.13 
Total gas phase 98.85 78.60 

 

 
Figure 5.10.  The Rate of Gas Evolution from 48.6-mg Feed I 

 
Two maxima on the off-gas-rate curves of N2O and NO in Feed-II occur below 350ºC, one at 240ºC 

(for both N2O and NO), and the other at ~320ºC for NO and 340ºC for N2O (Figure 5.9). The second 
maximum (not identified in the Feed-I, Figure 5.8) is most likely the result of molten NaNO2 or 
NaNO2/NaNO3 eutectic melt reacting with NaCOOH. The decomposition of NaNO2 may also generate 
NO at temperatures between 400ºC and 700ºC. 

 
Feed-volume expansion began at ~800ºC, indicating that glass-forming melt became interconnected 

at this temperature. When the open porosity closed, the release of gas temporarily stopped. Glass 
accumulated in the form of bubbles with the viscous glass-forming melt. The evolution of CO and CO2 
resumed above 800ºC and continued to 950ºC. This COx could not be produced from the primary melt. Its 
source could be a release of dissolved carbonate in the glass-forming melt or, more likely, a reaction of 
residual carbon (from the pyrolysis of organics) with Fe2O3. 
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The difference in the maximum expansion between the two feeds is probably related to melt 

viscosity, but could also be influenced by the difference in the amount of CO and CO2 gases evolved at 
this temperature range.  

 
Figure 5.10 and Figure 5.11 display the TGA data recorded simultaneously with EGA showing which 

gases are responsible for the mass loss during the conversion process. 
 

 
Figure 5.11.  The Rate of Gas Evolution of 48.6-mg Feed II 

 
5.3 Modified Reboil Test 

 
The reboil test was performed to determine how much gas can be released from the glass after the 

feed-melting reactions were completed. We assumed that the interface between the cold cap and molten 
glass is approximately at 870°C and that the glass temperature in the melter can be as high as 1200°C. 
The residence time of glass in the melter can be of the order of magnitude of 10 to 100 h, but as the glass 
circulates within the melter, its temperature is periodically changing. We did not make any attempt to 
simulate the actual temperature history that the glass undergoes between the moment of fusion and the 
moment of discharge. Instead, we subjected the glass to a simple temperature history as shown in Figure 
5.12 to Figure 5.15. The reboil gas composition and the time-temperature schedule used in the reboil test 
are shown in Figure 5.12 and Figure 5.13. These figures are based on the GC-MS analysis.  Only MS was 
used to obtain data shown in Figure 5.14 and Figure 5.15. Table 5.34 shows the volumes of gases 
evolved. 
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Figure 5.12.  Evolved Gas Composition of 10-g Feed I (GS-MS data) 

 

 
Figure 5.13.  Evolved Gas Composition of 10-g Feed II (GS-MS data) 
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Figure 5.14.  Evolved Gas Composition of 10-g Feed I (MS data) 
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Figure 5.15.  Evolved Gas Composition of 10-g Feed II (MS data) 
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Table 5.4.  Volumes of Reboil Gases ( in mL/kg glass) Evolved during the Heat Treatment of DWPF 
Macrobatch 3 Feeds 

Gas Feed I Feed II 
CO 1.3 1.4 
CO2 0.8 0.8 
O2 0.6 8.0 
Sum of gases 2.7 10.2 

 
Neither feed expanded in volume noticeably during the tests even though the temperature was 

increased from 900ºC to 1200ºC at a high rate (25ºC/min for the GS-MS study and 100ºC/min for the MS 
study). The lack of volume expansion can be attributed to a delayed evolution of gases (CO and CO2) and 
a low viscosity of the melt at 1200ºC that results in a low stability of foam. The amount of gas evolution 
was significant, though smaller than that observed in EGA (Figure 5.12 and Figure 5.13) for the 
temperature region from 800ºC to 950ºC. As Table 5.4 shows, an approximately equal volume of CO and 
CO2 gases evolved from both feeds.  

 
The large volume of oxygen recorded only in the Feed II reboil test (seen in Figure 5.15) was 

confirmed by the MS study performed later. No oxygen generation was observed in the EGA tests, but the 
redox measurement (Section 5.6) indicated continuous reduction of Fe(III) to Fe(II), not observed in 
Feed I. The high concentration of oxygen could not be at equilibrium with a nearly identical concentration 
of CO2 and CO at 1200°C. To explain this unexpected result (presumably, both feeds were prepared the 
same way), we can speculate that residual carbon reacted with Fe(III) to produce COx in both glasses 
(though CO2 can also be produced from residual carbonates), and areas of high concentrations of Fe(III) 
simultaneously produced O2.  

 
Whatever the origin of the gases, the volume fraction of CO + CO2 that has evolved from Glass I at 

temperatures above 870ºC is approximately 2.1 mL/kg glass. Taking the DWPF design-basis melting rate 
of 100 kg/h, we arrive at the gas evolution rate of approximately 0.2 L/h in the melter. This quantity of 
gas can produce a foamy layer under the cold cap before entering the off-gas.  

 
Feed II also produced, in addition to COx, a large volume of O2. As stated above, this was confirmed 

by a repeated measurement and is in agreement with a change in the oxidation-reduction state of Fe as 
described in Section 5.6. According to Table 5.4, Feed II generated 3.8 times more gas in the melt than 
Feed I. However, Feed II melts faster than Feed I. If both statements, i.e., that Feed II melts faster and 
produces more gas in the melt, are correct, then this implies that the flux of evolved gases is not a factor 
in melting efficiency.  

 
If we assume that the melt rate is proportional to the thickness of the secondary foam, and thus 

suppose that there is less secondary foam under the cold cap of the fast-melting Feed II, we must 
conclude that the foam produced in Glass II is less stable than the foam in Glass I. Hence, the dominant 
factor is foam stability rather than the gas flux from the melt.  

 
The foam in Glass II is less stable. As is well known, the main factor for foal stability in glass is 

viscosity. The lower viscosity of Glass II at 870°C (see Section 5.7) destabilizes the foam, allowing gas 
bubbles to coalesce easily.  

 
Another destabilizing effect is chemical imbalance. If COx bubbles coexist in the foam with O2 

bubbles, the foam is destabilized.  
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Unstable foam collapses into large bubbles that then merge into cavities. Cavities conduct radiative 
heat, insulating the cold cap less than spherical foam. Large cavities easily move and open to the 
atmosphere, either at cold-cap edges or into the vent holes. The result is a faster heat transfer from the 
melt to the cold cap and, consequently, a higher rate of melting. It is important to bear in mind that this 
scenario is rather speculative and needs further research. 
 
5.4 Quantitative X-Ray Diffraction 
 

The XRD analysis of feeds quenched at different temperatures after heating at 4ºC/min identified the 
initial feed minerals (baddeleyite, quartz, rock salt, etc.) and intermediate phases (hematite, spinel, 
sodalite, and nepheline) that eventually dissolve into the glass as the temperature increases. The results of 
the XRD study are shown in Figure 5.16 through Figure 5.19. Details of the XRD patterns and JADE 
analyses are shown in Appendix A. Concentrations of all crystalline phases were low, rarely exceeding 
several mass%. Most of the feed was amorphous gels and glass frit.  

 
Figure 5.16 and Figure 5.17 display the gradual disappearance of crystalline phases that were present 

initially in the feed as oxides were incorporated into the glass-forming phase. Sodium nitrate and nitrite 
decomposed partly by 300ºC, continued to decompose or react, and disappeared from the feeds by 700ºC. 
Quartz, baddeleyite, and sodium chloride disappeared from the feeds by 900ºC. Quartz began to dissolve 
at ~700ºC in Feed I and 600ºC in Feed II. Baddeleyite dissolved in a narrow temperature range, starting at 
750ºC in Feed I and at 700ºC in Feed II. Sodium chloride began to disappear at ~600ºC in Feed I and 
800ºC in Feed II. Calcium carbonate persisted to an unusually high temperature of 850°C. This was 
probably possible because inorganic salts form a single liquid phase (the primary melt), in which 
carbonates can be preserved to high temperatures in a dilute form. Calcium carbonate would then 
precipitate from this melt on sample quenching.  

 
Not shown in Figure 5.16 and Figure 5.17 are aluminum and iron hydroxides and sodium formate, 

which were also detected by XRD (Appendix A). Aluminum hydroxide disappeared by 400°C from 
Feed I and by 500°C from Feed II. Iron (oxy)hydroxides disappeared by 600°C from both feeds. The 
highest temperature at which sodium formate was detected in Feed I was 400°C to 500°C in Feed II. As 
in the case of calcium carbonate, the formate persisted to temperatures above the spontaneous 
decomposition of sodium formate, probably as a component of the primary melt. 

 
XRD detected several intermediate crystalline phases in both feeds: hematite, magnetite, nepheline, 

zircon, and sodalite (Figure 5.18 and Figure 5.19). Hematite formed the largest fraction, more than 6 
mass% at 750ºC (Feed I) and 700ºC (Feed II). Hematite was probably a product of the decomposition of 
amorphous iron hydroxide. Above 700ºC (Feed I) and 750ºC (Feed II), hematite was partly reduced to 
magnetite,(a) a phase that peaked at 800ºC (approximately 2 mass%) and disappeared together with 
hematite at 850ºC.  

 
A small fraction of nepheline was detected above 600°C, peaking at 800ºC with ~1 mass% in Feed I 

and at 750ºC with ~0.3 mass% in Feed II. This was probably a result of the reaction between sodium 
aluminate and silicate melt. Nepheline disappeared from both feeds (dissolving in glass-forming melt) by 
850ºC.  

 

                                                      
(a)  In some Hanford glasses, hematite forms as a metastable phase that dissolved to provide iron oxide for spinel 

(see Hrma 2002). 
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Figure 5.16.  Fractions of Feed Minerals Versus Temperature in Feed I 
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Figure 5.17.  Fractions of Feed Minerals Versus Temperature in Feed II 
 



5.15 

0

1

2

3

4

5

6

7

550 600 650 700 750 800 850 900 950 1000

Temperature   (°C)

Ph
as

e 
C

on
ce

nt
ra

tio
n 

  (
m

as
s%

)

hematite sodalite magnetite nepheline zircon

feed-I (MB3 with Frit 200)

 

Figure 5.18.  Mass Fractions of Intermediate Crystalline Phases in Feed I 
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Figure 5.19.  Mass Fractions of Intermediate Crystalline Phases in Feed II 

 
Interestingly, a small fraction of zircon (approximately 0.2 mass%) appeared above 900ºC, the 

temperature at which baddeleyite disappeared. Traces of zircon were detected even at 1000ºC.  
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Finally, sodalite (6NaAlSiO4 2ּ NaCl) was produced above 700ºC (Feed I) and 750ºC (Feed II), 

peaking at 800ºC in both feeds (approximately 1.5 mass%), and was gone between 850ºC and 900ºC. The 
sodalite peak coincides with the temperature at which the feed volume began to increase and also with the 
temperature at which solid sodium chloride began to disappear. The difference in sodalite formation in 
Feeds I and II seems too small to explain the higher primary foam in Feed I as seen in Figure 5.8 and 
Figure 5.9. 

 
Other phases detected (not shown in Figure 5.18 and Figure 5.19) were trevorite (NiFe2O4) and 

zincochromite (ZnCr2O4). These spinels coexisted with magnetite, with which they probably formed a 
solid solution.  

 
5.5 Scanning Electron Microscopy and Energy Dispersive Spectroscopy 

 
Results of SEM/EDS analyses on the samples of DWPF feeds heat treated at 4ºC/min and quenched 

at 800ºC are presented in Appendix B. The temperature of 800°C was chosen because this is the 
temperature at which the key intermediate phases peaked (see Figure 5.18 and Figure 5.19) and the feed 
began to expand by primary foaming (see Figure 5.12 and Figure 5.13). The SEM micrographs in 
Appendix B display heterogeneous areas embedded in a connected matrix of glass-forming melt. The 
heterogeneities consist of dissolving solids, an insoluble inclusion, and gas bubbles. 

 
The following phases were detected by XRD analysis (Section 5.4) in both feeds at 800°C: 

baddeleyite, quartz, NaCl, CaCO3, hematite, spinel (magnetite, zincochromite, and trevorite), sodalite, 
and nepheline. The extremely small sizes and diffuse shapes of some phases precluded their clear 
identification by SEM.  

 
Baddeleyite was clearly detected as a conglomerate of dissolving crystals (3 to 20 µm) in both feeds. 

Silica (possibly quartz) was found as ~2 µm round gray objects. Hematite was probably an elongated gray 
shape (~30 µm long), and conglomerates of submicron gray objects were suspected to be hematite. 
Submicron spinel (magnetite, trevorite, and jacobsite) were suspected in similar agglomerates, probably 
coexisting with sodalite.  

 
Barium sulfate, clearly detected as 10 to 30-µm agglomerates, was a minor component of the feed. 

Another minor ingredient, Pd, was seen as an ~12-µm nodulus of metallic Pd. Barium sulfate and Pd were 
undetected by XRD. 

 
SRTC provided a cold-cap sample retrieved from the recent mini-melter run using Feed II.(a) The 

sample was analyzed using SEM/EDS. SEM micrographs and the results of EDS analyses are in 
Appendix C. The sample exhibits similar features to those described in a laboratory sample quenched at 
800ºC. A continuous glass matrix contains both solid and gaseous inclusions. Iron-rich regions contain 
tiny solid inclusions, probably hematite with spinel and sodalite. A large (~40 µm) dissolving crystal 
(probably hematite) and dissolving crystals of baddeleyite were found in the sample, and a dissolving 
grain of quartz was also found in the sample. Pd was not detected, but a loose agglomerate of RuO2 was 
clearly seen. Unlike in laboratory samples, where crystals of sodalite were barely detectable, a large (~10 
µm) dendrite of sodalite was observed in the melter sample. An iron-rich sodium aluminosilicate, which 
could be nepheline, was also identified. 

 

                                                      
(a)  DH Miller. 2002. “Summary of Results From MiniMelter Run with Macrobatch 3 Baseline Feed Using Frit 320 

(U),” WSRC-TR-2002-00158, Rev. 0, Aiken, NC. 
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A feature not seen in the laboratory sample was a darker amorphous silica-rich area, probably a frit 
residue that has not yet been fused with the rest of the glass-forming matrix. Another phenomenon not 
observed in laboratory samples was the presence of tridymite needles, twins, and star-shaped crystals that 
precipitated in the glass matrix. They probably formed from silica-rich glass (possibly frit) during an 
extended period at temperatures below the liquidus or during a slow cooling. 
 
5.6 Mössbauer Spectroscopy and Wet Chemical Analysis 
 

Wet colorimetry was perfumed on samples listed in Table 5.5, which also shows the calculated 
Fe(II)/Fe(III) ratios. The ferric ion concentration was calculated from the difference between the total iron 
and ferrous ion concentrations. Approximately one third of the total Fe was reduced to Fe(II) in both 
feeds. Samples were subjected to two temperature histories. First, samples were heated at 4°C/min to 
870°C and quenched after a 1.5-h dwell. Second, the same heat-treatment (including 1.5-h dwell at 
870°C) was extended at 25°C/min to 1200°C with 8-min dwell. The Fe(II)/Fe fraction was nearly 
constant during the temperature increase from 870°C to 1200°C in Glass I, but increased significantly in 
Glass II, suggesting that the redox reaction continued in Glass II at temperatures at which the feed 
melting process was completed. This increase of Fe(II)/Fe fraction in Glass II is associated with the 
evolution of O2 detected in Feed II in the modified reboil test (Figure 5.15). 

 
Mössbauer spectroscopy was performed on a Glass I 870°C sample to check wet analysis. The 

spectral-area fractions derived from the RT spectrum (Figure 5.20) were 33% Fe(II) and 67% Fe(III). 
Based on these values, the calculated ratio of Fe(II)/Fe(III) was 0.49, a value similar to 0.48 determined 
by wet colorimetry. In the wet colorimetry method, Fe(II) could be oxidized during dissolution of glass in 
acid at ambient temperature, resulting in a slightly lower measured Fe(II) concentration. Fe(II)/Fe(III) 
data are compared in Figure 5.21. 

 

6.25E+06

6.30E+06

6.35E+06

6.40E+06

6.45E+06

6.50E+06

6.55E+06

6.60E+06

6.65E+06

6.70E+06

6.75E+06

-6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6

Velocity   (mm/s)

In
te

ns
ity

Fe (II)
Fe(III)
Experimental

 

Figure 5.20.  RT Mössbauer Spectrum of Glass I (MB3 with Frit 200) Quenched from 900°C 
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Table 5.5.  Wet Chemistry Analysis of Fe(II) and Fe(III) in Glasses I and II 

Sample Temperature (°C) Fe(II) Total Fe Fe(II)/Fe Fe(II)/Fe(III)
Glass I (MB3 with Frit 200) 870 0.178 0.546 0.325 0.482 
Glass I (MB3 with Frit 200) 1200 0.166 0.505 0.328 0.488 
Glass II (MB3 with Frit 320) 870 0.151 0.491 0.308 0.445 
Glass II (MB3 with Frit 320) 1200 0.172 0.510 0.338 0.510 

 
 

0.44

0.45

0.46

0.47

0.48

0.49

0.5

0.51

0.52

850 900 950 1000 1050 1100 1150 1200

Temperature   (°C)

Fe
(II

)/F
e(

III
)

Glass I (MB3 with Frit200) - Wet colorimetry

Glass I (MB3 with Frit200) - Mössbauer spectroscopy

Glass II (MB3 with Frit320) - Wet colorimetry

 

Figure 5.21.  Wet Colorimetry and Mössbauer Spectroscopy Fe(II)/Fe(III) Values for Glasses I, II 

 
5.7 Viscosity 
 

Figure 5.22 shows a plot of measured viscosities for Glasses I and II. At 900°C, Glass I viscosity is 
nearly twice as high as that of Glass II. This difference in viscosity decreases with increasing 
temperatures. Glass II was deliberately formulated longer than Glass I to achieve as low viscosity at 900° 
as possible without undesirably affecting other glass properties. The Arrhenius plot in Figure 5.23 shows 
that the activation energy of Glass I is 18.9×103 K, whereas the activation energy of Glass II is only 
17.2×103 K. The possible effect of glass viscosity on foam stability was mentioned in Section 5.2. 
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Figure 5.22.  Viscosity of Glasses I and IIa 
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Figure 5.23.  Viscosity of Glasses I and II, Arrhenius Plot 

 
                                                      
a The Frit 320 data were provided by John Vienna. 
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6.0 Conclusions and Recommendations 
 

This report summarizes data needed for modeling the cold cap. Using several thermoanalytical tools 
provides the necessary kinetic data for feed-to-glass conversion reactions. The data will allow 
constructing and verifying rate equations that relate reaction kinetics to external conditions, such as heat 
supply.  

 
We have also demonstrated that gases (both COx and O2) can be produced in molten glass from a 

well-reduced feed, thus contributing to the foam formation under the cold cap. Our results indicate that 
this foam is destabilized by lowering glass viscosity at the melt interface with the cold cap (850°C to 
900°C). However, direct evidence of this is lacking, and further research is needed to investigate foam 
behivior.  

 
It is recommended to proceed with constructing constitutive equations that link the physical and 

chemical fields of the melting process. The missing constitutive equations are those for the cold-cap 
thermal diffusivity and cold-cap reactions.  

 
Modeling the heat transfer from melt to feed requires developing a relationship for bubble behavior 

within the melt. A complete mathematical model of the melter will allow parameter studies that relate 
melter design and operation parameters and the feed makeup parameters with melter performance, thus 
assuring the conditions for a rapid steady melting.  
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Appendix A: XRD Patterns 
 

This Appendix summarizes x-ray diffraction (XRD) patterns of Feeds I and II heat treated at 
4°C/min and quenched from different temperatures.  An X-ray diffractometer (Scintag PAD-V) 
with Peltier Detector and Cu target was used.  The scan parameters shown in this Appendix are 
the step-size range of 0.04° 2-θ and the scan range of 5° to 70° 2-θ.  Jade software was used to 
analyze the scans and to identify the phases.  The mass fraction of each phase in the sample was 
determined using 5 mass % of CaF2 as an internal standard.  
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Figure A.1.  XRD Pattern of Dried Feed I 
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Figure A.2.  XRD Pattern Feed I Heat-Treated at 4ºC/min and Quenched at 300°C 



A.3 

x10^3

5.0

10.0

I(C
ou

nt
s)

75-0097> CaF2 - Calcium Fluoride

78-0047> ZrO2 - Zirconium Oxide

79-1906> Quartz - SiO2

75-0306> Hal ite - NaCl

71-0730> NaNO2 - Sodium Nitri te

36-1474> Nitratine - NaNO3

14-0812> CHNaO2 - Sodium Formate

76-0182> Fe1.833(OH)0.5O2.5 - Iron Hydroxide Oxide

73-2234> Fe2O3 - Iron Oxide

72-0506> Vateri te - CaCO3

10 20 30 40 50 60 70
2-Theta(°)

[Frit 200-400°C.dif] frit 200-400°C

 
Figure A.3.  XRD Pattern Feed I Heat-Treated at 4°C/min and Quenched at 400°C 
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Figure A.4.  XRD Pattern Feed I Heat-Treated at 4°C/min and Quenched at 500°C 
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Figure A.5.  XRD Pattern Feed I Heat-Treated at 4°C/min and Quenched at 600°C 
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Figure A.6.  XRD Pattern Feed I Heat-Treated at 4°C/min and Quenched at 650°C 
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Figure A.7.  XRD Pattern Feed I Heat-Treated at 4°C/min and Quenched at 700°C 
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Figure A.8.  XRD Pattern Feed I Heat-Treated at 4°C/min and Quenched at 750°C 
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Figure A.9.  XRD Pattern Feed I Heat-Treated at 4°C/min and Quenched at 800°C 
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Figure A.10.  XRD Pattern Feed I Heat-Treated at 4°C/min and Quenched at 835°C 
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Figure A.11.  XRD Pattern Feed I Heat-Treated at 4°C/min and Quenched at 850°C 
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Figure A.12.  XRD Pattern Feed I Heat-Treated at 4°C/min and Quenched at 890°C 
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Figure A.13.  XRD Pattern Feed I Heat-Treated at 4°C/min and Quenched at 900°C 
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Figure A.14.  XRD Pattern Feed I Heat-Treated at 4°C/min and Quenched at 925°C 
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Figure A.15.  XRD Pattern Feed I Heat-Treated at 4°C/min and Quenched at 950°C 
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Figure A.16.  XRD Pattern Feed I Heat-Treated at 4°C/min and Quenched at 1000°C 
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Figure A.17.  XRD Pattern of Dried Feed II 
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Figure A.18.  XRD Pattern Feed II Heat-Treated at 4°C/min and Quenched at 300°C 
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Figure A.19.  XRD Pattern Feed II Heat-Treated at 4°C/min and Quenched at 450°C 
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Figure A.20.  XRD Pattern Feed II Heat-Treated at 4°C/min and Quenched at 500°C 
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Figure A.21.  XRD Pattern Feed II Heat-Treated at 4°C/min and Quenched at 600°C 
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Figure A.22.  XRD Pattern Feed II Heat-Treated at 4°C/min and Quenched at 650°C 
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Figure A.23.  XRD Pattern Feed II Heat-Treated at 4°C/min and Quenched at 700°C 
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Figure A.24.  XRD Pattern Feed II Heat-Treated at 4°C/min and Quenched at 750°C 
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Figure A.25.  XRD Pattern Feed II Heat-Treated at 4°C/min and Quenched at 800°C 
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Figure A.26.  XRD Pattern Feed II Heat-Treated at 4°C/min and Quenched at 835°C 
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Figure A.27.  XRD Pattern Feed II Heat-Treated at 4°C/min and Quenched at 850°C 
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Figure A.28.  XRD Pattern Feed II Heat-Treated at 4°C/min and Quenched at 890°C 
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Figure A.29.  XRD Pattern Feed II Heat-Treated at 4°C/min and Quenched at 900°C 
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Figure A.30.  XRD Pattern Feed II Heat-Treated at 4°C/min and Quenched at 925°C 
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Figure A.31.  XRD Pattern Feed II Heat-Treated at 4°C/min and Quenched at 950°C 
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Figure A.32.  XRD Pattern Feed II Heat-Treated at 4°C/min and Quenched at 1000°C 
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Appendix B: Scanning Electron Microscopy and  
Energy Dispersive Spectroscopy 

 
Results of SEM/EDS analyses on the samples of DWPF feeds heat treated at 4ºC/min and quenched 

at 800ºC are presented in Figures B.1 to B.17.   
 
Baddeleyite was clearly detected as a conglomerate of dissolving crystals (3 to 20 µm) in both feeds 

(white areas in Figures B.1, B.3, B.4, and B.6; see the associated EDS spectra).  Silica (possibly quartz) 
was found only once as ~2 µm round gray objects in Figure B.3.   

 
Hematite was is probably the elongated gray shape in Figure B.8 and the gray area in Figure B.16.  

Submicron spinel (magnetite, trevorite, and jacobsite) are suspected in the agglomerate in Figure B.4, 
probably coexisting with sodalite (see the EDS spectrum in Figure B.15).  The submicron gray inclusions 
seen in Figure B.5 are probably hematite and spinel with sodalite.  Similar gray fuzzy objects are also 
evident in Figures B.1 and B.3.  

 
Barium sulfate, detected as 10 to 30-µm agglomerates in Figures B.1, B.8, and B.16, was a minor 

component of the feed.  Another minor ingredient, Pd, can be seen as a ~12-µm nodulus of metallic Pd in 
Figure B.12.   
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Figure B.1.  Feed I SEM Micrograph (Feed Heat-Treated at 4ºC/min and Quenched at 800ºC) 

 

 
Figure B.2.  Composition of White Area Marked 1 in Figure B.1 
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Figure B.3.  Feed I SEM Micrograph (Feed Heat-Treated at 4ºC/min and Quenched at 800ºC) 

 

 
Figure B.4.  Composition Through Figure B.3 
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Figure B.6.  Composition of White Crystals 

Marked 3 in Figure B.5 

 
Figure B.7.  Composition of Dark Crystals 

Marked 4 in Figure B.5 

 

Figure B.5.  Feed I SEM Micrograph (Feed Heat-Treated  
at 4ºC/min and Quenched at 800ºC) 
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Figure B.8.  Feed II SEM Micrograph (Feed Heat-Treated at 4ºC/min and Quenched at 800ºC) 
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Figure B.9.  Composition of White Region 

Marked 1 in Figure B.8 

 
Figure B.10.  Composition in the Area  

Marked 2 in Figure B.8 

 
Figure B.11.  Composition in the Area  

Marked 3 in Figure B.8 
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Figure B.12.  Feed II SEM Micrograph (Feed Heat-Treated at 4ºC/min and Quenched at 800ºC) 

 

 
Figure B.13.  Composition in White Area Marked 4 in Figure B.12 

 

4 



B.8 

 
Figure B.14.  Feed II SEM Micrograph (Feed Heat-Treated at 4ºC/min and Quenched at 800ºC) 

  

 

 
Figure B.15.  Composition in the Area Marked 5 in Figure B.14 
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Figure B.16.  Feed II SEM Micrograph (Feed Heat-Treated at 4ºC/min and Quenched at 800ºC) 
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Figure B.17.  Composition Through Figure B.16 
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Appendix C: Analysis of Cold-Cap Samples 
 
 
A cold-cap sample retrieved from the recent mini-melter run using Feed II was provided by SRTC.(a)  

The sample was cut, mounted in an epoxy resin under reduced pressure, polished, coated by carbon in 
high vacuum (10-5 torr), and analyzed using SEM/EDS.  The sample exhibits similar features to those 
described in a laboratory sample quenched at 800ºC.  A continuous glass matrix contains both solid and 
gaseous inclusions.  A feature not seen in the laboratory sample is a darker amorphous silica-rich area, 
seen in Figure C.1(2) and C.9(16).  This melt could possibly be a frit residue that has not yet been fused 
with the rest of the glass-forming matrix.   

 
Another interesting phenomenon not seen in laboratory samples is the presence of tridymite needles, 

twins, and star-shaped crystals that precipitated in the glass matrix.  These crystals are in Figure C.4(7) 
and C.4(14).  They probably formed from silica-rich glass (possibly frit) during an extended period at 
temperatures below the liquidus or during a slow cooling. 

 
Iron-rich regions with tiny solid inclusions, probably hematite with spinel and sodalite, feature in 

Figures C.1(3), C.2, C.5, and C.7(13).  A large dissolving spinel crystal is in Figure C.1(5).  Dissolving 
crystals of baddeleyite are in Figures C.1(4) and C.8(15).  A dissolving grain of quartz was found in the 
area depicted in Figure C.7(12).  Figure C.4 shows a loose agglomerate of RuO2.   

 
Figures C.6 and C.9 contain two unusual phenomena.  One is a large (~10 µm) dendrite of sodalite 

(Figure C.6Error! Reference source not found.), and the other is bright inclusions (17) of an iron-rich 
sodium aluminosilicate, which could be nepheline. 
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(a)  DH Miller.  2002.  “Summary of Results From MiniMelter Run with Macrobatch 3 Baseline Feed Using Frit 
320 (U),” WSRC-TR-2002-00158, Rev. 0, Aiken, North Carolina. 
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Figure C.1.  Scanning Electron Micrograph of Sample Retrieved from the Recent Mini-Melter Run 
Using the Macrobatch 3 Batch with Frit 320 

 

Table C.1.  Composition of Glass Matrix Marked as 1 in Figure C.1 

Element App Intensity Weight% Weight% Atomic% 
    Conc. Corrn.   Sigma   
O K 26.64 1.0015 47.82 0.53 63.28 
Na K 3.71 0.7635 8.72 0.25 8.03 
Al K 1.14 0.7581 2.69 0.13 2.11 
Si K 13.38 0.8263 29.06 0.36 21.91 
Cl K 0.18 0.6969 0.46 0.09 0.27 
Ca K 0.42 0.9614 0.79 0.09 0.42 
Mn K 0.46 0.8210 1.01 0.14 0.39 
Fe K 4.41 0.8380 9.46 0.28 3.59 
      
Totals   100.00   
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Table C.2.  Composition of Dark Region Marked as 2 in Figure C.1 

Element App Intensity Weight% Weight% Atomic% 
    Conc. Corrn.   Sigma   
O K 28.02 0.9539 52.97 0.48 65.78 
Na K 4.16 0.8773 8.56 0.22 7.40 
Si K 18.61 0.9029 37.21 0.40 26.32 
Ca K 0.22 0.9357 0.42 0.08 0.21 
Fe K 0.38 0.8213 0.84 0.14 0.30 
      
Totals   100.00   

 
 

Table C.3.  Composition of Light Region Marked as 3 in Figure C.1 

Element App Intensity Weight% Weight% Atomic% 
    Conc. Corrn.   Sigma   
O K 21.23 1.1114 37.69 0.58 58.50 
Na K 1.68 0.5785 5.73 0.27 6.19 
Al K 2.67 0.6599 7.99 0.21 7.36 
Si K 5.02 0.7083 13.99 0.27 12.37 
Cl K 0.26 0.7368 0.69 0.11 0.48 
Ca K 0.63 1.0176 1.22 0.10 0.76 
Mn K 1.31 0.8590 3.01 0.20 1.36 
Fe K 12.22 0.8782 27.44 0.44 12.20 
Ni K 0.66 0.8496 1.54 0.21 0.65 
Ba L 0.30 0.8560 0.69 0.24 0.13 
      
Totals   100.00   

 
 

Table C.4.  Composition of White Spot Marked as 4 in Figure C.1 

Element App Intensity Weight% Weight% Atomic% 
    Conc. Corrn.   Sigma   
O K 7.78 0.4549 30.16 0.81 66.10 
Na K 0.86 0.8312 1.82 0.16 2.78 
Al K 0.23 0.8862 0.46 0.09 0.60 
Si K 2.61 0.9944 4.63 0.17 5.78 
Fe K 1.19 0.9297 2.25 0.20 1.41 
Zr L 29.39 0.8529 60.68 0.77 23.32 
      
Totals   100.00   
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Table C.5.  Composition of White Region Marked as 5 in Figure C.1 

Element App Intensity Weight% Weight% Atomic% 
    Conc. Corrn.   Sigma   
O K 23.75 1.3283 33.39 0.52 58.87 
Na K 0.76 0.4575 3.09 0.24 3.79 
Al K 0.41 0.5800 1.32 0.13 1.38 
Si K 3.36 0.6967 9.01 0.21 9.05 
Ca K 0.21 1.0661 0.36 0.08 0.26 
Mn K 1.10 0.8893 2.31 0.18 1.19 
Fe K 23.65 0.9088 48.57 0.50 24.53 
Ni K 0.89 0.8522 1.95 0.23 0.94 
      
Totals   100.00    
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Figure C.2.  Scanning Electron Micrograph of Sample Retrieved from the Recent Mini-Melter Run 

Using the Macrobatch 3 Batch with Frit 320 

 

Table C.6.  Composition of Crystals Marked as 6 in Figure C.2 

Element App Intensity Weight% Weight% Atomic% 
    Conc. Corrn.   Sigma   
O K 27.35 1.1133 43.53 0.55 62.12 
Na K 2.85 0.6281 8.04 0.28 7.99 
Al K 1.26 0.6795 3.27 0.15 2.77 
Si K 9.14 0.7607 21.29 0.31 17.30 
Cl K 0.17 0.7169 0.41 0.09 0.26 
Ca K 0.16 0.9898 0.29 0.08 0.17 
Mn K 0.33 0.8471 0.68 0.13 0.28 
Fe K 9.04 0.8679 18.45 0.36 7.54 
Ni K 1.92 0.8452 4.02 0.26 1.56 
      
Totals   100.00    
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Figure C.3.  Scanning Electron Micrograph of Sample Retrieved from the Recent Mini-Melter Run 

Using the Macrobatch 3 Batch with Frit 320 

 

Table C.7.  Composition of Crystals Marked as 7 in Figure C.3 

Element App Intensity Weight% Weight% Atomic% 
    Conc. Corrn.   Sigma   
O K 25.41 0.9793 59.66 0.50 72.27 
Na K 0.17 0.8173 0.47 0.13 0.40 
Si K 16.22 0.9474 39.35 0.48 27.15 
Fe K 0.19 0.8163 0.52 0.15 0.18 
      
Totals   100.00   
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Figure C.4.  Scanning Electron Micrograph of Sample Retrieved from the Recent Mini-Melter Run 

Using the Macrobatch 3 Batch with Frit 320 

 

Table C.8.  Composition of Crystals Marked as 8 in Figure C.4 

Element App Intensity Weight% Weight% Atomic% 
    Conc. Corrn.   Sigma   
O K 4.10 0.3385 23.19 0.94 63.68 
Si K 0.52 0.9167 1.08 0.11 1.69 
Cl K 0.78 0.9453 1.59 0.37 1.97 
Fe K 0.62 0.9405 1.26 0.19 0.99 
Ru L 35.60 0.9354 72.88 0.95 31.68 
      
Totals   100.00   
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C.9 

 
Figure C.5.  Scanning Electron Micrograph of Sample Retrieved from the Recent Mini-Melter Run 

Using the Macrobatch 3 Batch with Frit 320 

 

Table C.9.  Composition of Crystals in the Area Marked as 9 in Figure C.5 

Element App Intensity Weight% Weight% Atomic% 
    Conc. Corrn.   Sigma   
O K 19.82 1.1526 34.09 0.56 54.89 
Na K 2.63 0.5586 9.35 0.31 10.48 
Al K 2.20 0.6230 6.99 0.20 6.68 
Si K 3.28 0.6885 9.46 0.23 8.68 
Cl K 0.98 0.7522 2.60 0.14 1.89 
Ca K 0.27 1.0267 0.52 0.09 0.33 
Mn K 1.44 0.8692 3.30 0.20 1.55 
Fe K 14.35 0.8886 32.03 0.46 14.78 
Ni K 0.72 0.8527 1.67 0.21 0.73 
      
Totals   100.00   
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Figure C.6.  Scanning Electron Micrograph of Sample Retrieved from the Recent Mini-Melter Run 

Using the Macrobatch 3 Batch with Frit 320 

 

Table C.10.  Composition of Crystals Marked as 10 in Figure C.6 

Element App Intensity Weight% Weight% Atomic% 
    Conc. Corrn.   Sigma   
O K 16.73 0.8855 42.95 0.64 58.47 
Na K 3.73 0.8001 10.58 0.29 10.02 
Al K 1.16 0.7621 3.45 0.16 2.78 
Si K 10.41 0.8226 28.73 0.41 22.28 
Cl K 0.71 0.6998 2.31 0.14 1.42 
K K 0.36 0.9827 0.83 0.10 0.46 
Ca K 0.56 0.9541 1.34 0.11 0.73 
Mn K 0.50 0.8220 1.39 0.17 0.55 
Fe K 3.12 0.8399 8.42 0.30 3.29 
      
Totals   100.00   
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Table C.11.  Composition of Crystals in the Area Marked as 11 in Figure C.6 

Element App Intensity Weight% Weight% Atomic% 
    Conc. Corrn.   Sigma   
O K 18.43 1.1243 33.70 0.58 54.15 
Na K 2.62 0.5711 9.44 0.31 10.55 
Al K 2.39 0.6316 7.79 0.22 7.43 
Si K 3.13 0.6892 9.34 0.23 8.55 
S K 0.23 0.8069 0.59 0.11 0.47 
Cl K 1.00 0.7491 2.75 0.14 2.00 
Ca K 0.28 1.0232 0.57 0.09 0.36 
Mn K 1.73 0.8672 4.10 0.22 1.92 
Fe K 13.19 0.8863 30.60 0.46 14.09 
Ni K 0.47 0.8526 1.12 0.22 0.49 
      
Totals   100.00   
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Figure C.7.  Scanning Electron Micrograph of Sample Retrieved from the Recent Mini-Melter Run 

Using the Macrobatch 3 Batch with Frit 320 
 

Table C.12.  Composition of Dark Region Marked as 12 in Figure C.6 

Element App Intensity Weight% Weight% Atomic% 
    Conc. Corrn.   Sigma   
O K 24.99 0.8631 52.96 0.48 66.40 
Si K 25.31 0.9837 47.04 0.48 33.60 
      
Totals   100.00    

Table C.13.  Composition of Crystals Marked as 13 in Figure C.6 

Element App Intensity Weight% Weight% Atomic% 
    Conc. Corrn.   Sigma   
O K 21.01 1.1127 37.02 0.57 57.51 
Na K 2.26 0.5772 7.69 0.28 8.31 
Al K 3.03 0.6472 9.20 0.23 8.47 
Si K 3.79 0.6893 10.79 0.24 9.55 
Cl K 0.16 0.7434 0.41 0.10 0.29 
Ca K 1.01 1.0238 1.94 0.11 1.20 
Mn K 1.64 0.8610 3.74 0.21 1.69 
Fe K 12.43 0.8802 27.70 0.44 12.33 
Ni K 0.65 0.8497 1.50 0.21 0.64 
      
Totals   100.00    
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Figure C.8.  Scanning Electron Micrograph of Sample Retrieved from the Recent Mini-Melter Run 

Using the Macrobatch 3 Batch with Frit 320 
 

Table C.14.  Composition of Crystals Marked as 14 in Figure C.8 

Element App Intensity Weight% Weight% Atomic% 
    Conc. Corrn.   Sigma   
O K 25.20 0.9966 57.87 0.51 71.13 
Na K 0.89 0.7986 2.56 0.18 2.19 
Al K 0.33 0.8427 0.90 0.11 0.66 
Si K 13.99 0.9088 35.22 0.44 24.66 
Cl K 0.16 0.6849 0.53 0.10 0.29 
K K 0.10 0.9660 0.25 0.08 0.12 
Fe K 0.96 0.8209 2.67 0.20 0.94 
      
Totals   100.00    

 

Table C.15.  Composition of White Region Marked as 15 in Figure C.8 

Element App Intensity Weight% Weight% Atomic% 
    Conc. Corrn.   Sigma   
O K 6.17 0.4280 29.12 0.91 68.14 
Na K 0.48 0.8465 1.14 0.17 1.86 
Si K 0.76 1.0227 1.50 0.16 2.00 
Zr L 30.44 0.9003 68.23 0.90 28.00 
      
Totals   100.00    
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Figure C.9.  Scanning Electron Micrograph of Sample Retrieved from the Recent Mini-Melter Run 

Using the Macrobatch 3 Batch with Frit 320 
 

Table C.16.  Composition of Dark Region Marked as 16 in Figure C.9 

Element App Intensity Weight% Weight% Atomic% 
    Conc. Corrn.   Sigma   
O K 25.91 0.9628 53.60 0.49 66.11 
Na K 3.71 0.8900 8.31 0.23 7.13 
Si K 17.38 0.9098 38.10 0.43 26.77 
      
Totals   100.00    

 

Table C.17.  Composition of White Region Marked as 17 in Figure C.9 
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