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Summary 

The Melter Performance Assessment activity, a component of the Pacific Northwest Laboratory's 
(pNL)(a) Vitrification Technology Development (PVTO) effort, was designed to determine the 
impact of noble metals on the operational life of the reference Hanford Waste Vitrification Plant 
(HWVP) melter. The melter performance assessment consisted of several activities, including a litera
ture review of all work done with noble metals in glass, gradient furnace testing to study the behavior 
of noble metals during the melting process, research-scale and engineering-scale melter testing to 
evaluate effects of noble metals on melter operation, and computer modeling that used the experimental 
data to predict effects of noble metals on the full-scale melter. Feed used in these tests simulated 
neutralized current acid waste (NCAW) feed. This report summarizes the results of the melter per
formance assessment and predicts the lifetime of the reference HWVP melter. It should be noted that 
this work was conducted before the recent Tri-Party Agreement changes, so the reference melter 
referred to here is the Defense Waste Processing Facility (DWPF) melter design. 

Gradient furnace testing (GFT) was conducted in fiscal year (FY) 1991 to estimate the behavior of 
noble metals in the cold cap region of the melter glass pool. Dried feed samples were placed in sample 
boats and heated in a gradient furnace that produced a linear temperature gradient of 590°C to 940°C 
along the sample length. The samples were thin sectioned and characterized for noble metals. The 
thin sectioning along the length of the sample approximated sampling at various stages of the cold cap. 
However, the gradient furnace cannot completely simulate the complex behavior of the melter cold cap. 
The dried feed at the cold end of the samples showed some agglomeration of noble metals, indicating 
that agglomeration took place during either feed preparation or drying. At the hotter stages of the sam
ples, most of the noble metals in the HWVP feeds were 1-"m Ru02 particles with only a few agglom
erates. This lack of agglomeration suggested that very little agglomeration occurred in the cold cap of 
the HWVP feeds. The gradient furnace results were used for initial computer modeling until further 
information from the research-scale melter and engineering-scale melter was available. 

Research-scale melter testing was conducted in FY 1992 to evaluate the effect of process and feed 
parameters on noble metals agglomeration. The research-scale melter is a small, approximately 
1I100-scale melter, 6-in.-diameter, that allows rapid changing of process conditions and subsequent 
re-establishment of a steady-state condition. The research-scale melter test lasted 48 days and con
tained nine different segments that varied the melter operating parameters (glass and plenum tempera-

. tures) and feed properties (oxide concentration, redox potential, and noble metal concentrations) so that 
the effects of these parameters on noble metal agglomeration in the glass could be evaluated. During 
the latter portion of the run, the resistance between the electrodes decreased. Upon destructive exami
nation of the melter, a 2- to 4-mm layer of noble metals was found on the melter floor, a surprising 
discovery because the glass residence time in the research-scale melter is only 10% of the HWVP plant 
melter. The noble metals layer impacted the melter performance significantly. Approximately 113 of 
one paddle electrode was melted or corroded off. The cause is assumed to be localized heating from 
short circuiting of the electrode to the noble metal layer. The metal layer also removed approximately 
112 in. of the refractory on the bottom of the melter. It is assumed that the layer was made up of Ru02 

(a) The Pacific Northwest Laboratory is operated by Battelle Memorial Institute for the U.S. Depart
ment of Energy under Contract DE-AC06-76RLO 1830. 
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needles and allo~s of Pd/RhI Agrre until the last segment of the run, which was run under reducing 
conditions (Fe+ Il;Fe = 0.25). All of the Ru02 at this point was apparently reduced to metal. Mass 
balance calculations indicate that approximately 5 % of the noble metals present in the feed were 
retained in the melter during the segments of the test with nominal noble metals concentration. 
Approximately 46% of the noble metals were retained during the segments of the test with double 
nominal noble metals concentration. 

Samples taken from the glass exiting the research-scale melter were analyzed by optical and scan
ning electron microscopy for the presence of noble metals. The particles observed averaged lO Ilm in 
diameter, with many agglomerates in the lOO- to 200-llm range. The agglomerates were mainly Ru02 
needles or rods attached end-to-end at random angles to form fractal or "hair ball" -like floes. The 
average size of these floes increased substantially during the segments of the run when the concentra
tion of noble metals in the feed was doubled, indicating a nonlinearity of floc size to noble metals con
centration. The noble metal agglomerates were much larger than those observed during the GFT, 
which indicates that a significant amount of agglomeration occurs in the melt pool even though the 
average residence time of the research-scale melter was only 5 hours. 

Engineering-scale melter testing was conducted in FY 1992 to evaluate noble metals behavior dur
ing prolonged melter operation at nominal operating conditions. The engineering-scale melter is a 
1/ lO-scale melter constructed and operated at Kernforschungszentrum Karlsruhe (KfK) in Germany. 
The engineering-scale melter operated for 9 days without noble metals for shakedown testing and 
49 days with noble metals. The final mass balance concluded that 35 wt% of the Ru, Pd, and Rh fed 
to the melter settled to the melter floor. Samples taken from the bottom of the melter at the end of the 
run had high concentrations of noble metals, 20 to 45 times those of the nominal glass. Near the end 
of the run, the electrical resistance between the lower set of electrodes decreased by lO% to 15%, fur
ther indicating a settled layer of noble metals. 

Samples taken from the glass exiting the engineering-scale melter were analyzed by optical micros
copy for the presence of noble metals. The particles observed were very similar in structure to those 
from the research-scale melter, but the engineering-scale melter particles were slightly larger. The 
agglomerates were mainly Ru02 needles or rods attached end-to-end at random angles to form fractal 
or "hair ball "-like floes. 

Each activity within the melter performance assessment was used to generate data for computer 
modeling. Before each melter run, the Transient Energy, Momentum and Pressure Equations Solutions 
in Three Dimensions (fEMPEST) computer code was used to predict melter operation. After each run 
was completed, the code was rerun with the information gathered during the run. Using the informa
tion gained from each experiment, the TEMPEST code was refined. The post-test runs of the 
TEMPEST model for the engineering-scale melter predicted characteristics very similar to those 
observed during the run. With this information, the long-term operation of the HWVP melter was 
modeled using TEMPEST. The long-term runs were modeled to determine if and when the melter 
would fail because of the adverse effects of noble metals accumulation on the melter floor. The model
ing results indicate that after 192 days of operation with a 70% on-line efficiency, the current limit on 
the lower set of electrodes would be exceeded due to short circuiting. Thevariability in this prediction 
is considered to be within a range of a factor of two underestimated to a factor of seven overestimated 
such that the range of the melter life is 27 days to 384 days. 
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In addition to the TEMPEST computer model, another, more simplistic model was developed and 
used for rough approximations of long-term melter operation. This model, the lumped parameter 
model, is a simple engineering model that assumes the melter is a well-mixed tank and the noble metals 
settle at a constant rate. It does not model electrical fields within the melter, only the buildup of a 
settled noble metals layer. The lumped parameter model predicted very similar results to those pro
duced by TEMPEST for the engineering-scale melter run. Parametric studies were conducted using the 
lumped parameter model for both the engineering-scale melter and the full-scale HWVP melter. The 
results of these studies indicate that the melter life is strongly dependent on the residence time and set
tling velocity of the noble metals in the melter. 
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1.0 Introduction 

The reprocessing of nuclear fuel at Hanford generated a form of high-level radioactive waste 
(HL W) that will be treated to produce a stable, low-solubility glass suitable for geologic or long-term 
disposal. In many countries, including the United States, current plans call for vitrification of the high
level and transuranic fraction of these wastes to form a borosilicate glass that is resistant to radioactive 
damage and leaching. At the Hanford Site, fuel reprocessing and other operations have generated 
wastes over a span of 45 years. These and other nuclear fuel reprocessing wastes contain platinum 
group metals, also known as noble metals [e.g., palladium (Pd), rhodium (Rh), and ruthenium (Ru)]. 
The solubility of noble metals in glass-forming melts is typically extremely low. Agglomerates of 
undissolved metallic particles can create regions of heterogeneous nucleation, which influence the 
viscosity and uniformity of the glass in the melter. The size and behavior of the noble metal particles 
in the glass tank: determine whether a significant quantity of the metal will settle to the floor of the 
melter or be carried out in the discharged glass. Many noble metal oxides and alloys are excellent 
electrical conductors and are corrosive to melter refractories. Settling of a sufficient quantity of noble 
metals to the melter floor could cause electrical shorting of the lower electrodes in a joule-heated glass 
melter. If that occurs, it is necessary to remove the accumulated noble metals or replace the melter. 
Early failure and subsequent replacement of the melter would have a significant effect on plant opera
tion costs as well as on the waste treatment schedule. 

The Melter Performance Assessment (MPA) activity in Pacific Northwest Laboratory's (PNL) 
Vitrification Technology Development (PVTO) effort is intended to determine the impact of noble 
metals on the operational life of the reference Hanford Waste Vitrification Plant (HWVP) melter. This 
work was conducted before the Tri-Party Agreement changes agreed to in January 1994; the reference 
melter referred to in this work is the Defense Waste Processing Facility (DWPF) design. The perfor
mance assessment approach is based on a plan formulated in fiscal year (FY) 1990 [Nakaoka and 
Strachan (1990), unpublished, endnote 1]. A full-scale noble metals assessment could not be conducted 
at this time for two reasons: 1) a full-scale melter will not be available until cold testing is performed 
for the reference melter, and 2) costs for noble metals are high. For example, according to a cost esti
mate developed in FY 1991, a 30-day run in a full-scale melter would require almost $4M worth of 
noble metals. 

An alternative approach to full-scale melter testing was developed to investigate the effects of noble 
metals on the HWVP melter lifetime. The results of a series of scaled experiments, computer model
ing, and reported experience of other melter tests were used to formulate an evaluation of those effects. 
The scaled tests, which used a simulated neutralized current acid waste (NCA W) feed, included 

• gradient furnace testing (GFT) to estimate the behavior of noble metals in the cold cap region 
of the melter glass pool, 

• research-scale melter testing to evaluate the effect of process and feed parameters on noble 
metals agglomeration, and 

• engineering-scale melter testing to evaluate noble metals behavior during prolonged melter 
operation at nominal operating conditions. 
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Each type of study provided data upon which computer modeling and predictions of melter lifetime 
were based. Comparisons of modeling predictions to experimental data provided the basis for confirm
ing the computational results. Computer modeling included a computational fluid dynamics (CFD) 
analysis completed with the Transient Energy, Momentum and Pressure Equations Solutions in Three 
Dimensions (TEMPEST) computer program and a parametric engineering analysis based on a lumped
parameter computer model. These two approaches were complementary in their analyses. Available 
reported experience from other melter tests with noble metals provided additional bases for evaluating 
the effects of noble metals on the lifetime of the HWVP melter. This report is a synopsis of the melter 
performance assessment. 

1.1 NeedslIssues 

The needs/issues of the melter performance assessment are to "complete computer modeling and 
establish the technical basis for predicting noble metals behavior for pretreated neutral ized current acid 
waste (NCAW) and expected lifetime of the HWVP reference melter" [Kruger (1991), unpublished, 
endnote 2]. A description of the objectives related to the needs/issues is contained in Section 1.4. 

1.2 Background 

It has been known for nearly ten years that noble metals may cause problems during the vitrifica
tion of nuclear waste. Experience at the PAMELA vitrification plant in Mol, Belgium, in 1985 sug
gested thatthe noble metals settled from the glass melt during processing and caused electrical shorting 
in the joule-heated melter. The rate of noble metals accumulation was significantly higher during idle 
periods than during campaigns [Collantes et al. (1987), unpublished, endnote 3], presumably because 
of decreased convection in the melt pool during idling. Of the platinum group metals, Pd, Rh, and Ru 
are most likely responsible, because of their low solubility in borosilicate glass and their high electrical 
conductivity (Volf 1984). These metals enter the feed stream as fission products. Rhodium is likely to 
precipitate as a metal and alloy with Pd, unless tellurium (Te) is present or spinels form. Tellurium 
will alloy with Pd and exclude Rh. Rhodium is likely to precipitate in solid solution with any spinels 
that form. Ruthenium tends to precipitate as Ru02, of uncertain crystal morphology, which provides 
nucleation sites for the formation of spinels and can subsequently dissolve in solid solution with the 
spinel-forming elements [Weisenburger (1989), unpublished, endnote 4]. Results of extensive work at 
Kernforschungszentrum Karlsruhe (KfK) indicate that Ru02 particles formed during processing tend to 
accumulate on the floor of the melter [Anderson et al. (1992), unpublished, endnote 5]. KfK found 
indications that precipitated Ru02 changes the viscosity of the glass melt from nearly Newtonian to 
non-Newtonian, so that areas of low flow contain a highly viscous glass. This may be either a local
ized or general effect, depending upon the extent of precipitation. All of the noble metals and Ru02 
are electrical conductors and thus tend to distort the power distribution within the melt. 

During vitrification of a simulated waste feed at KfK, a noble metals-enriched sludge formed on the 
bottom of the melter. The low electrical resistivity of the sludge concentrated power from the elec
trodes. To maintain acceptable operation of the melter, operators reduced power to the eI-ectrodes to 
prevent overheating in this region and lowered the feed rate. 
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Mini-melter tests conducted at Savannah River Technology Center (SRTC) revealed noble metal 
particles, some as large as several millimeters in diameter, dispersed in the glass [Cooper et al. (1993), 
unpublished, endnote 5]. Preliminary data from the Integrated Defense Waste Processing Facility 
(DWPF) Melter System (lDMS) revealed that 20- to 40-/Lm clusters of 5- to 15-/Lm-Iong Ru~ needles 
were present in the product glass. Samples taken after further testing of DWPF simulants revealed a 
dense layer of Ru02 as well as evidence of Pd, Rh, and (Ni,Mn)(Fe,Cr) spinels. After IDMS testing 
using an HWVP simulant, examination revealed those substances as well as Rh-nucleated Cr/Ni/Fe 
spinels and an elongated formation of RuS2 (Hutson 1992). 

Data collected during the Functional and Checkout Testing of Systems testing program at the West 
Valley Demonstration Project (WVDP) monitored Ru concentration in the glass and the melter feed and 
directly sampled the tank glass and melter sludge deposits. The noble metal sludge that formed at the 
bottom of the melter contained approximately 10 wt % of the total Ru fed to the melter (Bowen and Jain 
1989). 

There is no direct evidence that such problems will occur in a melter to which Hanford high-level 
waste is fed. On an oxide basis, the noble metals concentration of HWVP feed (0.15 wt% noble 
metals) is projected to be approximately the same as that used at the PAMELA Plant (0.14 wt% noble 
metals) [Anderson et al. (1992), unpublished, endnote 5]. Experience with crystals in melter glass sug
gests that little accumulation will occur if the noble metal particles remain small (e.g., < 10 to 20 /Lm) 
[Geldart et al. (1987), unpublished, endnote 9]. Particle agglomeration would increase the extent of 
noble metal settling in the melter (Cobb and Hrma 1990). Noble metal agglomerations greater than 
20 /Lm have been found in glasses generated during crucible tests at PNL [Geldart et al. (1987), unpub
lished, endnote 9]. Accumulation of noble metals will be a long-term effect; operating problems arise 
only after a sufficient inventory of feed containing noble metals has been processed through the melter. 
Estimating the relative time required for noble metal effects to manifest themselves is the primary objec
tive of the melter performance assessment. 

1.3 Overview of Melter Performance Assessment Approach 

An integrated testing and modeling activity was designed to determine whether a noble metals 
problem will shorten the life of the HWVP melter. The cost of noble metals makes it impractical to 
conduct large-scale melter tests or numerous smaller-scale tests. Therefore, three types of tests were 
conducted at scales based on melt surface area: gradient furnace tests at laboratory scale, research
scale tests (approximately 1/100th scale), and engineering-scale tests (1/1Oth scale). The results pro
vided input to computer models and also were used to evaluate model performance. Ultimately, the 
computer models and accumulated melter operating experience were used to predict the performance 
of the full-scale HWVP melter. The approach to the melter performance assessment is illustrated in 
Figure 1.1. 

The GFT apparatus is a laboratory-scale system used to investigate the physical state of the noble 
metals in the cold cap region and in the melt [Anderson et al. (1992), unpublished, endnote 5]. The 
research-scale melter studies were bench-scale tests that I) provided more characteristic melting condi
tions than the GFT, i.e., the existence of a cold cap and underlying melt pool, and 2) provided data on 
the effects of process variations on noble metal behavior such as particle size, density, distribution, 
oxidation state, and agglomeration tendencies. Process variations simulated the ranges of plant melter 
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Figure 1.1. Noble Metals Assessment Strategy 

operation, such as redox, temperature, slurry properties, etc. The research-scale melter is a 
cylindrical-cavity melter with a surface area of 0.018 m2 (0.7% of the full-scale HWVP melter). Its 
small size allowed completion of multivariable parametric studies with a limited amount of feed. The 
research-scale melter test lasted 48 days and comprised nine segments that varied the melter operating 
conditions (glass and plenum temperatures) and feed properties (oxide concentration, redox potential, 
and noble metal concentrations) to evaluate their effects on noble metal agglomeration. During the 
latter portion of the run, the resistance between the electrodes decreased. Destructive examination of 
the melter revealed a 2- to 4-mm layer of noble metals on the bottom. This was surprising because the 
glass residence time in the research-scale melter is only 10% of the HWVP plant melter. The noble 
metals layer impacted the melter significantly. Approximately 113 of one paddle electrode was melted 
or corroded off, presumably the result of localized heating during short circuiting of the electrode to 
the noble metals layer. The metal layer also removed approximately 112 in. of the refractory on the 
bottom of the melter. It is assumed that the layer was made up of Ru02 needles and alloys of 
Pd/Rh/ Agrre until the last segment of the run; that segment was performed under conditions 
(Fe+2/l;Fe = 0.25) that evidently reduced all the Ru02 to metal. Mass balance calculations indicate 
that approximately 5 % of the noble metals present in the feed settled to the floor of the melter during 
the segments of the test with nominal noble metals concentration. Approximately 46% of the noble 
metals settled during the segments of the test with twice-nominal concentrations. 

Samples taken from the glass exiting the research-scale melter were analyzed by optical and scan
ning electron microscopy for the presence of noble metals. The particles observed averaged 10 #Lm in 
diameter, with many agglomerates in the 100- to 200-#Lm range. The agglomerates were mainly Ru02 
needles or rods attached end-to-end at random angles to form fractal or "hair ball"-like flocs. A sig
nificant increase in the average size of the flocs when the concentration of noble metals in the feed was 
doubled indicates a nonlinearity of floc size to noble metals concentration. The noble metal 
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agglomerates were much larger than those observed during the GFT, even though the average resi
dence time of the research-scale melter was only 5 hours; therefore a significant amount of agglo
meration likely occurs in the melt pool. 

Engineering-scale melter testing was conducted in FY 1992 to evaluate noble metals behavior dur
ing prolonged melter operation at nominal operating conditions. The lI10-scale melter, constructed 
and operated at KfK in Germany, operated for 9 days without noble metals for shakedown testing and 
49 days with noble metals. Near the end of the run, the electrical resistance between the lower set of 
electrodes decreased by 10% to 15 %, further suggesting the formation of a settled layer of noble 
metals. The final mass balance concluded that 35 wt% of the Ru, Pd, and Rh fed to the melter settled 
to the floor. In samples taken from the bottom of the melter at the end of the run, concentrations of 
noble metals were 20 to 45 times those in the nominal glass. 

Samples taken from the glass exiting the engineering-scale melter were analyzed by optical micro
scopy for the presence of noble metals. The particles observed resembled those from the research-scale 
melter, but the engineering-scale melter particles were slightly larger. 

Each activity in the melter performance assessment was used to generate data for computer model
ing. Before each run, the TEMPEST computer code was used to predict melter operation. After each 
run, the code was rerun with the information gathered during the run. The information gained from 
each experiment was used to refine the TEMPEST code and submodels. The post-test runs of the 
TEMPEST model for the engineering-scale melter predicted characteristics similar to those observed 
during the run. With this information, the long-term operation of the HWVP melter was modeled with 
TEMPEST. The results are contained in this report. 

1.4 Specific Objectives Related To NeedslIssues 

The specific objectives of the melter performance assessment related to the needs/issues presented 
in Section 1.1 were to 

• perform GFTs to determine the behavior of noble metals in the cold cap region of the melter 
glass pool, 

• perform research-scale melter testing to evaluate the effect of process and feed determinants on 
noble metals agglomeration, 

• perform engineering-scale melter testing to evaluate noble metals behavior during prolonged 
operation at nominal operating conditions, 

• use computer modeling and the results of GFT, research-scale melter, and engineering-scale 
melter testing to predict the effects of noble metals on the lifetime of the full-scale HWVP 
melter, 
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• complete an engineering analysis, in parallel to the computer modeling, to roughly approximate 
the effects of noble metals on the lifetime of the full-scale HWVP melter. 

These objectives were accomplished and are subsequently reported. 

1.5 Report Outline 

This report contains a summation of the work conducted for the melter performance assessment 
over the past three years. PVTD milestone reports have been issued for major sections of the melter 
performance assessment completed to date: the GFT report [Anderson et al. (1992), unpublished, 
endnote 5], the research-scale melter test report [Cooper et al. (1993), unpublished, endnote 6], the 
engineering-scale melter test report [Griinewald et al. (1993), unpublished, endnote 7], and the HWVP 
melter lifetime predictions letter [Eyler et al. (1993), unpublished, endnote 8]. This report contains 
chapters summarizing each of those activities as well as other, as yet unpublished parts of the melter 
performance assessment. Chapter 2 summarizes the conclusions and recommendations drawn from the 
melter performance assessment. Chapter 3 covers the literature review conducted as part of the melter 
performance assessment; this section includes noble metals research in U.S. facilities at Hanford and 
Savannah River as well as available data from research and operation of melters in Great Britain, 
Germany, and Japan. Chapter 4 reviews the GFT and contains a description of the experiments, test 
highlights, results, input to the TEMPEST computer modeling, and a discussion of the results. 
Chapter 5 reviews the research-scale melter testing; it contains a description of the research-scale 
melter testing, test highlights, results, input to the TEMPEST computer modeling, and a discussion of 
the results. Chapter 6 reviews the engineering-scale melter testing; it describes the engineering-scale 
melter test, test highlights, results, and input to the TEMPEST computer modeling, and discusses the 
results. Chapter 7 presents the engineering analysis; it contains a description and results obtained from 
an alternative model developed in parallel with the TEMPEST computer model. Chapter 8 contains a 
summary of all the computer modeling work completed on the melter performance assessment; it 
reviews modeling work previously conducted for the research-scale melter and engineering-scale melter 
tests, presents the extrapolation of this information to the full-scale HWVP melter model, and predicts 
the lifetime of the HWVP melter. Chapter 9 discusses the results of the melter performance assessment 
and makes recommendations for prolonging the HWVP melter life. Chapter 10 contains references. 
Appendix A contains the feed compositions used in the GFT work as well as the resulting input to 
computer modeling. Appendix B provides a detailed description of the TEMPEST computer model, 
which includes a description of the computer program as well as the sub models and properties used to 
model each of the melters. Appendix C contains a summary of the noble metals particle characteriza
tions. The post-test examinations of glass samples collected from the bottom of the engineering-scale 
melter after melter draining are presented in Appendix D. The detailed results of the engineering 
model runs are presented in Appendix E. 
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2.0 Conclusions and Recommendations 

Conclusions and recommendations are based on results of the melter performance assessment. 
Included here are conclusions specific to the effect on melter lifetime of a noble metals sludge layer on 
the floor of the reference HWVP melter operating at a target temperature of 1150°C. 

The accumulation of noble metals is significant in the reference melter design. The effect has the 
potential to limit the operational lifetime of the melter to approximately one fourth of the 2-year plan
ned operational time. Recommendations are offered to modify the design and/or operating conditions 
to alleviate or circumvent the dominance of the accumulated noble metals sludge layer. 

2.1 Conclusions 

• Modeling with the Transient Energy, Momentum and Pressure Equations Solutions in Three 
Dimensions (fEMPEST) computer code predicts that the lifetime of the plant melter when 
processing NCAW containing 0.15 wt% noble metals will be 192 days (0.5 years) of real time 
operation instead of the expected 2 years (see Section 8.3.7). During real time operation, the 
melter is assumed to operate with an on-line efficiency of 70 %. The lifetime prediction is 
estimated to be accurate to within a factor of 7 too high to 2 too low, so that the predicted 
range of melter life is 27 days to 384 days (see Section 8.3.8). This wide variation in lifetime 
estimate is primarily a function of characteristics of the Ru02 particles. The lower lifetime 
prediction of 27 days is not as surprising as it first appears. Operational changes were noted 
during one experiment after only 30 days of equivalent operating time (see Section 6.3.3). 

• A simpler lumped-parameter model was also used to roughly approximate the melter lifetime. 
Results of the lumped-parameter model suggest the melter lifetime will be 230 days (0.6 years) 
(see Section 7.1.4), which is in good agreement with the TEMPEST results. 

• There appears to be a nonlinearity in the relationship between noble metals concentration and 
noble metals settling in the melter. During research-scale melter testing, the feeds with double 
the nominal noble metals concentration had a much larger effect on the melter than the nominal 
feeds did. Approximately 45 % of the noble metals were retained in the segments with double 
the nominal amount, compared to 5 % retention in the segments containing nominal noble 
metals (see Section 5.5.1). 

2.2 Recommendations 

Because of recent changes to the waste treatment flow sheet, it is not certain that the feed to the 
high-level waste vitrification plant will contain high concentrations of noble metals. If large quantities 
of feed containing sufficient amounts of noble metals are encountered in the vitrification plant, several 
changes to the reference HWVP melter design and operation could be made. 
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• An operational change might be to institute a batch pour mode with the lower half of the melter 
at a lower temperature (-1050°C). The cool glass at the bottom of the melter would hinder 
the settling of noble metals. Just before each pour, the glass at the bottom would be reheated 
to 1150°C to reduce the glass viscosity and allow pouring. The noble metals would be flushed 
out of the melter during each pour. This hypothesis would require testing before being adopted 
for a melter with an overflow discharge. 

• The most obvious and most difficult change would be to design a melter that is compatible with 
noble metals. One option would be to incorporate a bottom slope greater than 45° and a bot
tom drain for removing noble metals sludges. 

• Another design change option would be to build the refractory floor in a terraced stair-step 
configuration. This configuration is hypothesized to allow a sludge layer to develop, but in a 
discontinuous fashion, which would have less of an electric shorting effect. 

• The tank waste(s) containing high concentrations of noble metals could be blended with tank 
wastes that have little or no noble metals. This could only be done for relatively small volumes 
of waste that are amenable to blending. 

• Another option would be to alter the chemistry of the glass. The main problem with the settled 
sludge layer in the HWVP glasses is the morphology of the Ru02 phase. The Ru02 forms 
agglomerates made of randomly oriented needles to form a "fluffy" appearance. This sponge
like network has the worst combination of properties with respect to melter problems: a high 
electrical conductivity and a low volumetric concentration of Ru~. The low volumetric con
centration allows a small mass of Ru02 to form a thick sludge layer that rapidly grows to meet 
the electrodes. Converting the Ru to a nonfluffy form could minimize the depth of the sludge 
layer. It would also be advantageous if the new Ru species were less conductive than Ru metal 
or Ru02' This appears to be a difficult option, but one that should be considered by glass 
chemists. 

• It is also recommended that additional modeling development activities be conducted to prepare 
for future analysis of alternate designs and advanced concepts, if appropriate. Potential 
improvements in computer modeling include boundary fitted coordinates to better match 
physical boundaries, thermal radiation coupling to better approximate the above-glass regions, 
and phase-change capability to better model time-dependent particle physical and chemical 
characteristics. 
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3.0 Review of Literature 

This section contains a review of literature related to noble metals relevant to the melter perform
ance assessment. The general chemistry of noble metals precedes discussions of international vit
rification studies on the behavior of noble metals in glass. 

3.1 General Chemistry of Noble Metals 

Platinum-group metals (or noble metals) are characterized by the common property of general 
chemical inertness. The group is comprised of ruthenium, osmium, rhodium, iridium, palladium, and 
platinum. Of these, Ru, Rh, and Pd originate from the fission of 235U and are present in Hanford neu
tralized current acid waste (NCAW), a product from the reprocessing of spent fuel from nuclear 
reactors. Upon its discharge from a reactor, the following radioactive noble metal isotopes are present 
in the spent fuel, in addition to stable isotopes: 

Isotope Half Life Stable Decay Product 

103Ru 39.3 days 103Rh 

I06Ru 372.6 days I06Pd 

I02Rh 2.9 years I02Ru 

I03mRh 56.1 min 103Rh 

107Pd 6.5 E+06 years I07Ag 

Ruthenium-l03 and 103mRh decay to stable 103Rh within one year. Rhodium-102 decays to stable. 
I02Ru after approximately 30 years. This increase in stable Ru is largely offset by the decay of lO6Ru 
that becomes stable I06Pd after 10 to 20 years. No appreciable decay of 107Pd occurs in 103 years. 

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

The NCA W contains several times as much Ru as Rh or Pd, and therefore the chemistry of Ru is 
of most interest to the Hanford Waste Vitrification Project (HWVP). The chemistry of Ru is complex, 
in part because it has eight possible valence states. Metallic Ru has a melting point of 2310°C and a 

3.1 



boiling point of 3900°C, both of which are higher than temperatures reached in high-level waste 
storage tanks or in the reference HWVP melter. At approximately 800°C, Ru oxidizes in air to form 
Ru02' 

The reprocessing of nuclear fuel yields wastes that contain many different species of Ru. Nitro 
and nitrato complexes of nitrosylruthenium are the most common and are mainly Ru (III) nitrosyl 
derivatives (Fletcher and Martin 1955), such as trinitrato nitrosylruthenium [RuNO(N03hCH20hl or 
sodium tetranitro nitrosylruthenium, Na2[RuNO(N02)40H]. It is difficult to predict the distribution of 
Ru among the numerous possible complexes in high-level wastes. 

3.1.1 Separation of Noble Metals from HLW Solutions 

Various methods for separating Ru from high-level wastes have been examined. One involves 
separating the noble metals and Tc from insoluble residues in the waste (MacCragh 1972) by means of 
various reaction and heating cycles. Another uses electrolytic separation to remove Pd, Rh, Tc, and 
Ru from PUREX acid waste (Carlin et al. 1975). In this process, approximately 60% of the Ru was 
removed. A third method removes Pd, Tc, Rh, and Ru by passing PUREX (£lutonium-Uranium 
Extraction) waste through carbon beds containing various organic compounds that selectively remove 
each of the noble metals and the Tc (Moore 1974). Distillation of ruthenium tetroxide (Ru04) using an 
air stream and/or strong oxidants has been effective in removing up to 99 % of the Ru from aqueous 
waste streams (Eaton et al. 1950; Goryunov et al. 1960). Separation methods may have different effi
ciencies depending on the form in which the noble metal is present. This can complicate separation 
efforts, as the distribution of noble metal species is sometimes not apparent and can change as the waste 
solution conditions change. Substantial work has also been done on extraction of various noble metal 
complexes from solution by organic solvents or by use of ion exchange resins or Fe powder (Nikitina 
et al. 1969; Bruchertseifer and Koch 1971; Bol'shakov et al. 1970; Mezhov et al. 1972; Blum et al. 
1972). However, such methods may not be applicable to waste solutions, which contain many different 
species of noble metals and may be much more complex than the experimental solutions. 

3.1.2 Solubility in Glass 

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

3.1.3 Volatility 

Ruthenium has the potential to be highly volatile in a melter environment. Ruthenium tetroxide is 
believed to be the primary volatile Ru compound. Its formation and volatility are dependent on a 
number of variables, including presence of oxidants or reductants in the waste, concentration of °2, 
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and temperature. Small quantities of Ru04 can be formed at relatively low temperatures (up to 
130°C); however, this generally does not lead to significant losses of Ru. At temperatures above 
130°C, volatilization increases dramatically if oxidizing conditions exist (IAEA 1982). Reductants in 
the melt or an inert atmosphere drastically diminish the extent of Ru volatilization. Volatile forms of 
Ru other than Ru04 can form in a melter or in melter off gas. Ruthenium can also form volatile RuNO 
species by reaction with NOx ' 

Much of the work in characterizing Ru volatilization addressed waste calcining and melting rather 
than a liquid-fed ceramic melter such as the reference HWVP melter. The oxidizing conditions of 
waste calcining and melting result in volatilization losses of up to 80% of the total Ru (IAEA 1982). 
Volatilization from a liquid-fed ceramic melter is not so substantial because the oxygen content is 
lower. Losses of volatile Ru from liquid-fed melters have been reported as 13 % to 26 % (Klein et al. 
1983) and 3% to 15% (Klein et al. 1985). 

Volatile Ru must be removed from the off-gas system to prevent discharge of radioactive materials 
as well their accumulation in melter off-gas lines. At temperatures above 100°C, Ru04 is unstable and 
can decompose to oxygen and Ru02' which plates out on off-gas piping. The deposited Ru02 can act 
as a catalyst for further Ru deposition. 

3.1.4 Removal of Ru from Off Gas 

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

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

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

3.1.5 High-Level Waste Simulant Process 

Because noble metal behavior is often dependent on the chemical species present, it would be 
desirable to know the species present in the actual tank waste and in the waste simulants used in melter 
testing. Because this information is not available, the processes by which each is created will be com
pared. Then the representativeness of the simulant preparation process can be evaluated, although the 
exact distribution of species is not known. 

Spent reactor fuel is reprocessed via the PUREX process. The major steps in this process are sum
marized as follows: 
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1. The spent fuel is removed from the cladding and dissolved in hot HN03. 

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

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

4. The remaining aqueous high-level waste is concentrated by evaporation to approximately 1M 
HN03· 

5. A reductant is added to the waste to lower the HNO:J concentration to approximately 2 to 4M. 

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

This procedure cannot be precisely followed in preparation of simulated waste for melter tests. 
The feed preparation steps are summarized as follows: 

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

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

3. The slightly soluble chemicals are added. 

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

5. The minor component slurry is washed with O.IM NaOH and decanted. 

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

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

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

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

The U.S. Department of Energy's Defense Waste Processing Facility (DWPF), where high-level 
radioactive waste will be vitrified into a durable borosilicate glass, is located at the Savannah River Site 
(SRS) in South Carolina. The DWPF is the first such production facility in the United States. Its 
melter design was completed in 1982, before the effects of noble metals accumulation on melter opera
tion were known. Calculations of refractory corrosion rates predict a melter life of 2 to 3 years. A 
schematic of this melter design is shown in Figure 3.1. The Integrated DWPF Melter System (lDMS) 
was later designed as a pilot-scale test facility for the DWPF. Before testing with the IDMS, two 
short-term noble metals campaigns with a 1I100th scale mini-melter revealed a need for extended noble 
metals testing. Numerous test runs with the IDMS melter addressed the designs of the DWPF feed 
preparation system, offgas system, and the melter itself. 

The DWPF melter design shown in Figure 3.1 has a cylindrical melt cavity with a shallow-disk 
bottom.and is lined with Monofrax K-3 ceramic refract03'. The total melter cavity volume is 193 ft3 
(5.5 m3) with an average glass volume of 87.7 ft3 (2.5 m). Two sets of water cooling systems keep 
the temperature of the melter exterior lower than 50°C. Two pairs of plate Inconel 690 electrodes are 
used to maintain the glass melt temperature at 1150°C, with each pair supplying an average of 80 kW 
during normal operation. During routine glass pouring, an induced vacuum causes the glass to over
flow the riser and flow through the pour spout into stainless steel canisters. The riser/pour spout heater 
maintains the glass exit temperature at 1100°C. The melter is designed with a production rate of 
approximately 103.4 kg/hr. A bottom drain is used to remove residual glass from the melter after 
operations are complete [Gutmann (1988); SRS, unpublished, endnote 1]. 

The IDMS engineering-scale melter (schematic in Figure 3.2) is prototypic of the DWPF melter. It 
was designed with a melt surface area of 0.29 m2 (approximately 1/9th of the DWPF surface area), and 
a melt volume of 0.20 m3. The decrease in melt surface area was achieved by adding a second 12-inch 
layer of K-3 refractory to the lower inside walls of the melt tank of a DWPF melter, reducing the inner 
diameter from 48 inches to 24 inches. The design production rate· of this smaller melter is therefore 
about 119 that of the DWPF melter, or 11 kg/h. Two pairs of electrodes maintain the melt temperature 
at around 1150°C by providing 35-kW power. All other design features of the IDMS melter, such as 
materials of construction, drain systems, and cooling and heating systems, are essentially the same as 
the DWPF melter design (Hutson et al. 1991; Hutson 1992). 

Before testing was initiated with the IDMS melter, two campaigns were done with a 1/l00th scale 
mini-melter between March and June 1989. Specific information about the mini-melter design is cur
rently unavailable. The two main objectives were to determine a) the impact of noble metals on the 
behavior of the vitrification system and b) the need for further testing. In the first campaign (LNM), 
feed was processed with the expected low concentrations of noble metals, producing 215 pounds of 
glass in approximately 2 weeks. The second campaign (HNM) used feed with high noble metals con
centrations, representing the worst case; 310 pounds of glass were produced in about 3 weeks. The 
noble metals concentrations are presented in Table 3.1 as a weight percent of the dry sludge in the 
feed. 

3.5 

\ 
'-



DRAIN 
VALVE 

TV CAMERA 
CARRIER FRAME (2) 

THERMOWELL (3) 
MELT LEVEL DIP TUBE (1) 

FEED TUBES (2) 

DOME HEATERS (8) 

RISER/POUR 
SPOUT HEATER 

ELECTRODES (4) 

Figure 3.1. DWPF Melter Design (Gutmann 1988) 
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Figure 3.2. IDMS Melter Design (Hutson and Smith 1992) 

PC:;R 
spoer 

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

(a) Information on the form or oxidation state of noble metal particles was not provided. 
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Table 3.1. Noble Metals Concentrations (Allen 1989) (wt% dry sludge solids) 

Noble Metal LNM Campaign HNM Campaign 

Pd~ 0.046 0.046 
Rh02 0.025 0.025 
Ru02 0.135 0.458 
Total 0.206 0.529 

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

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

The first two IDMS noble metals campaigns were conducted between June 1990 and March 1991. 
Their main purpose was to verify that hydrogen would evolve as a result of the noble metal-catalyzed 
destruction of formic acid during feed preparation. The Blend sludge simulant, shown in Table 3.3, 
was used in these runs, referred to as Blend 1 (BL1) and Blend 2 (BL2). A glass frit (Frit-202) was 
also added to the feed; its composition is shown in Table 3.4. Addition of noble metal compounds to 
achieve the desired concentrations in sludge preceded frit addition; these quantities are shown in 
Table 3.5. Campaigns BLI and BL2 produced, respectively, 2809 and 4368 pounds of glass (Hutson 
et al. 1991). 

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

Approximately 2 months after BLI was initiated, a glass sample that was taken 1 to 2 inches above 
the melter floor showed no signs of noble metals accumulation. After completion of the BL2 run, a 
second glass sample was taken from approximately the same location. Although Pd and Rh were not 
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Table 3.2. Target Compositions of Simulated Sludges (wt% elemental dry basis) 

Element Blend PUREX HM 

Ag 0.014 0.014 0.014 
Al 6.860 3.936 8.966 
Ba 0.302 0.271 0.129 
Ca 1.540 2.133 0.839 
Cr 0.042 0.256 0.150 
Cs 0.006 0.002 0.019 
Cu 0.161 0.133 0.043 
Fe 20.600 24.486 13.611 
Group B (Nd) 0.170 0.231 2.342 
Hg 1.588 0.102 3.263 
K 0.284 0.260 0.163 
Mg 0.141 0.147 0.277 
Mn 4.800 4.226 4.202 
Na 4.190 6.376 5.552 
Ni 1.880 2.607 0.828 
P 0.071 0.048 0.027 
Pd 0.045 0.079 0.079 
Pb 0.440 0.315 0.151 
Rh 0.018 0.038 0.038 
Ru 0.100 0.217 0.217 
Se 0.002 0.002 0.002 
Si 3.900 1.033 4.318 
Sr 0.000 0.021 0.242 
Te 0.022 0.022 0.022 
Zn 0.332 0.250 0.035 
Zr 0.127 2.589 1.363 

detected in this sample, Ru needles of 5 to 15 microns in length were found in 20 to 40 micron clus
ters. Samples of the BL1 glass product contained Ru02 needles, usually less than 5 microns long and 
frequently associated with Fe/MnlCr/Ni spinels. BL2 glass product samples contained Ru02 needles 
up to 5 microns, 20-micron Ru/spinel clusters, and 2-micron spherical aggregates of Pd/Rh and Pd/Ru 
(Hutson et al. 1991). 

The next two campaigns (Blend 3 and HM 1) were performed to investigate hydrogen generation 
during non-noble metal cold testing and did not include noble metals or mercury; they produced about 
4751 pounds of glass using Frit-202 as the glass former. The next four runs used high levels of noble 
metals to determine maximum amounts of hydrogen generation expected during actual radioactive 
operation of the DWPF. These four runs included two with the PUREX simulant (PX1 and PX2), and 
two with the HM simulant (HM2 and HM3). They produced about 14,160 pounds of glass, using 
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Table 3.3. Blend Sludge Characterization (Hutson et al. 1991) 

Elemental Analysis by ICP - Microwave Dissolution 

Element Count Mean StDev % RSD Units 

Ca 64 1.547 0.109 7.046 wt% 
Cu 64 0.160 0.012 7.475 wt% 
Mg 64 0.141 0.027 19.054 wt% 
Mn 64 4.784 0.276 5.776 wt% 
Pb 64 0.435 0.037 8.581 wt% 
Zn 64 0.332 0.017 5.257 wt% 
Zr 64 0.142 0.115 81.509 wt% 
Fe 64 20.918 1.267 6.055 wt% 
Na 64 4.280 0.542 12.661 wt% 
Nd 64 0.179 0.120 67.202 wt% 
Ni 64 1.873 0.114 6.060 wt% 
Ti 64 0.007 0.003 40. 480(a) wt% 
Cr 64 0.048 0.036 76.071 wt% 
P 64 0.069 0.010 14.838 wt% 

Elemental Analysis by ICP - N~02 Fusion 

Element Count Mean StDev % RSD Units 

Mg 68 0.163 0.041 25.167 wt% 
Al 68 6.863 0.292 4.254 wt% 
Ba 68 0.302 0.013 4.382 wt% 
Fe 68 20.194 0.872 4.318 wt% 
Li 68 0.002 0.001 50. 003 (a) wt% 
Ti 68 0.011 0.009 79.215(a) wt% 
B 68 0.004 0.002 41.421 (a) wt% 
Si 68 3.901 0.181 4.631 wt% 

Ionic Analysis by IC 

Ion Count Mean StDev % RSD Units 

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

(a) Indicates components which are most likely not present in the Blend sludge. 
Measurements shown are the baseline value. 
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Table 3.4. Frit-202 Composition (Hutson et al. 1991) 

Specified Actual 
Component wt% wt% 

Si02 77.0 ± 1.0 76.6 
N~O 6.0 ± 0.5 6.1 
B20 3 8.0 ± 0.5 6.7 
Li20 7.0 ± 0.5 7.7 
MgO 2.0 ± 0.25 1.9 
Al20 3 < 1.89 0.45 
F~03 < 0.29 0.04 
Mn < 0.2 nJa 
Ni < 0.2 nJa 
Cr < 0.1 nJa 
Pb < 0.1 nJa 
Ti02 < 0.15 0.09 
F < 0.05 0.01 
CI < 0.05 0.01 

Table 3.5. Noble Metals Quantities Added in Campaigns BLl, BL2 (Hutson et al. 1991) 

Compound (grams) Element (grams) 

Element Compound Added BLl BL2 BLl BL2 

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

4.933 wt% Rh 
Pd Pd(N03h solution, 4040.5 4037.0 354.3 354.0 

8.769 wt% Pd 

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

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

Element 

Ru 
Rh 

Pd 

Table 3.6. Noble Metals Quantities (Hutson 1992) 

Compound (grams) Element (grams) 

Compound Added HWVPl HWVP2 HWVPl HWVP2 

RuCI3, 42 wt% Ru 4445.0 4445.0 1866.9 1866.9 
Rh(N03h solution, 10482.5 10482.3 517.1 517.1 
4.933 wt% Rh 
Pd(N03h solution, 7334.0 7334.0 643.1 643.1 
8.769 wt% Pd 

Table 3.7. Frit Composition (Hutson 1992) 

Component 

Si02 
~03 
Li20 
Na20 
CaO 

Fez03 
TiOz 
ZrOz 
Al20 3 
BaO 
K20 
ZnO 

Specified wt% 

72.26 
20.45 

7.29 

3.12 

Actual wt% 

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



Table 3.B. HWVPl Waste Simulant Feed Composition (Hutson 1992) 

Measured Corroded NCAW'91 
Elemental Oxide Oxide Oxide 

Component Oxide Wt% Wt% W% Wt% 

Potassium K20 0.14 0.18 0.18 0.07 
Cesium C~O 0.73 0.84 0.17 0.17 
Aluminum Al20 1.33 2.74 2.74 2.75 
Barium BaO 0.05 0.05 0.05 0.05 
Boron ~03 3.98 13.94 12.98 13.91 
Cadmium CdO 0.79 0.98 0.98 1.00 
Calcium CaO 0.23 0.36 0.36 0.24 
Cerium Ce02 0.21 0.27 0.27 0.18 
Chromium Cr203 0.06 0.09 0.12 0.08 
Copper Cuo 0.07 0.09 0.08 0.07 
Germanium Ge~ BDL BDL BDL <0.01 
Iron F~03 4.88 7.59 7.11 8.12 
Lanthanum La20 3 0.20 0.26 0.26 0.19 
Lead PbO 0.13 0.15 0.15 0.18 
Lithium Li20 . 2.31 5.41 4.81 4.96 
Magnesium MgO 0.08 0.15 0.15 0.12 
Manganese MnO 0.43 0.60 0.60 0.65 
Molybdenum Mo03 0.11 0.18 0.19 0.16 
Neodymium Nd20 3 1.81 2.30 2.30 1.00 
Nickel NiO 0.43 0.59 0.59 0.66 
Niobium ~Os BDL BDL BDL <0.01 
Palladium Pd~ 0.07 0.09 0.09 0.03 
Phosphorus P20 S 0.06 0.16 0.16 0.38 
Praseodymium Pr203 0.15 0.19 0.19 0.04 
Rhodium Rh20 3 0.04 0.05 0.05 0.03 
Rubidiium Rh20 3 BDL BDL BDL 0.02 
Ruthenium RU203 0.13 0.17 0.17 0.11 
Samarium S~03 0.10 0.12 0.02 0.02 
Selenium Se02 0.03 0.05 0.05 <0.01 
Silicon Si02 21.23 49.45 49.45 52.04 
Silver AgzO 0.04 0.04 0.04 0.03 
Sodium Na20 4.97 8.77 7.90 7.83 
Strontium SrO 0.02 0.02 0.02 0.03 
Tantalum Ta20S BDL BDL BDL <0.01 
Tellurium Te02 ND ND ND 0.03 
Tin SnO 0.02 0.02 0.02 <0.01 
Titanium Ti02 0.09 0.15 0.15 0.19 
Yttrium Y20 3 0.02 0.03 0.03 0.02 
Zinc Zno 0.11 0.16 0.15 0.10 
Zirconium Zr02 2.55 3.75 3.75 4.31 
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Table 3.9. HWVP2 Waste Simulant Feed Composition (Hutson 1992) 

Elemental Oxide NCAW'91 
Component Oxide Wt% Wt% Oxide Wt% 

Potassium K20 0.08 0.09 0.07 
Cesium C~O 0.10 0.11 0.17 
Aluminum Al20 3 1.36 2.68 2.75 
Barium BaO 0.05 0.06 0.05 
Boron ~O3 3.99 13.43 13.91 
Cadmium CdO 0.80 0.95 1.00 
Calcium CaO 0.27 0.39 0.24 
Cerium Ce02 0.11 0.14 0.18 
Chromium Cr203 0.05 0.08 0.08 
Copper CuO 0.07 0.09 0.07 
Germanium Ge02 0.02 0.03 <0.01 
Iron F~03 5.08 7.59 8.12 
Lanthanum La20 3 0.12 0.15 0.19 
Lead PbO 0.18 0.20 0.18 
Lithium Li20 2.29 5.15 4.96 
Magnesium MgO 0.10 0.18 0.12 
Manganese Mn°2 0.41 0.55 0.65 
Molybdenum Mo03 0.11 0.17 0.16 
Neodymium Nd20 3 0.88 1.08 1.00 
Nickel NiO 0.45 0.60 0.66 
Niobium ~Os BOL BOL <0.01 
Palladium Pd~ 0.01 0.01 0.03 
Phosphorus P20 S 0.03 0.07 0.38 
Praseodymium Pr20 3 0.04 0.05 0.04 
Rhodium Rh20 3 0.01 0.01 0.03 
Rubidium R~03 BOL . BOL 0.02 
Ruthenium RU203 0.04 0.05 0.11 
Samarium S~03 0.02 0.02 0.02 
Selenium Se°2 BOL BOL <0.01 
Silicon SiCl:2 24.00 53.63 52.04 
Silver Ag20 0.04 0.05 0.03 
Sodium (lCP) N~O 5.79 8.16 7.83 
Strontium SrO 0.03 0.04 0.03 
Tantalum T~Os 0.01 0.02 <0.01 
Tellurium Te02 NA NA 0.03 
Tm SnO 0.01 0.02 <0.01 
Titanium TI02 0.09 0.16 0.19 
Yttrium Y20 3 0.02 0.02 0.02 
Zinc ZnO 0.10 0.13 0.10 
Zirconium Zr02 2.66 3.75 4.31 
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Melter operation began with the transfer of approximately 490 gallons of HWVP1 simulant feed to 
the melter feed tank. However, approximately 300 gallons of residual waste simulant (containing noble 
metals) from a previous melter run remained in the feed tank. The first batch of HWVP1 simulant was 
therefore mixed with the residual simulant in the melter feed tank before pumping to the melter. The 
HWVP1 campaign produced approximately 3390 pounds of glass, and some residual waste simulant 
remained in the melter feed tank following the run. The HWVP2 campaign was initiated by trans
ferring approximately 550 gallons of simulant to the melter feed tank, where it was mixed with the 
residual HWVP1 simulant. During this campaign, the average feed rate was about 25.4 Ib oxides/h, 
producing a total of 4561 pounds of glass. As before, approximately 300 gallons of waste remained in 
the melter feed tank at the completion of the run (Hutson 1992). 

Samples of the feed material and the glass product for both campaigns were obtained and analyzed 
for noble metals content by Monarch Analytical Laboratories, an independent laboratory. Analysis 
results of samples obtained at steady state (after 2 to 3 melter turnovers) during each campaign were 
used to calculate steady state noble metals retentions; all noble metals not accounted for in the product 
were assumed to have remained on the melter floor. The steady state retention values were then used 
in calculating overall retentions for each campaign (Hutson 1992). Table 3.10 shows the results of 
these calculations. As noted in the table, negative retention values for Pd during the HWVP2 campaign 
suggest that more Pd was discharged than was fed. The actual reason is not known, but there are three 
possible explanations. Tables 3.S and 3.9 show that the HWVP1 feed had a greater Pd content than the 
HWVP2 feed (0.09 wt% versus 0.01 wt%). Since a significant amount of the HWVP1 feed remained 
in the melter feed tank at the end of the first campaign and was then combined with the first batch of 
HWVP2 feed, it is possible that more Pd was fed than was reported. That would have occurred if the 
HWVP2 feed was analyzed before it was mixed with the residual waste in the tank. A second possible 
explanation is that a significant amount of Pd from the HWVP 1 campaign remained in the melter cavity 
at the end of the run, was removed with the HWVP2 glass product, and was included in the material 
balance for the HWVP2 campaign. .The third possible explanation is analytical error in measuring 
noble metals the glass and feed samples. 

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

Steady State Retention, % Overall Campaign Retention, % 

Element HWVP1 HWVP2 HWVP1 HWVP2 

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

During the HWVP2 campaign, glass samples were obtained from both the center feed tube port and 
the borescope port located near the face of one electrode. A comparison of the analysis results of sam
ples taken from the two locations shows that an uneven layer of noble metals had accumulated on the 
melter floor, with a higher concentration of Ru in the samples taken from the borescope port, which 
was near the outside edge of the melter cavity. Therefore, convective currents may act to move the 
Ru02 from the melter center toward the outside edges. Also, the presence of Ru~ in samples talren 
from the outside edge of the melter floor suggests that the temperature near the edge may be lower than 
the bulk glass temperature; RuS2 decomposes at temperatures> l000°C (Hutson 1992, 1993). 

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

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

Before During After After After After After 
Sample: (a) HWVPl HWVPl HWVPl HWVP2 HWVP2 HWVP2 HWVP2 

Feed Feed Feed Feed 
Location: Feed Tube Tube Tube Tube Borescope Tube Borescope 

Date: 
Element 10115/91 12/4/91 12118/91 2/18/92 3/6/92 3127/92 4/20/92 

Ru 4.68 0.42 6.20 2.02 9.67 5.53 12.60 
Rh 0.41 0.03 0.30 0.02 0.27 0.18 
Pd 0.07 0.02 0.01 0.33 0.08 0.09 

(a) Values in wt%. 
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Feed and glass product samples were analyzed during the first twelve IDMS campaigns to estimate 
overall retentions of noble metals. Approximately 43,542 pounds of glass produced during these 
twelve campaigns contained an average of 0.039 wt% Ru, 0.009 wt% Rh, and 0.021 wt% Pd. (8) 

Table 3.12 shows the overall mass balances and the resulting retentions of noble metals. The negative 
value for "% Retained" of Pd is most likely a result of analytical error. 

The overall experience of IDMS noble metals melter campaigns has been similar to the experience 
of Germany, Japan, and PNL (see Sections 3.3, 3.4, and 3.6). Tests performed with a 1I100th scale 
mini-melter resulted in an overall noble metals retention of 15% to 20% during the production of 
525 pounds of glass; changes in electrical resistance of the glass were not detected during the runs. 
Subsequent campaigns with noble metals were done with the IDMS 1 19th scale melter. During initial 
operation of that melter, changes in electrical behavior were not detected due to noble metals; however, 
after the completion of approximately six campaigns, the melter began showing signs of changes in 
electrical behavior, and an accumulation of noble metals was detected. Two campaigns using an 
HWVP simulant feed also showed retention of noble metals: 0% to 2% for Pd, 10% to 21 % for Rh, 
and 18% for Ru. Analysis of samples taken from varying locationS on the melter floor suggested an 
uneven layer of accumulated noble metals. Convective currents within the melter may have been 
moving the particles toward the outside edges of the melter floor. Overall noble metals retentions for 
twelve IDMS campaigns were estimated from analyses of feed and glass product samples during the 
runs. Overall, 35 % of Ru, 21 % of Rh, and 0% of Pd was retained during the twelve campaigns. 

3.3 Vitrification Studies in Germany 

In 1976, Germany began developing a vitrification program for treating radioactive wastes. Much 
of the initial work centered around treating radioactive waste generated from reprocessing fuel elements 
at the Eurochemic plant in Mol, Belgium. Two wastes were produced and subsequently vitrified at the 
Mol plant, 50 m3 of low enriched waste concentrate (LEWC) and 760 m3 of high enriched waste con
centrate (HEWC). The LEWC had a high concentration of noble metals that settled in the melter to 
form a conductive layer on the melter floor, leading to processing difficulties in the melter. Realizing 
the problems caused by noble metals in melters, Germany developed a program to evaluate the glass 
chemistry of noble metals and the effect of noble metals on glass performance. 

Element 

Ru 
Rh 
Pd 

Table 3.12. Noble Metals Mass Balance (Hutson 1993) 

Quantity Fed, lb 

26.05 
5.10 
8.93 

Quantity Poured, lb 

16.90 
4.02 
8.95 

% Retained 

35.1 
21.2 
- 0.2 

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

The first small-scale liquid-fed ceramic melter (LFCM), designated K-l, was developed at 
Kernforschungszentrum Karlsruhe (KfK) at the Institut fUr Nukleare Entsorgungstechnik (IN E) in 
1976, and was later operated from 1977 through 1979 at the VA-l test facility. The primary purpose 
of this melter was to test refractory and electrode materials. The waste processed was a simulant of 
high-activity waste (HAW), producing 18 m3 of glass during 1500 hours of operation and 17,500 hours 
of idling. The actual composition of the waste simulant processed is not certain. The melter design 
specifications included a throughput of 20 to 25 Lib, a glass production rate of 15 to 20 kglb, a glass 
pool surface area of 0.36 m2, and a glass pool volume of 70 L. There were three pairs of electrode 
rods made of molybdenum and tin oxide, and the melter bottom was essentially flat. The refractory 
was made of four different materials (ER-2161, ZAC 1711, ZAC 1681, and Supral AR 90), one 
material on each wall. Figure 3.3 shows a schematic of the melter design (Grunewald, Koschorke, 
and Roth 1986). 

Following operations, the melter was examined for corrosion. The ER-2161 fused-cast ceramic 
refractory material showed the least amount of material loss. This refractory, composed of 28 wt% 
Cr203, 28 wt% A120 3, 30 wt% Zr02, and 14 wt% Si02, lost approximately 10 to 20 mm of thickness 
over 2.5 years of operation, and was subsequently chosen as the material to be used in later melter 
designs. Also, the molybdenum electrodes were highly corroded after 2.5 years of operation, with 
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Figure 3.3. K-l Melter Design (Weisenburger, Grunewald, and Koschorke 1979) 
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the upper set showing twice as much corrosion as the lower set. The more extensive corrosion 
occurred in the upper set because those electrodes were partially exposed. Frequently the electrodes 
had to be pushed through the melter walls, a very difficult task (Grunewald, Koschorke, and Roth 
1986; Weisenburger 1980). 

3.3.2 K-2 Melter: KfK-lNE 

The K-2 melter was developed in 1978 and began operating in 1980 at the VA-2 test facility at 
KtK. The primary purpose of this melter was to test melter equipment, including cooling systems, the 
offgas system, and the melter bottom drain. The melter was designed as a scale-up of K-l, with a glass 
pool surface area of 0.64 m2, a glass pool volume of 250 L, a throughput of 30 to 40 Lib, and a glass 
production rate of 20 to 30 kglb. It had two pairs of electrode rods made of Inconel 690. As with the 
K-l melter, the refractory material was ER-2161 fused-cast ceramic. The K-2 melter design is shown 
in Figure 3.4. The wastes processed, in the form of nitric acid feeds, were simulants of LEWC, 
HEWC, and high activity waste concentrate (HAWC). Figure 3.5 shows relative compositions and 
activities of these three actual wastes, and Figure 3.6 provides compositions of the actual glass products 
generated (Grunewald, Koschorke, and Roth 1986). 
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Figure 3.4. K-2 Melter Design (Weisenburger, Grunewald, and Koschorke 1979) 
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During testing of the K-2 melter, 5.5 m3 of HAWC simulant was vitrified, producing about 
2.5 metric tons of glass. Waste simulant was fed at an average rate of 15 LIh, along with glass beads 
ranging in size from 0.1 to 1.25 mm in diameter. The average glass production rate was 34 kglh. The· 
glass product form, known as VG 98/12.2, was a borosilicate glass previously developed from the 
parent formulation VG 98/12. Of the noble metals fed during this test, 67% of Ru and 63 % of Pd 
accumulated on the melter floor in the form of RuOz and Pd-tellurides. The flat melter floor and a 
slightly elevated drain hole prevented these particles from draining. The RuOz crystals were smaller 
than 1 JLm, and the Pd tellurides were about 5 JLm in diameter. The settled layer of noble metals had 
an increased viscosity and a decreased resistivity compared to the bulk glass. Although the electrodes 
did not fail during the operation, a decrease in electrical resistance was observed between the bottom 
electrodes (pentinghaus 1986). 

3.3.3 K-3 Melter 

As part of the mock-up facility VA-3 at KtK, the K-3 melter was developed and later used as a test 
melter for the PAMELA plant. It was designed by combining operating test results for materials and 
equipment from the previously tested K-1 and K-2 melters. After the design was completed in 1980, it 
was put into operation in 1983 at KtK. Figure 3.7 shows a schematic of the melter design. The design 
features included a throughput of 30 LIh, a glass production rate of 30 kglh, a glass pool surface area 
of 0.72 m2, and a glass pool volume of 300 L. There were four pairs of air-cooled electrode plates 
made of Inconel 690, two lower and two upper sets. Their arrangement in the melter cavity is shown 
in Figure 3.8. The refractory material was ER 2161, and the melter plenum was surrounded by a 
ceramic refractory (ZAC 1681, composed of 51 % A120 3, 33% Zr02, 16% Si02). Twelve heating 
elements made of MoSi2, shown in Figure 3.9, were used as an external heat source during startup of 
the melter. In addition to a bottom drain system for glass removal, this melter also had a glass over
flow system used in the production of glass beads. During the tests, a total of 34 m3 of LEWC sim
ulant waste was vitrified, producing 37 metric tons of glass. At KtK, 19 m3 of simulant was first 
processed in three campaigns, and another 15 m3 was then processed at PAMELA in 1985 
(Grunewald, Koschorke, and Roth 1986; Weisenburger 1980). 

3.3.4 K-4 Melter 

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

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

3.21 



Airtight ____ 
steelbox 

Overflow_ 
section ' 

Glass Bead 
production 
unitlnol s/IOWn 
in •• ,,, .. I 

Liquid waste 
solution 

.. 
I 

,. '" Water cooling 

, ... ---

Stainless steel· . 
canister (300mm dla,) 

Figure 3.7. K-3 Melter Design (Weisenburger 1980) 

3.22 

l/or "Gil 
upl 

Meltilg 
Tank 

Electrode 



·.~ ,:~.:",,,,,,,:~.,,,.c· 

. $1001 ba. -I0Il90 
,ER 21i 

0.. __ 

Figure 3.8. K-3 Melter Cavity, Horizontal Cross-Section (Weisenburger 1980) 

St •• 1 Il10. 

Figure 3.9. K-3 Melter Plenum, Horizontal Cross-Section (Weisenburger 1980) 

3.23 



Feeding Tube 

Bottom 
Drain 

Figure 3.10. K-4 Melter Design (Hohlein et al. 1986) 

Two types of high-level waste solutions vitrified at PAMELA include approximately 50 m3 LEWC 
and 800 m3 HEWC. Their compositions and relative activities are shown in Figure 3.11. Because of 
the high sulfur content of the LEWC, the waste glass loading was limited to 11 wt % on an oxide basis; 
however, the HEWC glass waste content varied between 21 and 25 wt% on an oxide basis. The melter 
was designed to have a throughput of 30 kg/h for the LEWC and 12 kg/h for the HEWC glass (Wiese 
and Ewest 1988). 

During the first year of operation, 47 m3 of LEWC was vitrified, producing 467 glass blocks in 
stainless steel canisters and 100 Vitro met canisters. Vitro met is produced by incorporating glass mar
bles in a metallic matrix. The LEWC, containing 8 x 106 Ci and significant amounts of noble metals, 
was fed continuously at a rate of 20 to 30 kg/h for the glass block canisters, and 12.2 kg/h for the 
Vitro met canisters. Glass frit in the form of 2-mm-diameter glass beads was fed batchwise at a rate of 
6 pulses per hour. In the 47 m3 of waste feed, there were about 90 kg of noble metals (pd, Rb, Ru), of 
which 64.4 kg was Ru (Wiese and Ewest 1988; Buelt, unpublished, endnote 5). 

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

Approximately 215 m3 of HEWC was also processed by the K-4 melter during the last campaign. 
Compared to the LEWC waste, the HEWC was significantly less radioactive, containing 4 x 106 Ci 
activity, with considerably fewer noble metals. The glass frit used for the HEWC was SM 539 (see 
Table 3.13 for the composition). This frit was chosen over the SM 527 frit listed in the table because 
of its lower viscosity at 1150°C of 50 dPa o s compared to 120 dPa' s (Wiese and Ewest 1988). 

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

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

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

Si02 
B20 3 
NazO 
Li20 
Ti02 
CaO 

Former Glass Frit 
(SM 527) 

50.0 ± 0.5 
28.0 ± 0.5 
11.0 ± 0.3 
4.0 ± 0.1 
2.0 ± 0.2 
5.0 ± 0.2 

New Glass Frit 
(SM 539) 

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

6.4 ± 0.2 

After the K-4 melter failed at PAMELA, the K-5 melter was installed. During operation of the 
K-5 melter at PAMELA, there were some disturbances in the glass flow rate from the bottom drain 
assumed to have been caused by a sludge accumulation on the melter floor. Additional tests were 
performed in a glass laboratory in Dessel, Belgium, to investigate the cause of these disturbances, and 
to attempt to reduce the amount of Al20 3 accumulated on the melter floor. The compound S~03' 
known as a refining agent in the glass industry, was tested in glass melts to determine its effects on 
accumulation of alumina sediment on the melter floor. The simulated inactive waste was made from 
80 wt% SM 539 FR glass frit (see Table 3.13) and 20 wt% waste oxides ofHEWC from tank 540-12. 
The waste/frit mixtures were melted in corundum crucibles for 4 hours, allowed to cool to room tem
perature, and then cut in half (De, Wiese, and Demmonie 1990). 

Results showed that with less than 1 wt % Sb20 3 in the melt, the accumulation of glass decreased 
considerably after 4 hours of melting. After 5 hours, the sediment layer disappeared completely, 
resulting in a completely homogeneous glass. The S~03 acts to "stir" the molten glass by producing 
oxygen that moves upward through the glass. The remaining Sb becomes totally dissolved in the glass 
and has almost no effect on viscosity, crystallization, and aqueous corrosion. There is, however, an 
observed decrease in electrical conductivity. Although these tests do not directly involve noble metals, 
the use of a chemical reagent to react and agitate the glass melt may become useful in future noble 
metals tests (De, Wiese, and Demmonie 1990). 

3.3.6 K-Wl Melter 

In 1984, KtK began developing a melter, designated K-W1, for use in the German reprocessing 
plant, WA-Wackersdorf (WAW). This plant was to be constructed by Deutsche Gesellschaft zur 
Wiederaufarbeitung von Kernbrennstoffen (DWK) to reprocess 500 tons of spent fuel from light water 
reactors. The reprocessing plant was expected to produce 370 m3/yr of HAWC. This waste was pro
jected to contain high concentrations of noble metals. Although the Wackersdorf plant was never com
pleted, the insight gained during the melter development at KtK was very useful. 
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Figure 3.14. Bottom Drain of the K-4 Melter. Glass Leakage Detected at Point 'd' 
(fobie and Weisenburger 1990) 

The K-W1 melter was designed to be a full-scale test melter for the WA-Wackersdorfvitrification 
plant, and was operated in the V-WI mock-up test facility at KfK. It was put into operation in 1986 
after its construction was completed in 1984. The waste processed by this melter was a simulant of 
HA We. Its design features included a glass pool surface area of 1.4 m2, a design throughput of 
72 Lib, a glass production rate of 31 kglb, and a glass pool volume of 560 L. There were five pairs of 
electrode plates made of Inconel 690, and the refractory material was ER 2161. The design permitted 
three methods of glass removal, including a bottom drain, an ovefflow, and vacuum suction. The 
major change in this melter design was in the electrode arrangement relative to the geometry of the 
glass pool (Grunewald, Koschorke, and Roth 1986). 

3.3.7 K-W2 Meller 

A large-scale melter, designated K-W2, was designed and constructed in 1986-1988, and began 
operating in April 1988 at KfK. HA WC simulant was processed in this melter during two campaigns 
(W4 and W5) in 1988 and 1989. This melter was very similar in design to the K-W1 melter, with a 
glass pool surface area of 1.4 m2, a design feed rate of 72 Lib, and a glass production rate of 30 kglb. 
A major modification to the design was the 45° sloped melter floor. Shown in Figures 3.15 and 3.16 
are detailed sketches of the melter design [Weisenburger (1989), unpublished, endnote 11]. 

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

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

The first campaign, W4, took place from April 14 to May 26, 1988. The primary purpose of 
this campaign was to identify the effects of noble metals on melter operation, and to determine the effi
ciency of noble metals removal with the bottom drain. Approximately 33 m3 of high-level liquid waste 
(HLL W) simulant containing 157 kg noble metals (2.2 gIL Ru, 1.9 gIL Pd, 0.5 gIL .Rh) was vitrified 
to form 13.2 metric tons of glass at an average production rate of 22 kglh. Table 3.14 shows the com
positions of both the reference waste solution and the HLLW waste simulant used in this campaign. 
The melter was operated with an average waste feed rate of 55 LIh, and the required power input of 
75 to 90 kW was supplied by the upper electrodes only. The 13.2 metric tons of glass product con
tained an average of 0.69 wt% Ru02' 0.45 wt% Pd, and 0.12 wt% Rh [Grunewald and Roth (1989), 
unpublished, endnote 12; Weisenburger (1989), unpublished, endnote 11]. 
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Table 3.14. Composition of the Reference Solution and the HLLW Simulant Used in Campaign W4 
(Krause and Luckschelter 1991) 

Free HN03 

ElementlIon 

34Se 
37Rb 
38Sr 
39y 

40Zr 
42Mo 
43Tc 
44Ru 
45Rh 
46Pd 
47Ag 
48Cd 
50Sn 
52Te 
55Cs 
56Ba 
57La 
58Ce 
59Pr 
6~d 
61Pm 
62Sm 
63Eu 
64Gd 
92U 

93Np 

94Pu 
95Am 
96Cm 
14Si 
24Cr 
25Mn 
26Fe 
28Ni 

Total HL W -oxide concentration 

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

DWK 
Reference Solution, 

giL 

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

5 moUL 
64 g/L57 giL 

3.31 

HLL W Simulant, 
giL 

0.08 
0.5 
1.2 
0.7 
5.2 
4.6 

2.2 
0.5 
1.9 
0.03 
0.12 
0.04 
0.5 
3.7 
2.6 
1.8 
3.6 
1.7 
6.4 

__ (8) 

1.3 
__ (b) 

0.2 

0.06 
1.1 
0.1 
3.7 
0.4 

5 mollL 



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

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

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

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

Texture analyses performed on glass samples taken from both campaigns found that the noble 
metals existed mainly as needle-like Ru02 particles and spherical PdRhx Teyparticles. In the glass 
product, the Ru02 particles were agglomerates of small grains with a few needle-shaped particles up 
to l00-l-tm long, as shown in Figure 3.20. Samples taken from the melter bottom, however, contained 
mostly clusters of long needle-shaped Ru02 particles up to 500 I-tm long as shown in Figure 3.21. 
With an increase in melting time, these particles become more compact and granular, with the Ru02 
needles enclosing the PdRhx Tey sphere (Krause and Luckschelter 1991). 
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Figure 3.17. Residue in Melter K-W2 After Campaign W4 [Weisenburger (1989), unpublished, 
endnote 11] 
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Figure 3.18. Dependence of Viscosity and Electrical Resistance on Noble Metals Content 
(Krause and Luckschelter 1991) 
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Figure 3.19. Viscosity Dependence on Shear Rate and Temperature [Weisenburger (1989), 
unpublished, endnote 11] 
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Figure 3.20. Ru02 Particles in the Glass Product after Campaign W5 (Krause and 
Luckschelter 1991) 
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Figure 3.21. Ru02 Particles in the Melter Bottom after Campaign W5 (Krause and 
Luckschelter 1991) 

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

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

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

Analysis of noble metal particles also revealed a dependence of Rh content on time. In campaign 
W4 samples, the Ru02 particles had high contents of Rh, whereas the PdRhxTey particles had lower 
Rh contents. When air bubbling was introduced later in campaign W4, this observation was reversed. 
The Ru02 particles then had a low content of Rh and the PdRhx Tey particles had higher Rh contents. 
This reversal was believed to be a direct result of the mobilization of particles from the sediment, 
allowing the particles to remain in the melter for a longer period of time. Therefore, as the noble 
metals residence time increased, the fraction of Rh in the PdRhx Tey particles also increased. Another 
correlation was found to exist between the PdRhxTey particle diameter and-the Rh content in W4 glass 
samples, where the sphere diameter increases by a factor of about 1.5 with increasing Rh content. 
Finally, a plot of Ru02 form factor versus Rh content revealed a nearly linear relationship of 
decreasing form factor with increasing Rh content. Based on these results, it was concluded that the 
omission of Rh in the W5 campaign had no effect on the size and sedimentation of noble metal particles 
(Krause and Luckschelter 1991). 

Through extensive laboratory-scale tests on noble metals, it was determined that the formation of 
Ru02 needles depends on the existence of other compounds in the waste feed stream. To obtain a high 
proportion of long RU02 needles, there must be significantly more NaN03 and Mo03 than Ru02 in the 
mixture, and the ratio Na20/Mo03 must be greater than 2. Figure 3.22 shows an example of the 
crystals obtained when these conditions are met. These laboratory tests also concluded that the Ru02 
needle formation can be decreased by creating a reducing environment in the melt, or by using glass 
frit powder (grain <500 I'm) instead of glass beads. These results, however, have not yet been tested 
and verified in a full-scale melter system (Krause and Luckschelter 1991). 

Figure 3.22. Ru02 Needles Formed from a Mixture of Glass Frit, Mo03, Alkalinitrate, and Ru02 
(Krause and Luckschelter 1991) 
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3.3.8 VA-WAK K-6 Melter 

In 1988, the construction of a new mock-up facility, VA-WAK, was started at KfK. The facility 
included an advanced glass melter designated K-6'. This facility began operating on June 4, 1990, 
with the primary objective of achieving an overall melter lifetime of 5 years. The melter, shown in 
Figures 3.23 and 3.24, incorporated improvements to the K-4 PAMELA melter--specifically, an 
increase in glass pool surface area from 0.74 to 0.88 rrt-, and a melter floor with a 75° sloped settling 
chamber. The walls between the two sets of electrodes above the settling chamber were sloped at 60°, 
with vertical walls above the main electrodes. Two pairs of main electrodes were used to maintain the 
bulk glass temperature at 1150°C, and power input from another set of electrodes was supplied to the 
lower section of the melter (settling chamber) to maintain a temperature sufficient for glass drainage at 
1050°C to 1100°C. Two methods of glass removal included an induction-heated bottom drain valve as 
well as an overflow system. The bottom drain design shown in Figure 3.25 was improved to prevent 
glass leakage. For comparison, the previous design from the K-4 melter is shown in Figure 3.14 
(Tobie and Weisenburger 1990). 
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Figure 3.23. K-6' Melter Design, Cross Section [Weisenburger (1989), unpublished, endnote 11] 
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Figure 3.24. K-6' Melter Design, Longitudinal Cross Section [Weisenburger (1989), unpublished, 
endnote 11] 
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Figure 3.25. Advanced Bottom Drain Design for K-6' Melter (fobie and Weisenberger 1990) 

Table 3.15 compares the actual HA we waste composition and the simulant feed solution processed 
in the K-6' melter. In general, this waste has a high specific radioactivity, a high sodium content, and 
significant noble metals concentrations. The glass product waste loading was approximately 17 wt%, 
with 1 wt% noble metals in the glass (fobie and Weisenburger 1990). During test runs, the K-6' 
melter was operated 24 hours/day with a 24-LIh feed rate. Although the waste simulant was fed to the 
melter continuously, frit was added batch-wise in the form of I-mm glass beads. During operation, 
the plenum temperature was around 650 oe, about 1500e higher than usual. At the inlet to the dust 
scrubber, the off gas temperature was 2500e to 260 oe, with an outlet temperature of 76°e to 82°e. 
Pouring occurred about every 12 hours at an average rate of 50 kglh, for a total of 200 kg of glass. 
Approximately 15 samples were taken from the pour stream during a pour. At the tip of the bottom 
drain, the average temperature was 10100e (Kruger, unpublished, endnote 6; Sevigny, unpublished, 
endnote 7). 

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

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

HAWC-WAK Simulant 
Element, OXide, 

Constituent gIL gIL Oxide, gIL 

Major Fission Products 

34 Se 0.08 0.11 0.11 
37 Rb 0046 0.50 
38 Sr 0.9 1.06 1.06 
39 Y 0.7 0.89 0.89 
40 Zr 6.2 8.38 8.38 
42Mo 4.6 6.90 6.90 
43 Tc 1.0 1.57 
44 Ru 3.0 3.95 3.95 
45Rh 0.83 1.02 
46 Pd 1.8 2.07 2.07 
47 Ag 0.1 0.11 
48 Cd 0.07 0.08 
52 Te 0.8 1.0 1.0 
55 Cs 3.0 3.18 3.18 
56 Ba 2.3 2.57 2.57 
57 La 2.0 2.35 2.35 
58 Ce 3.1 3.81 3.81 
59 Pr 2.0 2.34 2.34 
60Nd 5.3 6.18 6.35 
62Sm 1.2 1.39 1.39 
63 Eu 0.16 0.18 
64Gd 0.8 0.92 0.92 

Actinides 

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

Corrosion Production 

24Cr 1.3 1.9 1.9 
25Mn 0.17 0.27 0.27 
26 Fe 5.2 7.44 7.44 
28 Ni 1.2 1.83 1.83 
29 Cu 0.8 1.00 1.00 
30 Zn 0.1 0.12 0.12 
82 Ph 0.1 0.11 0.11 

Process Chemicals 
and Others 

II Na 16.0 21.6 21.6 
12Mg 0.2 0.33 0.33 
13 AI 0.2 0.38 0.38 
19K 004 (JA8 0.73 

20 Ca 004 0.56 0.56 
pol-

4 0.6 0.45 .0.45 
HN03 5.3 M 5.3 M 

Total Oxide Yield 95.4 78.0 
Radioactivity (611) 515 Ci/L 
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was performed with glass pouring through the bottom drain system only; however, the second test was 
conducted using the overflow system. In addition, air sparging was used to help suspend the noble 
metal particles in the second test, with an air flow rate of 200-300 LIh introduced to the glass melt. 
Test results showed that 89.7 % of the Ru fed was discharged from the melter with the bottom drain 
system; however, only 58.6% of the Ru fed was discharged with the overflow system and air sparging, 
indicating that air sparging is inadequate for avoiding noble metals accumulation (Griinewald et al. 
1993). 

3.3.9 Summary of Vitrification Development in Gennany 

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

3.4 Vitrification Studies in Japan 

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

Noble Metals 
Melter Characteristics CampaignlRun Dates Retention 

K-INA-I 0.36 m2 area, bottom drain, flat 18 m3 glass 1977-1979 Data not available 
bottom 

K-2NA-2 0.64 m2 area, bottom drain, flat 2.5 tons glass 1980- 67% forRu 
bottom 63% for Pd 

K-3NA-3 0.72 m2 area, bottom and overflow 22 campaigns, 37 tons glass 1983-1985 Data not available 
drain, flat bottom 

K-41 PAMELA 0.72 m2 area, bottom and overflow LEWC campaign, 77.8 tons glass 1/85-12/86 67% total 
drain, 4 ° sloped bottom 

K-41 PAMELA 0.72 m2 area, bottom and overflow HEWC campaign, 248.3 tons glass 1/86-1189 Data not available 
drain, 4 ° sloped bottom 

K-51 PAMELA (8) 1987- Data not available 

K-WIN-WI 1.4 m2 area, bottom drain, overflow, 1986- Data not available 
vacuum suction, flat bottom 

K-W2 1.4 m2 area, bottom drain, overflow, Campaign W4, 13.2 tons glass 4/88-5188 38% for Ru 
vacuum suction, 45 ° sloped floor 45% for Pd 

41 % forRh 

K-W2 1.4 m2 area, bottom drain, overflow, Campaign W5, 12.8 tons glass 1189-3189 24% for Ru 
vacuum suction, 45° sloped floor, air 3% for Pd 
bubbling 

K-6' 0.88 m2 area, bottom drain, 75°/fIJo 8.5 tons glass 6/90 - 10.3% for Ru 
sloped floor present 

K-6' 0.88 m2 area, overflow system, 5.5 tons glass 6/90 - 41.4% forRu 
75 ° IflJO sloped floor, air sparging present 

(8) Assumed to be the same as the K-4 design. 

3.4.1 Melters A, B, and C: PNC 

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

Melter A was designed as a two-chamber vessel with a separate melt chamber and a vertical riser. 
The surface area in the melt chamber was 0.3 m2. Glass was poured with an overflow system, where 
the glass flowed out the bottom of the melt chamber, into the riser, and out the overflow into a canis
ter. Originally, the rod-shaped side-entering electrodes were made of molybdenum, but were 
later replaced with Inconel 690 electrodes. Tests with this melter and Melter C showed that the molyb
denum electrodes wear 55 to 72 times faster than the Inconel 690 electrodes. The other two melters 
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used in the ETF tests, designated Melter B and Melter C, had a glass-melting capacity of 80 L/day. 
These melters were joule heated with a melting temperature of 12oo°C. Melter B had a melting vol
ume of 260 L, with a surface area(a) of 0.59 m2, whereas Melter C had a volume of 145 L with a 
surface area of 0.3 m2. For glass pouring, Melter B had a resistance-heated overflow nozzle made of 
Inconel 600 and Pt, whereas Melter C had a high-frequency heated bottom drain nozzle made of 
Inconel 601. The electrodes in Melters B and C were side entering and made of molybdenum, but the 
Melter C electrodes were later replaced with Inconel 690 rods. All three melters had an alumina 
zirconium silica (AZS) glass contact refractory. Melters A and C were operated from 1978 to 1984, 
and Melter B was operated from 1980 to 1983 [Okamoto et al. (1982); Bonner (1982), unpublished, 
endnote 13]. 

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

3.4.2 Mock-Up Test Facility: PNC 

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

During the fifth campaign of the MTF melter, approximately 12 m3 of simulated HLLW was 
vitrified, producing 3.5 metric tons of glass product. Tables 3.17 and 3.18 show the compositions 
of the simulated waste and the glass frit. Although the actual glass product compositions were not 
provided, calculations showed an expected composition as listed in Table 3.19. Noble metals that 
accumulated on the melter floor caused a change in the melter temperature distribution and was 
noticed for the first time in melter development. Analysis revealed that the deposits contained Ru02 
and metallic alloys (pd-Te and Ru-Rb). The average density of the noble metals layer was 3.45 g/cm3, 

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

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

3.4.3 Advanced-B Melter: PNC 

After operation of the Band C melters at the ETF, the design was modified to become the 
Advanced-B Melter design. The purpose of this new design was to study the use of microwave heating 
for melter startup. A cross section of the design is shown in Figure 3.27; features include a 45° sloped 
melter floor, a melting surface area of 0.53 m2, a glass volume of 300 L, and Cr2Q3-A12Q3 fused-cast 
refractory. A 915-MHz microwave heating device with a maximum capacity of 50 kW was installed. 
After approximately 86 hours of operation, the glass temperature in the melter reached 700°C. 
Although melter startup using the microwave system was successful, maintenance problems led to the 
decision not to use this system in future designs [Brouns (1987), unpublished, endnote 15]. 

Three noble metals campaigns were performed with the Advanced-B Melter from November 1985 
to August 1986. A total of 21.6 kg RuQ2 and 10.2 kg PdQ was fed to the melter in the three cam
paigns. Based on data taken from the second campaign, it was assumed that 16.8 wt% of the RuQ2 fed 
and 0.2 wt% of the PdQ fed would be volatilized. This prediction does not assume, however, that 
these compounds volatilize as oxides. Subtracting the quantities of noble metals assumed to be volatil
ized from the original amounts fed yielded the net amount incorporated in the glass. The net value was 
then used to calculate the melter drainage efficiency. At the end of operation, the glass product 
samples were analyzed and the melter was found to have an average drainage efficiency of 82 % for 
RuQ2 and > 100% for PdQ (assumed to be an analytical error) [Brouns (1987), unpublished,. 
endnote 15]. 
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Table 3.17. Composition of the Simulated HLLW 

Components 

N~O 
P20 S 
F~03 
Cr203 
NiO 

Rb20 
C~O 
SrO 
BaO 
Y203 
L~03 
Ce02 
Pr203 

Nd20 3 L_ 
Pm203 Yd20 3 

Sm203 
EU203 
Gd20 3 
Zr02 
Mo03 
T~07 

(Mn02) 
Ru02 
Rh20 3 
Pd~ 

Ag20 
CdO 
Sn02 
S~03 
Te02 
se02 
U03 
Np02 

Pu°2 
(Ce02) 
Am203 
Cm203 
Total 

3.46 

Concentration 
(gIL) 

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

4.20 

0.89 
0.14 
0.07 
4.45 
4.41 
1.14 

2.25 
0.43 
1.06 
0.04 
0.06 
0.05 

0.57 
0.06 

7.51 

76.53 gIL 



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

Composition Wt% 

Si02 60.20 
Li20 4.00 
ZnO 4.05 
B20 3 18.93 
BaO 4.05 

Al20 3 4.73 
CaO 4.05 

Others Under 1.0 

3.4.4 Chemical Processing Facility 

In December 1982, laboratory-scale hot vitrification tests were started in the Chemical Processing 
Facility (CPF) located near the Tokai Reprocessing Plant. Radioactive HLLW from the TRP was 
processed, but the actual waste composition is not known. The melter was a small-scale joule-heated 
ceramic melter, shown in Figure 3.28. As of 1987, 11 runs were successfully completed. In the sixth 
run, about 1.5 L of waste glass was produced with a radioactivity of 3,700 Ci (Sasaki et al. 1984; 
Tsuboya and Tsunoda 1988). At this time, additional information on the melter design, test results, 
and relevance of the melter design to behavior of noble metals is not available. 

3.4.5 Small-Scale Melters 

In 1983, PNC performed vitrification tests with the MTF melter, as previously discussed in Sec
tion 3.4.2, and concluded that noble metals (Ru, Pd, Rh) tend to accumulate on the melter floor as a 
result of their low solubility in the molten glass. To help develop an improved melter design that 
would prevent accumulation of noble metals, two small-scale melters with sloped floors were later 
tested. As shown in Figure 3.29, one melter had a 30 0 sloped floor with a 41 0 sloped sidewall, and 
the other had a 45 0 sloped floor with a 58 0 sloped sidewall. Both melter designs included one pair of 
electrode plates made of Inconel 601, a glass contact refractory made of AZS, a melter cavity surface 
area of 0.054 m2, and a resistance-heated drain nozzle made of Inconel601. The 30 0 sloped melter 
had a high glass capacity of 11.3 L, whereas the 45 0 sloped melter had a 12.6-L glass capacity. Glass 
temperatures were monitored by thermocouples inserted through the melter lid (Igarashi and Takahashi 
1991). 

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

Component wt% 

Si~ 45.00 
~03 14.20 
Li20 3.00 
CaO 3.00 
ZnO 3.00 
BaO 3.49 

AI20 3 3.60 
N~O 10.00 
P20 3 0.30 
F~03 2.04 
Cr203 0.10 
NiO 0.23 

Rb20 0.11 
CS:z0 0.75· 
srO 0.30 
Z~ 1.46 
Mo03 1.45 
Mn02 0.37 
Ru02 0.75 
Rh20 3 0.14 
Pd~ 0.35 
Ag20 0.02 
CdO 0.02 
Sn02 0.02 
Se02 0.02 
Te02 0.19 
Y203 0.18 
L~03 0.42 
Ce02 3.34 

Pr60 11 0.42 
Nd20 3 1.38 
Sm203 0.29 
EU203 0.05 
Gd20 3 0.02 
Total 100.00 
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Figure 3.27. Advanced-B Melter Cross Section [Brouns (1987), unpublished, endnote 15] 
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Figure 3.28. CPF Melter Design (Sasaki et al. 1984) 
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Figure 3.29. Design of Sloped-Floor Melter (Igarashi and Takahashi 1991) -

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

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

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

Component 

Glass Batch 

Si02 
~03 
Al20 3 
Li20 

Na20(a) 

CaO 
ZnO 

BaO(a) 

Simulated 
Wastes 

ISO 
Sn02 
F~03 
Cr203 
NiO 
P20 3 
srO 
zr02 
Mo03 
Te02 
CoO 

Y203 
~03 
Ce02 

Pr60 ll 
Nd20 3 
S~03 
Mn02 
Rb20 

C"20 

EuP3 
Gd20 3 
Ru02 
Rh20 3 
Pd~ 

Ag20 
CdO 
Se02 

Glass 1'0699 

45.00 
14.20 
3.60 
3.00 

10.00 
3.00 
3.0 
3.49 

0.86 

2.78 
0.10 
0.58 
0.30 
0.30 
1.46 
1.45 
0.19 
0.14 
0.18 
0.42 
3.34 
0.42 
1.38 
0.29 

0.05 
0.14 

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

1'0686 

45.00 
14.20 
3.60 
3.00 

10.00 
3.00 
3.00 
3.49 

0.02 
2.04 
0.10 
0.23 
0.30 
Q.30 
1.46 
1.45 
0.19 

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

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

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

3.4.6 Pilot-Scale LFCM: un 

Ishikawajima-Harima Heavy Industries (lHI) designed and constructed a pilot-scale LFCM based 
on technology developed by PNC. A physical modeling test was conducted to develop a melter design 
that would avoid accumulation of noble metals on the melter floor. Copper powder was used as a sim
ulant in tests of three-electrode melters with sloped floors to determine temperature distributions and 
convection flow patterns, as well as noble metal precipitation. In a two-electrode melter, the fluid on 
the melter floor is poorly heated and therefore is not stirred by natural convection. In a three-electrode 

3.52 



i 
~ 

~ o 4 

~ --+-------------------~~~------~ 
4·5 

"8 !t~ 4·0 
- .. , 5 Ii.E ~ 3· 
i;j n x )·0 

-- 2·5 

G 1075 

';; 1050 
u:; 1025 
-g E 1000 

~ ~ 975 
i;j.!:! 'l50 

t--~~~~~~~~--~~==~ 
:!1I00 
::0 ... 
&.1000 
E 
u ;900 .. 
6 

Figure 3.31. Operating Results for Melter with 45° Sloped-Floor (Igarashi and Takahashi 1991) 
R Reference Batch (No Noble Metals) 
o Glass with Noble Metals 
1-13 Batches with Noble Metals 

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

Figure 3.34 is a schematic of the IHI pilot-scale melter in which the basic design is based on results 
of the physical modeling tests. Design features included a molten glass surface area of 0.25 m2, a 
molten glass volume of 93 L, a liquid waste throughput of 150 Llday, and a glass production rate of 
70 kg/day. Two main electrodes and one bottom electrode, made of Inconel 690, were included in the 
design. Glass was poured every 24 hours from the melter through the bottom drain system. To help in 
the removal of accumulated noble metals, the melter floor was designed with a 45° and 53° sloped 
bottom (Sakai et al. 1989; Asano et al. 1988). 

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

3.4.7 Tokai Vitrification Facility: PNC 

In 1984, PNC completed the detailed design of the Tokai Vitrification Facility (TVF), which will 
process HLLW from the Tokai Reprocessing Plant. Construction was completed in April 1992, and 
the plant is currently under test operation. Several improvements and design decisions for the TVF 
were made based on previous operating test results. To decrease the volatilization of Ru during melt
ing, a denitration process of the HLLW with formic acid was investigated. However, the process was 
too difficult to operate and the investigators decided to remove volatilized Ru in the offgas system. To 
reduce the entrainment of particulates in the offgas, cylindrical glass fiber was selected as the glass 
additive to be used in the melter. This material reduces the particulate entrainment by one-tenth com
pared to glass beads (Sasaki et al. 1986). 
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The LFCM designed for the TVF is shown in Figure 3.35. Design features of this melter include 
a melting surface area of 0.66 m2, a maximum glass pool volume of 350 L, an operating temperature 
of 1050°C to 1150°C, a two-zone induction-heated bottom freeze valve for draining, a glass contact 

~ 
refractory made of Monofrax K-3 , and a 45° sloped floor. Full-scale melter tests of 3 to 8 days, 
completed in 1986, confirmed that a 45° sloped floor would prevent accumulation of noble metals; 
more than 90 % of the noble metals were drained from the melter during normal operation. Two pairs 
of electrodes made of Inconel 690 are used: a main pair and an auxiliary pair on the melter bottom. 
HLLW is fed at a rate of 15 Lib (150 g oxide/L) with fiber glass additive at 6.6 kglb. Cylinders 
(70 mm diameter x 70 mm length) of the additive are soaked in the HLLW before feeding; the fibers 
have a maximum liquid holding capacity of 4 mUg. The final glass production rate is about 8.8 kglb 
with a 25 wt% waste loading (Yoshioka et al. 1989; Torata et al. 1988; Sasaki et al. 1986). 

3.4.8 Mock-Up Melter ill: PNC 

A full-scale mock-up melter for the TVF was constructed in 1987 and began operating in 1988. 
This Mock-up Melter III is the same size and has the same design as the TVF melter shown in Fig
ure 3.35. During the first four campaigns (16 to 19), 12.4 m3 of simulated HLLW was vitrified, 
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Figure 3.35. TVF Melter Design (Uematsu 1986) 
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producing 8 metric tons of glass product. In campaign 19, 3.7 m3 of processed simulated waste 
included 24.2 kg RU02' 10.5 kg Pd~, and 3.6 kg Rh20 3. The glass composition was about 0.9 wt% 
RU02' 0.34 wt % Pd, and 0.11 wt % Rh. (a) During campaigns 16 to 18, no deposits of noble metals 
were detected. However, during campaign 19, the electrical resistance decreased approximately 20% 
between the main electrodes and an approximate 35 % decrease was detected between the bottom elec
trodes. At the end of the campaign, an accumulation of noble metals was present on the melter floor 
[Chapman (1989), unpublished, endnote 16; McElroy (1989), unpublished, endnote 17; Yoshioka and 
Takahashi 1990]. 

Although full-scale melter tests completed in 1986 showed that regular glass draining could remove 
> 90 % of noble metals fed to a melter, the remaining 10 % could cause problems in melter operation 
over time. Additional tests performed with Mock-up Melter ill investigated a way of decreasing the 
accumulation of noble metals on the melter floor. In two campaigns (20 to 21), power to the bottom 
electrodes was adjusted to maintain an internal electrode temperature of 800°C. It was thought that the 
increased viscosity of colder glass near the melter bottom would significantly slow the settling rate of 
noble metals particles. The glass temperature near the melter bottom was 800°C to 950°C during 
periods when pouring did not occur, but it climbed to 900°C to 1050°C during glass pouring 
(Yoshioka and Takahashi 1990). 

Table 3.21 shows the amounts of noble metals fed and the resulting glass compositions for 
campaigns 20 and 21. Electrical resistance between the main electrodes did not change significantly 
during melter operation. Resistance between the bottom electrodes dropped as noble metals were fed 
to the melter, but rose to its original value after each batch was poured. As shown in Figures 3.36 and 
3.37, the efficiency of noble metals discharge improved significantly in the 20th campaign, in which 
the bottom melter temperature was reduced. For RU02' the average drainage efficiency went from 
57% in campaign 19 to 83% in campaign 20. At the end of campaign 21, a balance of noble metals, 
shown in Figure 3.38, indicated that less than 1 % of the total noble metals fed to the melter actually 
remained in the melter. The investigators concluded that the method of melter operation used in 
campaigns 20 and 21 effectively prevents accumulation of noble metals accumulation (Yoshioka and 
Takahashi 1990). 

3.4.9 Large-Scale LFCM: PNC 

PNC designed a new, large-scale LFCM, and construction was completed in September 1991. 
Although the design was based on the TVF melter, it was considerably larger with a melting surface 
area of 2.2 m2 (compared to 0.66 m2). Figures 3.39 to 3.41 show sketches of the actual design. Two 
pairs of electrodes made of MA690 were used. The MA690 is equivalent to Inconel 6901Ni-Cr alloy. 
The melter bottom had a 49.6°/53.3° sloped floor with a bottom drain freeze valve [Igarashi (1992), 
unpublished, endnote 18]. 

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

Campaign Feed Amount Content in Feed Content in Glass 
Number 

20 

21 

Noble Metal (kg) (gIL) 

Ru02 40.8 5.6 
Pd~ 22.9 3.2 

Rh20 3 
Ru02 41.6 5.6 
Pd~ 17.7 2.2 

Rh20 3 1.3 1.0 

80 

60 

40 III 
~ 
0 

20 

Batch NO. 

Discharge Ef ficiency of Noble Metals during 
the Melter Runs (19th Campaign) 

(wt%) 

0.84 
0.53 

0.84 
0.37 
0.17 

Ru02 
Rh20 3 
Pd~ 

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

A total of 40.9 m3 of simulated HLLW was processed in the large-scale melter, producing 
30,309 kg glass at an average rate of 44 kg/h. Two waste streams were vitrified: 19.7 m3 containing 
noble metals (133.7 kg Ru02 and 78.5 kg PdO) and 21.2 m3 without noble metals. Tables 3.22 and 
3.23 show target compositions of the glass products. At the end of operation with the waste stream 
containing noble metals, the melter floor contained residual noble metals, including 0.11 kg Ru02 and 
0.07 kg Pd~, 0.08% retained and 0.09% retained, respectively [Igarashi (1992), unpublished, 
endnote 18]. 
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Figure 3.37. Noble Metals Discharge Efficiency During Campaign 20 [Chapman (1989), 
unpublished, endnote 16] 

FEED 
RuO z 
Pd~ 

40785 g 
22970 

RuO 2 110.0 
Pd~ 100.0 

VOLATILE 
Ru02 4078 
Pd~ 0 

RESIDUE (measurement) 

RuO 2261 g 1 RuO 2 0.71 
Pd~ 149 Pd~ 0.6 

g f1D.Ol 
L....Q.QJ 

DISCHARGE EFFICIENCY(calculatlon) 
RuO 2 34549 g RuO 2 94.1 
Pd~ 23052 Pd~ 100.4 

Figure 3.38. Noble Metals Balance After Campaign 21 (Yoshioka and Takahashi 1990) 
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Figure 3.39. Large-Scale Melter, C-C Vertical Cross Section [Igarashi (1992), unpublished, 
endnote 18] 
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Figure 3.40. Large-Scale Melter, B-B Vertical Cross Section [Igarashi (1992), unpublished, 
endnote 18] 
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Figure 3.41. Large-Scale Melter, A-A Horizontal Cross Section [Igarashi (1992), unpublished, 
endnote 18] 

Several tests were later completed to determine the effects of temperature and N~O content on 
the length of Ru02 crystals. Changing the melting temperature from lOOO°C to 1200°C resulted in 
an increase of Ru02 crystal length from 0 to 8/Lm . Increasing N~O content from 5% to 15 wt% 
increased the Ru02 crystal length from 0 to 6 /Lm [Igarashi (1992), unpublished, endnote IS]. 

Table 3.24 provides a summary of data on melter development in Japan. In general, the accumu
lation of noble metals decreases as the slope of the melter floor increases. With a 30° sloped floor, 
retention of Ru02 and of Pd~ were approximately SO% and 65 %, respectively. Increasing the slope 
to 45° decreased the retention of noble metals, with values of 12.5% to 43% for Ru02 and 0% to 39% 
for PdO. In addition to increasing the slope of the melter floor, a method of glass cooling near the 
melter floor proved successful in limiting deposition of noble metals. The cold, viscous glass near the 
bottom acts as a barrier to particles of noble metals. The noble metals therefore remain in the molten 
glass above the layer of cold glass. A decrease in the bottom electrode temperature to SOO°C resulted 
in a decrease of noble metals retention from 43 % to 17 % for Ru02' and from 39 % to 3 % for PdO. 
As mentioned earlier, it was recommended that mechanical stirring or air sparging be incorporated into 
future designs. It appears that tests using these methods have not been completed. Therefore, informa
tion on the effects of glass stirring is currently not available. 
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Table 3.22. Target Composition of Glass Product With Noble Metals [Igarashi (1992), unpublished, 
endnote 18] 

Oxides wt% 

Glass Additives Si02 46.72 
B20 3 14.22 
N~O 6.25 
Al20 5.04 
Li20 3.01 
CaO 3.01 
ZnO 3.01 
Total 81.26 

Waste N~O 3.75 
P20 5 0.17 
F~03 1.55 
Cr20 3 0.29 
NiO 0.25 
K20 0.10 
C~O 0.69 
SrO 0.24 
BaO 0.44 
Zr02 1.61 
Mo03 1.21 
Mn02 0.57 
CoO 
Ru02 0.87 
Pd~ 0.51 
Ag20 0.02 
CdO 0.03 
Sn02 0.03 
Se02 0.02 
Te02 0.15 
R. E. 6.25 
Total 18.75 

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

Oxides wt% 

Glass Additives Si02 46.72 

~03 14.22 
N~O 6.25 
Al20 5.04 
Li20 3.01 
CaO 3.01 
ZnO 3.01 
Total 81.26 

Waste N~O 3.75 
P20 5 0.17 
F~03 2.42 
Cr203 0.29 
NiO 0.63 
K20 0.10 
C~O 0.69 
SrO 0.24 
BaO 0.44 
zr02 1.61 
Mo03 1.21 
Mn02 0.57 
CoO 0.13 
Ru02 
Pd~ 

Ag20 
CdO 0.03 
Sn02 0.03 
Se02 0.02 
Te02 0.15 
R. E. 6.26 
Total 18.74 

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

Melter Characteristics Campaign/Run Dates Noble Metals Retention 

ETF-A 0.3 m2 area, overflow drain, Rat 1978-1984 N/A 
bottom 

ETF- B 0.59 m2 area, overflow drain, Rat 1980-1983 N/A 
bottom 

ETF-C 0.3 m2 area, bottom drain, Rat 1978-1984 N/A 
bottom 

MTF Mock-up 160 L volume, overflow & 5 Campaigns 1982-1983 First detected noble metals, 
bottom drain, Rat bottom Total data not available 

Advanced-B 45° Roor, 0.53 ffi2 area, bottom Campaign #1 11/85-12/85 12.5% for Ru02' 0% for 
drain Pd~ 

Advanced-B 45 ° Roor, 0.53 ffi2 area, bottom Campaign #2 5/86-6/86 27.5% for Ru02, 0% for 
drain Pd~ 

Advanced-B 45° Roor, 0.53 ffi2 area, bottom Campaign #3 7/86-8/86 13.9% for Ru02' 0% for 
drain Pd~ 

CPF bottom drain 11 Runs Total 12/82-1987 Data not available 

Small-Scale 30° Roor, 0.054 m2 area, bottom 8 Batches Total Estimated 80% for Ru02' 65% for Pd 
drain 1983-1984 

Small-Scale 45° Roor, 0.054 m2 area, bottom 13 Batches Total Estimated 30% for Ru02' 10% for Pd 
drain 1983-1984 

Pilot-Scale lliI 0.25 m2 area, 45°/53° Roor, 5 Campaigns, 1987 Data not available 
bottom drain 2.3 tons glass 

Mock-up n Data not available 1984-1986 Data not available 

Mock-up ill 0.66 m2 area, 45° Roor, bottom Campaign 16, 2/88-3/88 Reported no accumulation 
drain 2.6 tons glass 

Mock-up ill 0.66 m2 area, 45° Roor, bottom Campaign 17, 6/88 Reported no accumulation 
drain 1.1 tons glass 

Mock-up ill 0.66 m2 area, 45° Roor, bottom Campaign 18, 7/88 Reported no accumulation 
drain 1.8 tons glass 

Mock-up ill 0.66 m2 area, 45° Roor, bottom Campaign 19, 1/89 43 % for Ru02' 39% for 
drain 2.5 tons glass Pd~ 

Mock-up ill 0.66 m2 area, 45° Roor, bottom Campaign 20, 17% for Ru02 
drain, 800°C bottom electrodes 5.6 tons glass 3% for Pd~ 

Mock-up ill 0.66 m2 area, 45° Roor, bottom Campaign 21 <1% 
drain, 800°C bottom electrodes 

Large-Scale 2.2 m2 area, 49.6°/53.3° sloped 30.3 tons glass 1991 - 0.08% for Ru02' 0.09% for 
Roor, bottom drain Pd~ 
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3.5 Vitrification Studies in England 

In the late 1970s, the Atomic Energy Research Establishment-Harwell in Oxfordshire, England, 
began to take an interest in the joule-heated ceramic melter (JCM) process. Harwell developed a final 
design after studying various concepts developed from observation of U.S. melter designs; a schematic 
is shown in Figure 3.42. KTG Ltd, a company that specialized in glass-making furnace and construc
tion, built a full-scale JCM melter and delivered it to Harwell in March 1982. Because of its unique 
design, it was expected that this melter would remain in operation more than five years (Morris 1985; 
Morris et al. 1986b). 

During installation of the full-scale JCM in August 1982, financial difficulties canceled the project. 
Harwell then designed a one-third scale JCM, which was similar to the full-scale JCM except for its 
smaller size. It had a melting cavity of 0.2 m x 0.2 m compared to the full-scale melter cavity of 
0.6 m x 0.6 m. Construction of the new melter was completed in October 1982. Design features of 
the one-third scale melter, shown in Figure 3.43, included a pair of Inconel 690 electrode plates that 
were supported from above and stood on the melter floor. This electrode configuration was chosen to 
minimize current density at the electrode. The melter cavity was constructed from Monofrax K-3 
bricks. A vertical pipe was installed to withdraw the glass product using suction through the top of the 
melter into small IO-L canisters. The tip of the glass removal pipe was about 10 mm above the melter 
floor (Morris 1985; Morris et al. 1986a, 1986b). 
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Figure 3;42. Full-Scale JCM Design (Morris 1985) 
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Figure 3.43. One-Third JCM Design (Morris et al. 1986b) 

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

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

Oxide wt% 

Na20 11.0 
Li20 5.4 
~O3 29.5 
Si~ 54.1 
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Table 3.26. Waste Simulant Compositions (Morris et al. 1986b) 

Wt% as Oxide 

Element Magnox LWR 

Total fission products 39.16 3.4 

Total actinides 0.2 1.4 

Al 20.0 

Fe 10.6 2.7 

Cr 2.2 0.7 

Ni 1.4 0.5 

Mg 24.8 

Zn 1.7 

Gd 31.3 

Examination of the melter electrodes showed localized corrosion in the lower sections, with 
material weight losses of 14.6% and 4.2% from the two electrodes. In two places corrosion had 
penetrated completely through the electrodes. Samples of the electrodes taken from areas of minimal 
corrosion showed evidence that the slow corrosion was a result of oxidation of Cr to Cr203. However, 
a large quantity of Ru (average concentration 15.8 wt %) was found near areas of high corrosion. The 
glass target composition was only 0.6 wt%. A layer (estimated at < 10 mm thick) on the melter floor 
contained a high concentration of Ru. Further examination of the bottom of the electrodes showed 
signs of melting, indicating localized, excessive heating of the glass, which accelerated the rate of elec
trode corrosion. Separate tests showed that the high Ru concentrations did not directly affect the 
electrode corrosion. It was concluded that, because deposition of Ru cannot be prevented, a new 
melter capable of removing the sediments as they are formed should be designed (Morris et al. 1986b). 

3.6 Vitrification Studies Conducted at PNL 

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

Early work at PNL (Mendel et al. 1977, Ross et al. 1978) addressing low-melting « 1100°C) 
borosilicate waste glasses used several high-level waste simulants and glass-forming frits. Melts were 
conducted at laboratory-scale (-100g). The simulant preparation and melting procedures are not well 
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Table 3.27. Waste Simulant Compositions (Morris 1985) 

Highly Active Liquid Waste Simulates Oxide 
Concentrations gIL 

Oxide Magnox LWR 

55 lite U 

160 lite U 
Ag20 0.11816 

A120 3 51.53083 
BaO 4.11682 9.15526 

CdO 0.29701 
Co30 4 
Cr203 3.18885 2.04618 

C~O 7.62374 13.67646 

F~03 25.99508 7.57757 

In203 8.7e-03 
K20 

Li20 
MgO 51.25580 
Mo03 13.84362 25.50500 

N~O 
NiO 2.08229 1.27252 

R~O 1.03275 1.85912 
Sb20 3 0.07183 
se02 0.36537 

Sn02 0.31740 
srO 2.82749 4.96692 

Te02 1.78952 2.75170 

Y203 1.69149 2.92086 
ZnO 2.26311 
P04 4.54545 0.47000 
Ru02 7.15273 13.69264 
zr02 13.28438 24.71940 

G~03 87.02262 

~O3 3.80140 7.09008 
Ce02 8.65360 16.14004 
Pr60 11 3.77048 7.03241 

N~03 12.51679 23.34536 

Sm203 2.16339 4.03499 

~O3 30.90567 57.64288 
Totals 225.12964 256.45760 

All oxides in the HALS are present as the nitrate form 
except CdO, In203' Mo03, S~03' se02, Sn02' and 
Te02' 
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described; however, frit and waste compositions are available in the references. The waste glasses 
designated 77-107, 77-260, and 72-68 contained phases high in Pd and Ru. X-ray diffraction (XRD) 
studies identified the Ru species as Ru02' 

A detailed analysis was performed for glass 72-68. The XRD analysis showed tetragonal Ru02 
crystals (lattice constants ao = 4.5 A, CO = 3.1 A) after melting at 1 ()()()0C. These crystals comprised 
1.4 wt% of the glass, but did not exceed approximately 1 I'm in size. They were not visibly altered 
after 1 year at 700°C. The product glass contained Pd at 1.0 wt% with a maximum particle size of 
10 I'm and a 100-JLm Rh particle. The observed increase in concentration of Rh toward the top of the 
sample was presumed to have been caused by particles rising with bubbles. 

Later, work was done at PNL to examine the recovery of noble metals from fission product waste 
(Jensen et al. 1983). Investigators found that adding a metal oxide and a reducing agent to the waste 
and glass-formers permits recovery of most of the noble metals. The reducing agent reduces the metal 
oxide to pure metal, which then acts as a "scavenger" to collect the noble metals. The metals fall to 
the bottom of the melter, from where they can be drained, separated, and purified. Investigators 
proposed that the metal mixture could be drained from the bottom of a melter through a freeze valve. 
The freeze valve concept had been tested using glass but required evaluation for use in draining molten 
metals. 

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

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

0.16 wt% 
0.05 wt% 
0.05 wt% 

The crucible melts were performed to determine the effects of redox state, temperature, duration 
of melt, and noble metal concentration on the behavior of noble metals in the melt. Ferrous/ferric 
(Fe +2/Fe +3) ratios studied were 0.0, 0.03. 0.27, and 0.65. Temperatures studied were 940°C, 
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1100°C, and 1170°C. The various melt durations were 2.4, 24, and 240 hours, and total noble metal 
concentrations used were 0.26, 2, and 11 wt% of the total glass oxides. An increased Fe+2/Fe+3 

(redox) ratio caused a decrease in the number of spinel crystals present in the glass product; however, 
the degree to which this occurred depended on the reducing agent used. For example, no spinels were 
observed at a Fe+2IFe+3 ratio of 0.27 when formic acid was the reducing agent. However, when 
sugar was the reducing agent, spinels were present at a Fe+2IFe+ 3 ratio of 0.65. At higher 
Fe+2IFe+3 ratios, noble metal particles were of high purity, with little mixing of elements. It appears 
likely that the particles were not metallic, but that is not stated in the report. Increases in temperature 
enhanced the settling rate of agglomerated particles and therefore decreased the number and size of 
particles suspended in the melt. Increases in duration of the melt caused increases in the size of 
particle observed in the melt and in the amounts of settled particles. The only apparent effect of 
increasing concentration of noble metals was to increase the total number of particles and 
agglomerates. 

Most of the agglomerated particles observed in these crucible melts were < 10 #Lm. Some of the 
particles were alloys of Ru, Rh, and Pd, with traces of Cu, Fe, Ni, and Cr. Palladium was observed 
alloyed with Te in some cases. XRD analysis showed particles that were pure Ru02 and Rh02. Par
ticles were seen adhering to bubbles, and some noble metals had accumulated at the surface of the 
melts. 

The mini-melter test was conducted to create more representative melter conditions than the cruc
ible melts. The LFMM is a laboratory-scale continuously fed melter. It consists of an Inconel crucible 
with an overflow tube where glass is discharged. The crucible is located in a furnace, as shown in 
Figure 3.44. The cross section of the Inconel crucible is shown in Figure 3.45. Liquid feed was fed to 
the LFMM at a rate of between 180 and 300 mLlh. The reference HW-39 feed was used. The glass 
depth was approximately 10 cm. The temperature at the bottom of the crucible varied from 1095 °C to 
1150°C, and the temperature at the top was 660°C to 1030°C. 

The discharged glass was analyzed by XRF, SEMIEDAX, and ICP. The results showed mostly 
sub micron Ru and Pd particles. A core sample taken upon completion of the LFMM test revealed a 
0.5 cm metal nodule at the bottom of the crucible, which was mostly an alloy of all three noble metals. 
Numerous other metal nodules were found at the bottom of the melt, many of which were under the tip 
of an Inconel thermowell. The thermowell is believed to have caused the precipitation of noble metals, 
possibly by oxidation of chromium in the Inconel and corresponding reduction of the noble metals. 
The chromium concentration in the discharged glass was higher than the target concentration; thus, 
some of the Inconel may indeed have oxidized. The behavior of noble metals in the LFMM may not 
be representative of their behavior in the HWVP, because the noble metals were added as oxides rather 
than as soluble nitrates or other complexes. In addition, redox conditions could not be accurately 
controlled in the LFMM. The expected range of Fe+2IFe+3 ratios (from crucible melts) was 0.0 to 
0.3. Actual values obtained in the LFMM were 0.18 to 0.51, again, a likely result of oxidation of the 
Inconel. 

Because the method of noble metal particle agglomeration was not well understood, an effort was 
made to generate ideas on how such agglomeration might occur. Rough calculations (Hrma, unpub
lished, endnote 8) assuming that all particles in a typical glass melt are micron-sized Ru02 particles 
evenly spaced throughout the melt showed that settling of individual particles cannot account for the 
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Figure 3.44. Schematic of Experimental Apparatus Used in LFMM Studies 

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

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

Additional crucible studies were performed to examine agglomeration and settling of noble metal 
particles, particularly Ru02 (Cobb and Hrma 1990). Glass with a total noble metal oxide concentration 
of 0.45 wt% (0.27 wt% Ru02' 0.09 wt% Pd~, 0.09 wt% Rh20 3) was mixed as oxide particles 
< 100 #,m and was melted at 1150°C for 95 minutes. The glass was then cooled, crushed, and disc
milled, and a portion was remelted at 1150°C for 25 minutes. The samples were then heated in 
alumina crucibles at 1050°C for 15 minutes, 2 hours, 6 hours, 14 hours, 64 hours, or 140 hours, and 
the product glasses were examined by optical microscopy. In addition, two samples were heated in 
platinum crucibles for 16 and 64 hours. The Ru02 was initially present as particles approximately 
1 #,m in diameter. 
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Figure 3.45. Cross Section of the Inconel Crucible Used in the LFMM Studies 

Examination of the glasses indicated that much of the agglomeration occurred in the melt meniscus, 
where velocity gradients would be expected to be greatest. The 2-hour sample showed agglomerates of 
up to 50 I'm dispersed throughout the melt, although most particles were only 1 to 2 I'm. Agglomer
ates were present mainly in the upper half of the 14-hour melt, whereas at 16 hours agglomerates were 
again dispersed throughout the melt. In melts conducted for longer than 14 hours, a layer of large 
agglomerates covered the bottom of the crucible. The 64-hour melt contained a 3.5- x 1.5-mm 
agglomerate beneath the center of the upper melt surface and smaller particles of metallic Rh and Pd. 

Calculations using Stoke's law estimate that a spherical Ru02 particle with a diameter of 1 I'm 
would settle 1 cm in 278 days. Therefore, agglomeration must precede settling. Because the mecha
nism for agglomeration was velocity-induced shear, particularly in the crucible meniscus, these results 
cannot be directly correlated to noble metal behavior in a melter. Therefore, it was necessary to 
examine agglomeration in a representative melter environment. 
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4.0 Gradient Furnace Testing 

Gradient furnace testing was conducted in FY 1992 to determine the behavior of noble metals in 
the cold cap region of the melter glass pool. Originally, determining the characteristics of the noble 
metal particles entering the melt was considered very important because the agglomeration of particles 
within the melter pool was going to be modeled. The GFT data would provide the source term of 
noble metals at the cold cap/glass interface. The particle agglomeration as a function of residence time 
would then be determined from the research- and engineering-scale melter work. However, prelimi
nary modeling work conducted after the GFT work was completed determined that it would be too 
difficult to model individual particle behavior within the melt, so it was decided to characterize the 
particle size distribution and use the characterization data for modeling. The GFT data was still used 
for initial modeling until further information from the research- and engineering-scale melter was 
available. The following sections only summarize the GFT work; for a complete description of the 
testing, consult the test report [Anderson et al. (1992), unpublished, endnote 1]. 

4.1 Objectives of Gradient Furnace Testing 

The primary objective of this work was to provide particle characteristics for modeling the 
behavior of noble metals in the HWVP melter. Testing provided information on the physical 
characteristics (size, shape, chemical/alloy composition, particle density, evidence of agglomeration 
and settling) of the noble metal particles expected to exist in the cold cap region when processing 
NCA W melter feed. The data collected during the course of the GFT accomplished the following 
specific goals: 

• Determined the behavior of noble metals in the nominal NCA W melter feed simulant as the simu
lant progresses through the various reaction layers of the melter cold cap. 

• Provided data for developing and refining the numerical models used to predict convective flow 
patterns, particle formation, accumulation mechanisms, processing conditions, and particle char
acteristics. The GFT data was used as an initial condition for the noble metal particles entering the 
melter in the computer simulation. 

• Postulated particle agglomeration mechanisms. These were to be used with the computer model; 
for reasons described in the computer modeling section, they were not used. 

• Supported understanding of the role of cold cap chemistry on particle formation. 

A secondary objective was to establish the relative differences between the nominal NCA W melter 
feed and KfK and DWPF feeds in terms of noble metals particle formation and characteristics. 

The GFT results provided the upper boundary condition for the computer simulation of the melter; 
i.e., the size, density, and type of particles entering the glass melt through the cold cap. However, 
because of the differing geometries and temperature histories, the gradient furnace cannot completely 
simulate the cold cap behavior in a melter. In an actual melter, the feed in the cold cap is exposed to 
an atmosphere produced by the gases evolved. Different gases are produced in different strata of the 
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cold cap, according to the local temperature and the nature of the gas-generating reactions occurring at 
that temperature (Schreiber et al. 1990, 1991). Gases evolved at lower layers, where the temperature 
is higher, leave the cold cap through the upper layers, where they mix with gases generated locally. 
This complex situation cannot be easily reproduced in a laboratory crucible or boat. Gases from 
crucibles or boats are those generated locally within the crucible volume, which has a nearly uniform 
temperature in contrast to the temperature layers of a full-scale melter. Moreover, atmospheric gases 
can diffuse into the sample and affect the reactions, especially when the sample volume is small. 

In addition, feed in a melter will experience heating at some rate as the feed proceeds from the top 
of the cold cap to the bottom and then into the bulk of the melt. In the gradient furnace, the tempera
ture gradient of the sample is established almost immediately upon placing the crucible into the 
furnace. Therefore, the material can reach the specified temperature quickly, without experiencing the 
same heating rate and temperature history it would experience in a melter. However, testing was not 
intended to ideally simulate the HWVP melter operation, but only to provide an initial boundary condi
tion for the first stage of TEMPEST modeling, as discussed earlier. 

4.2 Experimental Methods for Gradient Furnace Testing 

The methodology for the GFT is described in this section. 

The following four feeds were prepared, subjected to heat treatment in the gradient furnace, and 
analyzed using optical and scanning electron microscopy (SEM): 

1. HWVP-l feed (noble metals precipitated with major constituents) 

2. HWVP-2 feed (noble metals precipitated with minor constituents) 

3. DWPF feed 

4. KfK feed 

The focus of the GFT was on the HWVP-2 feed, because this feed is used in other melter performance 
assessment testing and is therefore more useful for comparing GFT results with research- and 
engineering-scale melter results. 

4.2.1 Feed Preparation 

The first HWVP feed (HWVP-1) was prepared with simulated NCAW in which the noble metals 
had been precipitated with the major constituents. The frit was mixed with the waste slurry, dried at 
110°C for> 24 hours, and crushed. The frit used in this sample was larger than the reference HWVP 
frit, with the largest pieces measuring approximately 0.5 mm. The waste slurry, frit, and glass target 
compositions are shown in Appendix A. 
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The second HWVP feed (HWVP-2) was prepared with simulated NCA W in which the noble metals 
had been precipitated with the minor constituents. The frit and slurry were mixed, dried at 600°C for 
1 hour, and crushed. The frit had been ground and sieved to -80 mesh « 180 ILm). The waste slurry, 
frit, and glass target compositions are shown in Appendix A. 

The DWPF feed was received as separate frit, waste slurry, and precipitous hydrolysis aqueous 
(PHA). These were mixed using instructions for preparing the slurry supplied by SRTC. The slurry 
was then dried at 75°C. The target compositions of these components are shown in Appendix A. 

The KfK feed was received as dried waste, recycle, and frit beads. The oxide loading was deter
mined and the dry components were mixed. This feed was the only one in which the frit had not been 
mixed with the waste slurry prior to drying. The target compositions of KfK waste, frit, and glass are 
shown in Appendix A. 

The target concentrations of noble metals in the product glasses are shown in Table 4.1. 

4.2.2 Heat Treatment 

For each test, the feed was loaded into a 30.5-cm-Iong boat-shaped quartz crucible and held at a 
specified temperature gradient for 1 hour in the gradient furnace. The gradient furnace used in this test 
is the Marshall Furnace Inc., Liquidus Gradient Temperature Furnace, Model No. 901-2074SP (see 
Figure 4.1). The furnace produces an adjustable linear temperature gradient. For the HWVP-l and 
DWPF samples, the range used was 579°C to 928°C. For the HWVP-2 sample, the range was 593°C 
to 936°C, and for the KfK sample, 698°C to 1Q46°C. 

After their removal from the gradient furnace, the samples were annealed for 1 hour at 500°C and 
cooled slowly overnight. The annealing was done to remove internal stresses within the sample. No 
changes in the melt progress would be expected to occur during annealing. The crucibles were then 
fixed in an epoxy resin mold and cut in half lengthwise. Six 5-cm segments were made from each 
sample. Each segment was mounted on a slide, thin-sectioned, and polished for analysis by 
microscopy. 

Table 4.1. Target Concentration of Noble Metals in Glass (Wt%) 

Noble Metal NCAW DWPF KfK 

Ru02 0.11 0.1 0.655 

Rh 0.024 0.02 0 

Pd 0.030 0.03 0.298 

SUM 0.164 0.15 0.953 
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Figure 4.1. Gradient Furnace 

4.2.3 Analysis 

Each thin section was examined initially with an optical microscope to make general observations 
regarding mixing and melting behavior, gas generation, foaming, etc. These observations were made 
to correlate noble metal behavior with overall melting behavior if such a correlation appeared to exist. 
The GFT report [Anderson et al. (1992), unpublished, endnote 1] describes the observations; they will 
not be discussed here. 

Individual noble metal particles were impossible to identify optically; therefore, SEM was used to 
study the noble metal behavior. The SEM was used in the backscatter mode to identify potential noble 
metal particles. The composition of the particle was then determined by energy dispersive spectro
metry (EDS) using a Link Spectrometer at 20 kV. Observations were made of the particle size, shape, 
composition, and general distribution by temperature range. Selected particles that were typical were 
photographed. A few unusual particles were photographed as well. 
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4.3 Results of Gradient Furnace Testing 

Results of the analyses for the two HWVP feeds, the DWPF feed, and the KfK feed are described 
below. The individual metal particles are described, as is the generalized noble metal behavior for the 
various temperature ranges studied. Generally, the dimension given for a particle is the longest 
dimension. 

4.3.1 HWVP Feeds 

Both the HWVP-1 feed (noble metals precipitated with major constituents) and the HWVP-2 feed 
(noble metals precipitated with minor constituents) are discussed here. 

HWVP-l Feed 

Noble metal particles were detected in all temperature ranges of the HWVP-1 sample. Most of the 
particles observed were Ru or Ru02 (oxidation states were not determined; Ru is generally assumed to 
be present as Ru02) or Pd. Only one Rh particle was observed. 

Palladium and Ru02 were seen in particles of varied composition and size. Palladium was first 
seen as irregular 3-JLm particles embedded in a Cd-rich cluster at 592°C. In the same temperature 
region, Pd was also detected as an alloy with Ag in a spherical dendrite structure of approximately 
50 JLm. Palladium and Ru02 were seen at 648°C in a 20-JLm cluster in which Ru02 was a collection of 
3-JLm particles in one corner of the cluster. Ruthenium dioxide was detected as a component in La-rich 
particles of 10 JLm at 655°C and 758°C. The Ru distribution in the particles was uniform. Palladium 
appeared again at 670°C, 767°C, 826°C, and 834°C as collections of fragmented 1- to 2-JLm particles. 
The collections ranged up to 10 JLm, with blurred, indistinct edges. Small amounts of Ag and Ru were 
detected in these particles. Rhodium was not found in this region. 

At approximately 898°C, Pd was observed as a chain of three particles, the largest measuring 
about 6 JLm, the other two measuring about 1 JLm. The particles did not have a distinct border but 
exhibited irregular, cloudy edges. Near one of the Pd particles was a cluster of Ru02 particles in a Ni
rich area. The Ru/Ni-rich cluster measured about 7 JLm across, similar in size to other clusters seen at 
lower temperatures. Other particles of Ru02 in nearby areas had indistinct boundaries, appearing as 
hazy or diffuse clouds. Palladium particles in other areas appeared to be rounded, with no trace of 
alloying. At 924°C, the only Rh particle found was seen as a single, hazy cloud lO-JLm wide. The 
size of Ru02 and Pd particles in this hot region varied between 1 and 10 JLm, and the particles appeared 
to be randomly distributed within the melt. 

HWVP-2 Feed 

As with the HWVP-l sample, the HWVP-2 sample contained identifiable noble metal particles at 
all temperature ranges examined. The vast majority of particles were Ru02, though Pd and Rh 
particles were also found. 
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In the colder end of the sample, Ru02 was seen as a cluster of 1- to 2-Jtm needles at 619°C (see 
Figure 4.2). These needles were very typical of the Ru02 particles seen throughout the sample. Some 
larger masses were seen, such as one at 600°C, that contained both Ru and Pd (see Figure 4.3). How
ever, most particles in this temperature region were approximately 5 I'm and were irregularly shaped 
mixtures of Ru and Pd. They were often found at the waste/frit interface. 

Figure 4.2. Cluster of Ru02 Crystals in HWVP-2 Sample at 619°C 

Figure 4.3. Large Pd/Ru Mass in HWVP-2 Sample at 600°C 
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Beginning at approximately 650°C, most of the Ru and Pd was seen as single, dense (but irregu
larly shaped) particles ranging in size up to 5 JLm. Some clusters of these smaller particles were seen. 
The first isolated Rh accumulation was detected at 655°C as a lO-JLm-long chunk. 

Beginning at approximately 700°C, Pd was most often found as smaller (1 to 2 JLm) and more 
solid, dense particles. However, at 72Soe, a larger (15 JLm) particle was seen. The first alloy of all 
three noble metals was seen at 755°C as a small, almost spherical particle less than 1 JLm across 
(Figure 4.4). 

At temperatures beyond approximately soooe, more large clusters were present; however, 
small particles were still very common. Rhodium was detected as a lO-JLm cluster of solid, dense 
particles. Palladium was generally seen only in particles mixed with Ru, not in a pure state. At the 
hottest temperature region (S79°C to 936°C), most particles were small «5 JLm) and almost all were 
Ru02 ' No Pd particles were found in this region. Further discussion of particles at the hotter end of 
this saplple will be found in Section 4.4, "Input to Computer Modeling." 

4.3.2 Other Feeds 

DWPFFeed 

The DWPF sample differed from the HWVP samples in that no identifiable noble metal particles 
were found in the cold end of the sample, which was made up of dried, unmelted feed. The lack of 
detectable particles suggests that the particles exist as sub-micron particles in the high-Fe waste 
particles, undetectable by SEM/EDS analysis. Results at higher temperatures confirmed the small 
noble metal sizes ( < 1 JLm). 

Figure 4.4. Spherical Alloy of Ru/Pd/Rh in HWVP-2 Sample at 755°C 
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The first noble metal identified was Ru, found at 735°C as a pair of micron-sized particles border
ing an Al-enriched region of several tens of microns. By 789°C, four Pd particles were found within a 
5-mm region, all porous, diffuse, of micron size, and located in Fe- and Mn-rich pockets. Rhodium 
was first observed in a cluster of sub-micron particles containing high Ru concentrations. At tempera
tures above 840°C, several such combinations of Ru and Rh were discovered in various 1- to lO-J.(.m 
shapes, some diffuse and some with higher relative Ru concentrations than others. 

Only two other noble metal features were observed in the hottest end of the crucible. At 898°C, a 
circular, 2-J.(.m particle with a fuzzy border was identified as a pure composition of all three noble 
metals. The three metals were indistinguishable from each other in the particle. No other particles 
with a similar circular shape were seen, even at higher temperatures. All three metals were again seen 
at 924°C, in a particle lO-J.(.m long and several microns wide (Figure 4.5). Much of the particle 
appeared to be porous, similar to some pure Pd particles seen earlier. However, one micron-sized area 
was distinctly brighter and without pores, with a higher concentration of Pd. It appeared to be a sep
arate particle adhering to the larger particle. Analysis showed the feature to have the same amount of 
Rh and Ru as the rest of the particle, but a much greater concentration of Pd. 

KfK Feed 

The concentration of noble metals in the KtK feeds is much higher than in the HWVP or DWPF 
feeds, as was shown in Table 4.1. The number and size of noble metal particles found was also greater 
in the KtK feed. 

Figure 4.5. Ru/Rh/Pd Alloy in DWPF Sample at 924°C 
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At the colder end of the sample, a large (l-mm) chunk of RuOz was found at 704°C (Figure 4.6). 
Some noble metals were also found in regions rich in Zr, Fe, and Ni. A few irregularly shaped 5- to 
10-~m Ru02 or Pd particles were also seen in this region. 

In the range between 760°C and 817°C, convoluted, accord ian-shaped Ru particles were very 
common, either on the surface or in the bulk of the sample. These particles were typically up to 
30 ~m. Ruthenium was also found as a thin layer along the surface extending for hundreds of microns. 
As in the HWVP-2 feed , Ru was detected as spheres or sliver-shaped crystals, approximately 1- to 
5-~m long. Palladium was most predominant as micron-sized particles, at times appearing in clusters 
of separate particles or in association with bubbles. 

Between 874°C and 1039°C, Ru and Pd commonly appeared as large (up to 15 ~m), diffuse Ru 
patches surrounded by dense, sub micron Pd particles. In some cases, the diffuse mass contained a 
mixture of Ru and Pd. Large (100-~m and 500-~m) masses of crystalline Ru02 particles were seen at 
approximately 878°C (Figure 4.7). These masses consisted of small, mostly sliver-shaped crystals, 
with a few larger crystals present. A few Pd particles were found in association with Ce-rich regions. 

4.4 Input to Computer Modeling 

To provide input to the TEMPEST modeling effort, two sections at the hottest end (approximately 
924°C and 930°C) of the HWVP-2 sample were examined in detail. The HWVP-2 sample was used 
because the preparation technique for this sample was consistent with the waste ftowsheet used in the 

Figure 4.6. Large Ru02 Chunk in KfK-1 Sample at 704°C 
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Figure 4.7. Large Mass of Ru02 Crystals in KtK-l Sample at 878°C 

research- and engineering-scale melter testing. The number, size, shape, and approximate composition 
of the particles or agglomerations were determined. The particles at this temperature are assumed to be 
representative of particles leaving the cold cap and entering the bulk of the melt. This is considered to 
be a boundary condition for the TEMPEST model. The accuracy of the values determined for the 
number and size of particles is not known. Only particles larger than approximately 0.2 J.'m could be 
counted. The amount of noble metals present as particles smaller than 0.2 J.'m cannot be determined. 

All noble metal particles in the sections examined were classified by particle size, as shown in the 
spreadsheet contained in Appendix A. Particles were listed in increasing order by size, then divided 
into categories. Each particle's size was approximated by a two-dimensional rectangle enclosing the 
entire particle. The rectangle's smaller and larger dimensions were recorded as well as the total area, 
which equals the area of the rectangle. In most cases, the total area includes area that was not noble 
metal, but glass, due to the irregular shape of many of the particles and the fact that most particles 
were not rectangular, but spherical, elliptical, or some other shape. The portion of the area occupied 
by noble metal was estimated. This estimate was used to calculate an equivalent area (Equivalent Area 
= Area Fraction x Area). In addition, the ratio of the larger dimension to the smaller dimension was 
given to provide an estimate of the particle shape. 

The particles were then classified into three groups. For each group, the average particle area, 
average area fraction of noble metal, average ratio of larger dimension to smaller dimension, and 
average equivalent area were determined. The number of particles per melt area and the area fraction 
of noble metal particles in the bulk of the melt were also determined. The area fraction should 
approximately equal the volume fraction. The particles in each of the three groups are described as 
follows: 
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• Group 1 - Small « 2 I'm) particles that appear fairly dense and compact. Their shape in most 
cases is approximately spherical (see Figure 4.4). 

• Group 2 - Larger and much more irregularly shaped ("sponge-like") particles (see Figure 4.3). 

• Group 3 - A single large particle, also sponge shaped. Because of its size, it was separated from 
the second group. 

The density and electrical conductivity of the particles can be assumed equal to that of Ru02> 
because over 99 % of the particles seen were Ru02' No Pd particles were detected and fewer than 1 % 
of the particles contained Rh. The SEM methods used in these analyses would detect noble metal parti
cles larger than 0.2 I'm. The absence of Pd in the glass and the presence of very small amounts of Rh 
indicates that very little agglomeration of these metals occurs in the melter cold cap. This, of course, 
does not mean that agglomeration or alloying of these metals cannot occur in the melt pool. 

Table 4.2 summarizes the particle characteristics. (See Appendix A for the listing and grouping of 
particles.) The density can be assumed to be that of Ru02 (6.97 g/cm3). Other properties of the 
particles (thermal and electrical conductivity) can also be assumed equal to those of Ru02' 

4.5 Discussion of Gradient Furnace Testing 

In all samples, the noble metals had largely separated from the waste by the time the temperature 
reached approximately 700°C. In some cases, as discussed in the previous sections, masses of noble 
metals were present in the dried or sintered feed before melting had begun, suggesting that feed prep
aration methods may partially determine noble metal particle sizes in the feed before melting. At hotter 
temperatures (above 800°C), the noble metals formed either particles composed of a single metal or 
oxide, or alloys of two or three noble metals. No alloying with Te was seen; however, the amount of 
Te in the wastes was small and may not have been detectable. 

Table 4.2. Particle Characteristics of HWVP-2 Feed (920°C - 930°C) 

Group 1 Group 2 Group 3 

Shape Sol id sphere "Sponge" "Sponge" 
Predominant type Ru02 Ru02 Ru02 
Effective particle 

diameter(a) 1.3 I'm 3.8 I'm 12.4 I'm 
Ratio of large/small 

dimension 1.7 1.6 1.9 
Particles/melt area 

(number/mm2) 34 16.3 0.33 

(a) The diameter is calculated using total particle area and assuming a spherical shape of the particle or 
agglomerate. 
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Predominant sizes of noble metals particles and particle characteristics have been described in the 
previous section and in Appendix A. At the hot end of each sample (which simulates the end of the 
cold cap and the beginning of the bulk of the melt), particles were generally on the order of 1 J.'m in 
the DWPF and HWVP-2 samples and closer to 10 J.'m in the KfK and HWVP-1 samples. This differ
ence in particle sizes could possibly suggest a relationship between frit size and resulting noble metal 
particle size, since the frit used in the KfK melt was much larger than that used in the HWVP or 
DWPF melts. However, other variables, such as noble metal concentration, waste preparation 
procedures, and foaming behavior, could also account for the difference in particle sizes. 

In all feeds, even though one noble metal particle size or shape may have been more common, 
there were numerous variations. For example, although small particles were predominant in the KfK 
sample at the hotter end of the sample, lOO-J.'m and 500-J.'m clusters of Ru~ particles were also seen. 
These agglomerations of particles could have as much effect on melter performance as the more 
common, but smaller, particles. This inconsistency existed for particle shapes and densities as well as 
sizes, making it difficult to predict melter performance by modeling using information from the GFT 
only. It is not yet known what happens after the particles intermix in the melter for several hours. The 
effects from intermixing over time are very dependent on convection and residence time in the melter. 

Many mechanisms can be proposed for noble metal agglomeration in feeds and glasses. Originally, 
noble metals are present in the waste in soluble form. They are atomically dispersed at low concen
tration. During precipitation of metals by sodium hydroxide, noble metal oxides and hydroxides are 
most likely absorbed in amorphous phases. Precipitation is the first step in noble metal segregation. 
The concentration of noble metals in solid phases is below the detection limit of SEM. It may be 
assumed that their distribution within these phases remains more or less uniform. The waste is then 
further treated by adding formic acid. Some solid constituents are redissolved into soluble formates; 
others undergo redox reactions. It is possible that metallic particles become concentrated and may 
agglomerate to a certain extent. Particles of elemental Ag, Te, and Pd have been observed in dry, 
simulated formated waste by electron microscopy (unpublished, endnote 2). Metallic Ru has not been 
seen. The evolution and distribution of the metallic particles may constitute an important step in noble 
metal segregation. 

In the feed, waste particles are mixed among frit particles. As temperature increases, waste com
ponents dissolve into the frit. Noble metals and their oxides, which are both relatively insoluble in 
glass, become concentrated in the remaining waste particles, representing one possible agglomeration 
mechanism. 

Metallic particles are not wetted by molten glass and tend to accumulate on frit surfaces after the 
other components have dissolved (Cobb and Hrma 1990). It is postulated that these metallic particles 
stay inside bubbles and are lifted to the top surface, where they float until they fuse with a sufficient 
number of similar particles and sink to the melter bottom. 

Ruthenium dioxide is, however, stable and insoluble. It is readily wetted by molten glass. A pos
sible agglomeration mechanism for Ru02 is shear flocculation. Flocculation can occur when clusters 
of Ru02 particles are stretched by the shear of the melt, a condition in which growing and ascending 
bubbles force the melt to move. This happens around individual bubbles moving through the melt. In 
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the areas of high bubble density (foam), Ru02 particles can agglomerate within melt films that separate 
bubbles. These films are first stretched and then broken, thus subjecting the melt to a substantial 
amount of shear. 

It is speculated that after the molten glass leaves the cold cap of a melter and enters the underlying 
pool, Ru02 continues to agglomerate in the convective flow because of shear flocculation. This proc
ess forms large agglomerates. In a laboratory crucible, in which the melt is vigorously sheared in the 
meniscus that exists on the crucible wall above the melt, agglomerates grow up to 1 mm within 
16 hours (Cobb and Hrma 1990). The terminal settling velocity of a spherical particle is, by Stokes' 
law, proportional to the square of the radius of the particle. The agglomerates consist of RuOz 
particles and the melt contained within those particles. Because of the fractal nature of the particles, 
their density is approximately inversely proportional to their radius. Hence, the terminal settling 
velocity of an agglomerate increases proportionally to its radius. As a result, some agglomerates will 
not be discharged from the melter with the melt; they will settle to the bottom and eventually create a 
conductive layer. 

Some of the critical data required for modeling could not be measured during the gradient furnace 
experiments. This data includes agglomerate density and electrical conductivity and viscosity of accu
mulated sludge layers. As mentioned earlier, these parameters have a significant effect on the mod
eling results. The agglomerate densities were estimated using micrographs of the GFT and research
and engineering-scale melter samples. The electrical conductivity and viscosity of HWVP glass as a 
function of noble metals concentration will either have to be measured in laboratory experiments or 
estimated using existing data from KfK melter experiments and previous work done at PNL. 

4.6 Endnotes (a) 

1. L. D. Anderson, T. Dennis, M. L. Elliott, L. L. Eyler, and P. R. Hrma. 1992. Investigation oj 
Noble Metals Behavior in a Ceramic Melter Cold Cap. Milestone Report PHTD-C91-04.0lB, 
Rev. 0, Pacific Northwest Laboratory, Richland, Washington. 

2. Larry Thomas, private communication. 

(a) In this report, unpublished citations, such as personal communications, letters, and internal 
reports, are listed as endnotes at the end of each chapter. All published citations are listed as 
references in Chapter 10. 
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5.0 Research-Scale Melter Testing 

The following sections discuss the research-scale melter test objectives, methods, and results. 

5.1 Objectives of Research-Scale Melter Test 

Per the FY 1991 PNL statement of work, the objectives of the research-scale melter test were "to 
establish operating parameters for engineering-scale melter tests at KfK and evaluate glass containing 
noble metals. Obtain data that provide an understanding of noble metals behavior in conjunction with 
feed and glass chemistry to predict melter performance ... conduct studies of test parameters, 
including glass melter temperature, residence time, plenum temperature, and glass redox" [Kruger 
(1991), unpublished, endnote 1]. To meet this scope of work, a small joule-heated test system was 
designed in FY 1990 and constructed in FY 1991. In FY 1992, tests were conducted for 
approximately 8 weeks in the research-scale melter to obtain process and product data as a function of 
process variables. 

The relevant slurry and process variables were varied through the ranges of the HWVP operating 
limits [WHC (1992), unpublished, endnote 2]. The following variables were investigated: 

• Noble metals concentration in the feed - nominal for the HWVP is 0.15 wt% noble metals in the 
glass 

• Slurry oxide loading in the feed - nominal for the HWVP is 500-g TOIL. The design range is 400-
to 600-g TOIL 

• Redox (Fe+2/EFe) of the glass - the acceptable range for the HWVP glass is Fe+2/EFe = 0.005 to 
0.23 

• Glass process temperature - the nominal operating temperature for the HWVP is 1150°C. The 
limits are 1050°C and 1170°C 

• Melter plenum temperature - minimum operating plenum temperature for the HWVP is 650°C. 

Process data were used to determine any measurable effects on melter operation, such as glass 
resistance or process rate. Process data were also used to support continued validation and refinement 
of the numerical codes. Analytical data were obtained for slurry, glass, and in-melter glasslsludge 
samples. In addition, the melter was examined following the test to measure noble metal deposits. 

HWVP process limits have been established for many feed and melter parameters. These include 
glass temperature, plenum temperature, glass reduction/oxidation potential (redox), and slurry oxide 
concentration. Variations of these parameters will alter somewhat the melting and residence time of 
noble metal particles. For example, the rate of temperature increase and the total time within tem
perature regimes within the cold cap are dependent on plenum and glass temperature and cold cap 
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thickness. Particle interaction and growth are known to occur in the cold cap and near-glass region 
[Nakaoka et al. 1986; G. J. Sevigny, trip report (unpublished, endnote 3)]. To assess the impacts of 
these parameters on noble metals behavior, testing was conducted at the process limits. 

Additional variables that can affect particle size and properties are the level of redox and noble 
metal concentration in the melter feed. More reducing glasses can lead to reduction of noble metal 
oxides to metal states. These metals could consolidate, alloy with other metals, or act as nucleating 
sites for spinel growth. Higher concentrations of noble metals provide the opportunity for a greater 
degree of particle growth. 

5.2 Experimental Methods for Research-Scale Melter Test 

5.2.1 Description of Test Matrix 

The research-scale melter, because of its small size, was chosen to characterize the effects of noble 
metals on melter performance as a function of melter operating parameters (glass and plenum tempera
tures) and feed properties (oxide concentration, redox potential, and noble metal concentrations). 
Because of the short residence time for glass in the research-scale melter, 5 hours, a settled region was 
not expected to form, based on intuition and an estimation of settling velocities. However, the glass 
exiting the melter was characterized to detect any changes in noble metal properties as a function of the 
parameters listed above. Table 5.1 provides the test matrix for the research-scale melter testing. The 
glass reduction/oxidation potential was measured by the ratio of ferrous (Fe+2) to total iron o;Fe). A 
high redox glass is defined as having Fe +2/EFe greater than 0.005. Originally, all of the nominal 
operating conditions chosen for the research-scale melter were those expected to exist for the HWVP. 
Because of feed rheology problems, the nominal feed oxide loading had to be lowered from 
5OO-g TOIL to 4oo-g TOIL to permit pumping. Initially, two low glass temperature segments had been 
prescribed. However, after the first low-temperature segment, it was determined that operating the 
melter at this low temperature was useless; the melter could barely be fed. The plenum temperatures 
shown in Table 5.1 are the pretest estimates. The actual plenum temperatures experienced during the 
run were much different because of the difficulty in providing enough plenum heating capacity in this 
small melter. 

5.2.2 Equipment and Operations 

The following sections describe the equipment and operations necessary to prepare the feed and 
operate the research-scale melter and off-gas system. 

Feed Preparation Procedure 

The research-scale melter feed was prepared in tank 311 in the chemical make-up room (room 309) 
of the 324 Building. This tank has a 2,7oo-L capacity and is equipped with steam heating coils, a cold 
water jacket, a four-bladed agitating impeller, a ventilation blower, and a recirculation loop with an 
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Table 5.1. Matrix for Research-Scale Melter Tests 

Oxide Glass Plenum 
Segment Noble Metal Loading Glass Redox Temperature Temperature 

No. Description Concentration (g TOIL) (Fe+2/EFe) (0C) (0C) 

1-3 Nominal Nominal 400 0.005 1,150 550 

4 Low glass 
temperature Nominal 400 0.005 1,050 550 

5 High oxide Nominal 500 0.005 1,150 550 

6 High plenum 
temperature Nominal 400 0.005 1,150 650 

7 High glass 
temperature Nominal 400 0.005 1,200 950 

8 Reducing 
glass Nominal 400 0.23 1,150 800 

9 High NM(a) 
concentration 2X 400 0.005 1,150 800 

10 HighNM, 
Ag, Te 2X 400 0.005 1,150 800 

11 HighNM, 
reducing 
glass, high 
glass 
temperature 2X 400 0.23 1,200 800 

(a) NM = Noble metals. 

in-line grinder. Two batches of feed were prepared following the steps described below, one contain
ing the normal concentration of noble metals and the other containing twice this concentration. The 
feed was prepared in five steps (Larson, unpublished, endnote 4): 

1. Co-precipitate the noble metal and minor component nitrates to hydroxides, in the presence of 
the insoluble components, and wash to meet the nitrate concentration target. 

2. Add mixed hydroxide slurry, followed by the soluble and slightly soluble components. 

3. Perform formating and digestion steps. 
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4. Add recycle constituents. 

5. Add frit constituents. 

Step 1 was the precipitation of the noble metals. The noble metals were added to tank 311 as 
nitrates, along with some of the components present in relatively small concentrations and the insoluble 
components. The compounds were precipitated using NaOH in an attempt to simulate the precipitation 
of the noble metals in the actual waste tanks. Step 2 was the addition of a prepared slurry of hydrox
ides, along with the remaining soluble and slightly soluble components. The mixed hydroxide material 
contained AI, Fe, Ni, Zr, and Mn. Step 3 was the addition of formic acid to the tank, along with 
heating the tank using the steam coils. Step 4 consisted of weighing out, slurrying, and adding the 
recycle components. The final step of the feed makeup process was to add frit to the melter. Because 
of the potential for adversely affecting the feed rheology, this was not done until shortly before the feed 
was ready to be fed to the melter. The melter feed, without frit, was split into batches for each test 
segment and stored in 55-gal drums. 

In addition to the standard process described above, particular batches of feed were modified for 
particular test segments. The modifications included adding sugar or Ag and Te. 

Research-Scale Melter 

The research-scale melter's primary component is a joule-heated mel ter , internally positioned in an 
electrically heated ceramic kiln. The geometry of the melter shell is cylindrical, with an outside diame
ter of 10-1/4 in. The melter shell is constructed of 1/8-in.-thick Inconel 601. Ceramic paper and 
Alfrax 66 line the inner portion of the melter shell and provide insulation, structural support, and a 
barrier to molten glass that could migrate to the shell. 

The glass containment refractory is an 8-in.-OD x 6-in.-high cylinder of K-3 block. The melt 
cavity is a 6-in.-ID x 4-3/4-in.-deep cylinder, with a nominal volumetric capacity of 1.33 L under an 
operating plenum vacuum of 1.5-in. H20. Figure 5.1 shows the configuration of the refractories and 
insulation for the research-scale melter. 

The joule heating is provided to the melter from two top-entering paddle electrodes fabricated from 
1/4-in. Inconel 690 plate. The electrodes have a square face, with dimensions measuring 3 in. x 3 in. 
The arms of the electrodes extend 17-3/4 in. and measure I-in. wide. Figure 5.2 presents detailed 
dimensions of the electrodes. 

During the test, the plenum region temperatures were varied by using a 1-in.-diameter, 15-in.-Iong 
silicon carbide bayonet-style heater with an effective heating length of 5 in. The heating element pro
trudes through the lid and is suspended from a 9-in. length of 2-l/2-in. stainless steel, thick wall tube 
such that the end of the heater sits 2 in. above the melt level. A ceramic sleeve surrounds the upper 
portion of the heating element to isolate the heating element from the riser pipe and lid. 

The melter sits inside an electrically heated firebrick kiln. The inner geometry of the kiln is an 
octagon with a diameter of 16 in. and a height of 16 in. During the test, the kiln was maintained at an 
approximate average temperature of 1050°C. The melter is elevated on two firebricks. Figure 5.3 
presents this configuration. 
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The melter lid is a single unit secured to the melter that covers the entire interior cavity. It is 
12 in. in diameter, fabricated from 112-in. Inconel 601 plate. The lid is electrically isolated from the 
main body of the melter by two alternating layers of ceramic paper and mica gaskets. All services to 
the melter run to connections on or through the lid including the feed port, located in the center of the 
lid. 

To monitor the internal operating temperatures during the test, calibrated type K thermocouples 
with Inconel 601 sheaths were installed in the melter. The thermocouples were placed in appropriate 
positions to measure and record pertinent test parameters throughout the overall system. These tem
perature values were logged in the system's data acquisition computer. Bulk glass temperatures were 
measured continuously by one thermocouple inserted to the bottom of the thermowell welded on the 
back side of one electrode. This thermocouple provided the majority of the glass temperature data 
because no other temperature was continuously monitored in the cavity. Additional glass temperature 
data were collected intermittently during the test from a probe thermocouple to assess temperature pro
files at varying elevations in the melt region. This thermocouple was inserted through a I-in. opening 
in the lid normally used as the view port, located adjacent to the electrode with the thermowell. Tem
perature indication in the plenum space was provided by one thermocouple fixed approximately 4 in. 
above the surface of the nominal glass level. 

Before the test was started, it was discovered that the melter feed developed severe rheology prob
lems as it aged. After 1 week, the feed would be too thick to pump using the existing feed delivery 
system. In light of the rheology problems, it was decided to use a smaller tank and add fresh feed once 
or twice per day, depending on the processing rate. During the test, approximately 35-L batches of 
fritted melter slurry were prepared in the storage vessel located on the second floor of EDL-102 in 
Module 18. The vessel was a high-density polyethylene carboy with a maximum volumetric capacity 
of 50 L. The slurry was agitated using two laboratory bench-top mixers mounted 90 degrees apart 
over the carboy. Feed was prepared by identifying the level of feed in the melter feed tank, calculating 
the amount of feed to be prepared, pumping in the appropriate amount of waste plus recycle mixture, 
adding frit, and then adding makeup water. This process could be completed in about 10 minutes, so 
the feed pump did not have to be shut off and the composition of the feed going to the melter was not 
affected. 

The melter feed tank was positioned directly above the melter to facilitate the primary delivery 
method for the slurry-gravity feeding. Feed was transported to the peristaltic metering pump in 
stainless-steel tubing. The peristaltic pump was manually controlled to regulate the flow rate to the 
feed nozzle. The feed nozzle extended 4-112 in. into the plenum, with the nozzle tip 3 in. above the 
cold cap. The feed nozzle was water cooled to prevent premature drying of the feed. Periodic water 
back-flushing in conjunction with reaming the tubing was required to eliminate obstructions caused by 
agglomerations of material in the lines. Figure 5.4 depicts the feed system. 

The proper feed rate to the melter was determined by observing and evaluating the extent of cold
cap coverage of the melt. This evaluation was augmented by calculating the feed consumption based 
on the feed tank dropout. The level of feed in the tank was monitored using a calibrated measuring 
stick whereby varying levels on the stick corresponded to known volumes of liquid in the vessel. 
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A continuous, gravity-controlled overflow design was used for simplicity. The discharge trough 
was constructed entirely of 1/2-in., schedule 160, Inconel 690 pipe. Once the level of glass rose to 
exceed the highest point of the trough's slope, the glass would discharge into a vertical extension pipe 
that stretched to the bottom of the melter. The pipe helped to reduce the movement of the pouring 
glass stream. The bottom edge of the pipe was chamfered at 60° to avert glass wicking and distortion 
of the pour stream. 

Glass flowed from the tip of the pipe and free fell 8 in. through a 4-1/2-in. hole in the floor of the 
kiln, then through a 4-in. Pyrex glass view pipe into a 4-L stainless-steel canister. The discharged 
glass was exposed to the ambient kiln temperature of 1050°C to prevent the glass from solidifying in 
the discharge pipe. The 4-L canister that captured the glass was surrounded by a 12-in.-high x 12-in.
diameter muffle furnace operated at 750°C. To determine glass pour rate, the 4-L stainless-steel canis
ter was located on a small platform scale to constantly measure the weight of glass being poured. 

The electrodes and plenum heater were controlled by siIicon-controlled rectifiers (SCRs), and the 
SCRs were controlled by the computer-driven control and data acquisition system. A PI (proportional, 
integral) algorithm was used to compute the magnitude of the control signal sent to the SCRs based on 
the value of the controlled variable. The glass temperature and heater power were used to control the 
electrode and plenum heater SCRs, respectively. 

The gases and airborne effluent generated by the vitrification process in the melter were contained 
and treated by the off-gas system. Effluent was extracted from the plenum space and passed through a 
film cooler. It was determined after preliminary testing that a film cooler was absolutely vital to sus
taining an open off-gas pipe, in addition to reducing the temperature of the effluent produced. 

The off-gas was then routed through a venturi scrubber to provide further cooling and remove the 
majority of condensables and particulate material. From the scrubber, the off-gas was run through a 
high-efficiency mist eliminator (HEME) to remove condensed phase aerosols. Following this process, 
the off-gas was pulled through the auxiliary off-gas blower and finally exhausted through a bank of 
HEPA filters on the path out the 324 Building stack. 

A data acquisition and control system driven by a personal computer provided the means for data 
acquisition and melter control. The system was designe.d for autonomous use and possessed features 
for acquiring data, computing values based on the data, logging data electronically in history files, and 
controlling the melter, including all of the associated alarm functions. 

5.2.3 Analytical Techniques 

The following sections describe the analytical techniques used to characterize the feed and glass 
samples obtained from the melter run. 
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Cation Analysis 

The feed and glass samples were analyzed for cations using inductively coupled plasma spectros
copy (lCP) techniques. The feed samples were analyzed using ICP with an atomic emission spectrome
ter (lCP-AES) detector, and the glass samples using both ICP-AES and ICP with a mass spectrometer 
(lCP-MS). 

The feed samples were prepared for ICP-AES using a digestion technique. The feed was dissolved 
in sulfuric acid overnight. If the dissolution was not complete, the sample was heated until all the sol
ids had dissolved. The digested sample was injected into a Jarrel-Ash model 975 Plasma Atomcomp 
ICP using a specific PNL procedure (PNL 7-40.27, Rev. 0, "Using the Spectro 901 Spectrometer"). 
The results were reported in grams element per liter of feed solution. 

The glass samples were prepared for ICP analysis (both AES and MS) using a fusion/dissolution 
method (PNL Technical Procedure APSL-03, "Fusion Procedure"). Each glass sample was split so 
that one part could be fused using Na202 in a Zr crucible and the other could be fused using KOH in a 
Ni crucible. Two fusions were done because Zr and Na cannot be obtained from the Naz02 fusion, 
and Ni and K concentrations cannot be obtained from the KOH fusion. The glass samples were 
crushed to -140 mesh using a mortar and pestle. Approximately 114 g of crushed glass was placed in a 
metal crucible (Zr for the Na202 fusion and Ni for the KOH fusion). The glass and oxidant were 
mixed and then melted using an electric bunsen burner. The resulting mixture was then dissolved in 
demineralized water and diluted up to 100 mL. This solution was then sent for ICP analysis. The 
ICP-AES analysis was done using a Jarrel-Ash model 975 Plasma Atomcomp (PNL Procedure 7-40.27, 
Rev. 0, "Using the Spectro 901 Spectrometer"). The ICP-MS analysis was done using a VG PQII+ 
spectrometer and Technical Procedure PNL-ALO-280, "Inductively Coupled Plasma Mass 
Spectrometer (lCP-MS) Analysis." 

Microscopy Analysis 

Samples taken of the glass exiting the melter as well as samples collected from the melt pool 
following the test were analyzed by optical microscopy and scanning electron microscopy (SEM). 
To prepare samples for these analyses, the glass was mounted on a slide, thin-sectioned, and polished. 
Each thin section was examined initially with an optical microscope (Olympus model PM63) equipped 
with an image analyzer (Leco model 2001). The samples were examined in both reflected- and 
transmitted-light modes. The reflected-light analysis was done to identify the size of the noble metal 
particles on the surface of the slide and to characterize the particle size distribution. The transmitted 
light analysis was done to obtain a three-dimensional image of the particles so that the porosity and 
morphology could be measured. 

The polished, thin-section samples were also examined using SEM to identify the elements present 
in the noble metal particles. The samples taken from the glass exiting the melter were examined using 
an SEM in backscatter mode. The composition of the particles was then determined by energy disper
sive spectrometry (EDS) using a Link spectrometer at 20 kV. Selected particles were examined, char
acterized, and photographed. The samples obtained from the bottom of the melter at the end of the run 
were examined using a JEOL model JSM-U3 with a TN880 energy dispersive spectroscope analyzer. 

5.11 



Glass Redox Potential 

The redox potential of glass samples from each segment was analyzed by measuring the ferrous-to
total-iron ratio using PNL Technical Procedure APSL-02, Rev. 0, "Iron II and Total Iron Analyis." 
With this method, the glass samples are dissolved in a nonoxidizing condition using a mixture of sul
furic and hydrofluoric acid. Boric acid is added to complex the excess fluoride ion. The ferrous ion 
in the solution is chelated by three molecules of phenanthroline, forming an orange-red complex. The 
colored solution obeys Beer's law; its intensity is independent of pH from 3 to 9. A pH between 2.9 
and 3.5 ensured the rapid color development in the presence of an excess of phenanthroline. The total 
Fe in the sample is determined by reducing the ferric ion to a ferrous ion with hydroquinone at room 
temperature. The operating Fe+2/EFe range for the HWVP will be 0.005 to 0.3 [WHC (1992), 
unpublished, endnote 2]. All but two of the melter run segments were oxidizing (Fe+2/EFe = 0.005). 
The two segments with reducing glass (Fe +2/EFe = 0.23) were Segment 8 and Segment 11. 

5.3 Results of Experimental Run 

The noble metals test in the research-scale melter ran for 48 days, with melter operations divided 
into nine segments. The test was divided into segments to permit a parametric evaluation of the effects 
of various operating conditions on noble metals. These parameters included melter operating parame
ters (glass and plenum temperatures) and feed properties (oxide concentration, redox potential, and 
noble metal concentrations). (See Section 5.2 for a discussion of the target operating conditions for 
the test segments and a discription of significant deviations from the original run plan.) 

The following sections present the results from the test operations and post-test analyses. 

5.3.1 Feed Preparation 

The generic feed preparation process was described in Section 5.2.2, "Feed Preparation 
Procedure"; the segments requiring additional feed preparation steps are described below. 

Feed samples were drawn from the final fritted material at the beginning of each segment and inter
mittently throughout each segment. In general, the composition of the feed remained constant over the 
course of the test and varied only in oxide loading, redox states, and noble metals concentrations as 
prescribed in the original test design. 

Two test segments were completed using reducing feed. Segment 8 contained high redox feed at 
the nominal noble metals concentration and Segment 11 contained high redox feed at 2X the noble 
metals concentration. To determine the amount of reductant (sugar) required to reduce the feeds to the 
upper HWVP limit (Fe+2/EFe = 0.23), feed samples were drawn and vitrified in a crucible at varying 
sugar concentrations. The resulting glasses were analyzed to assess the redox level. Based on the 
results of these tests, it was decided to spike the feed for Segment 8 with 6.8 giL of sugar. The sugar 
addition in Segment 8 did not significantly affect the measured redox of the glass. In fact, the redox 
ratio of the high-temperature segment (Segment 7) was more reduced than was Segment 8. This was 
surprising because it was expected that the laboratory tests using a crucible exposed to air would be 
more oxidizing than the melter cold cap. Just the opposite was observed. 
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It is believed that the conditions in the melter were more oxidizing than the conditions in the cruci
ble because the cold cap was very thick during normal operation. The thick cold cap enabled a sub
stantial residence time for the dried feed in the melter plenum, an area where the conditions should 
have been very oxidizing. Based on these observations, the quantity of sugar added to the feed for 
Segment 11 was increased to 15 gIL. This amount, which was based on engineering judgement, was 
very close to the correct amount. The ferrous-to-totaI-iron ratio of the glass during Segment 11 was 
measured to be 0.25. The target was Fe+2/EFe = 0.23. 

In Segment 11, a barium hydroxide spike was introduced to feed as a tracer to evaluate the mixing 
characteristics in the melter. Barium was selected because of its low concentration in the nominal glass 
and its high analytical resolution. Barium was added to the feed as 2.47-g BaOH • 8H20 per liter of 
feed at 400-g TOIL. This equates to an increase of 0.25 wt% Ba in the glass. The results of the tracer 
test are discussed in Section 5.3.3. 

The concentrations of Ag and Te were increased twofold in Segment 10 to evaluate the effect of 
these elements on noble metals precipitation. Silver and Te have been observed to alloy with Pd in 
high-level waste glasses. The extra Ag and Te were added to the 55-gal drum of unfritted melter feed 
from which material was taken to make up the melter tank batches for Segment 10. 

5.3.2 Melter Processing 

Research-Scale Melter Perfonnance 

Originally, each test segment was to last 5 to 7 days or until a steady state was achieved. Although 
each segment was operated continuously (i.e., constant feed and glass discharge), the duration of each 
segment was determined by the interval of time required for the melter to reach steady state and then 
process three to five tank turnovers. This approach was sufficient to satisfy melter-related objectives 
and extract performance data. 

To evaluate the effects of various parameters on melter performance, variations were restricted to a 
single parameter at a time. The test plan called for establishing a constant feed rate that would generate 
and maintain a cold cap over 85 % to 95 % of the melt surface. Operating staff monitored and regulated 
the coverage upon initiation of each test segment. The target cold cap was not expected to be exces
sively thick; however, the actual cold caps were very thick and rigid. The upcoming paragraph entitled 
"Cold Cap and General Observations" presents a thorough description of the cold cap conditions 
experienced during the run. 

After completing the startup sequence for each segment, steady-state conditions were established. 
Glass sampling was done in conjunction with feed sampling to ensure accurate mass balances. Addi
tional temperature and electrical resistance data were recorded to compile an accurate description of the 
segment. 

Segments 1 through 3 were combined into one long segment to provide a good baseline. The run 
for these segments, which began on July 29 and ended on August 12, was very successful, as indicated 
by the 89% online efficiency. This long run was also needed to troubleshoot the system, in particular 
the feed system. When operating steadily, the melter processed feed at a rate of 1.4 L/h using a 
400-g TOIL feed, equaling a glass production rate of 0.57 kg/h (32 kg/h/m2). The normalized glass 
production rate is below the HWVP reference rate of 40 kg/h/m2. 
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The test ran for 47 days from beginning to end, with an average online efficiency of 83 %. The test 
consumed 1308 L of feed and produced 531 kg of glass; the test segments ranged from 14 to 2 days 
and consumed from 409 to 75 L of feed. The operators' success in maintaining constant coverage of 
the cold cap varied significantly between segments, primarily because of the feed rate to the melter. 
The segments with the slowest feed rates (low glass temperature and high oxide loading) tended to have 
the most feed line clogs, causing more interruptions. 

&tablishment and Control or Equilibrium 

At the beginning of each segment, operators set the nominal glass temperature in the temperature 
controller consistent with the test segment. The operator would then modify the power input accord
ingly to sustain a steady state for power and temperature. The same procedure was used to control 
temperatures experienced in the melter plenum space. A silicon carbide bayonet heater was used to 
compensate for heat loss in the region as a result of cold cap coverage and to boost temperatures during 
the high-temperature segment. These methods were very effective for producing accurate and reliable 
temperatures. 

Another critical task in establishing equilibrium was selecting a feed rate that neither overfed nor 
underfed the melter. The metering pump speed was manually adjusted according to two observed 
values, plenum temperature and coverage efficiency. The desired feed rate was one that yielded a cold 
cap of roughly 85% to 95% coverage and an ambient plenum temperature of 750°C under stable condi
tions. Typically, the pump was set at a mean feed rate of 1.5 L/h, 90 L/h/m2, close to the reference 
plant rate of 80 L/h/m2. When the feed was processing poorly, the glass surface would be almost com
pletely covered, with very little glass visible. Sometimes the feed would continue to process under 
these conditions, but frequently the plenum temperature would continue to fall and the feed would have 
to be shut off until the cold cap had partially burned off. The feed flow would then be restarted at a 
lower rate. 

Cold Cap and General Observations 

The cold cap was a central focus point for control of the melter. The goal was to create a moder
ately flexible, minimally deep cold cap covering 85 % to 95 % of the area. Optimally the cold cap 
would possess visible molten glass portions with good venting capability. Because of the greater 
viscosity of the melter feed, the cold caps that formed during the run were very rigid in comparison 
with those produced during previous HWVP tests. The increased level of viscosity also contributed to 
drier, denser cold caps, which in turn produced a mounding phenomenon directly beneath the site of 
flow from the feed nozzle. The mound resembled a volcano. Over time, the mound would form a 
stalagmite that would eventually collapse or block the feed nozzle. 

To minimize the feed nozzle obstructions, the feed rate was interrupted using a timed relay. The 
relay permitted slurry to flow for a specified interval, followed by a brief disruption of power to the 
pump. In essence, an oscillating pulse that tended to reduce feed blockages was generated. This 
approach was an interim method of keeping the melter operating, not a permanent solution to the 
problem. 

The cold cap remained thick and rigid throughout all of the test segments. The cold caps produced 
in the high-temperature segments appeared to be slightly thinner because of the higher melting rate, but 
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were still very poor compared to those from previous HWVP testing. Because of the consistently poor 
cold caps, conclusions about the behavior of noble metals as a function of cold cap behavior could not 
be drawn. 

Glass Probing, Electrical Impedance Measurement, and Sampling 

Glass samples were collected intermittently or according to a sampling schedule. A schedule was 
used during the barium tracing segments. Typically, a sample was removed at the onset of a new test 
segment to establish a baseline composition of the glass and provide a means for comparison as a seg
ment progressed. At the end of a segment, a sample was taken and analyzed to determine the final 
glass composition. The data were amassed to develop a computer model for tracking noble metal 
particles and to check the constituents of the final glass form. 

The glass sampling method was relatively simple. On sampling occasions, glass discharge was 
continued during a canister change. After the canister assembly was removed, the dripping glass was 
collected, packaged, and labeled. The sample number and time was then documented in the run book's 
sample log. 

Electrical resistance of the glass and the formation of a conductive sludge layer of metals were of 
special interest. As part of the investigation, the impedance in the molten glass was measured and 
accurate temperature profiles in the melt pool were collected. Resistance was measured theoretically 
by manipulating the data obtained from the main electrode instrumentation (Le., current and potential). 
Using Ohms Law, R = Ell, the value was calculated by a programmed algorithm in the data acquisi
tion computer and logged. Consequently, real-time information about the resistance between electrodes 
was available. Periodically, a probe thermocouple was inserted into the melt to obtain temperature 
profiles. These temperatures were used to determine varying temperatures across different regions in 
the melt cavity. Furthermore, the information was used to check run conditions; Le., whether a con
ductive layer was short circuiting the electrodes. The area of prime interest was the bottom of the 
melter cavity directly between both electrodes. During Segment 10 (initiated 9/19/92), the melt pool 
temperature was probed with a thermocouple. The temperature in the melter was being controlled at 
~1150°C based on the temperature at the back of one of the electrodes. The temperature at the bottom 
center of the melter was 1189°C. One inch from the bottom, the temperature was 1128°C. This pat
tern indicates that most of the heating was coming from the bottom of the melter because of a partial 
short circuiting caused by a metals layer. 

During Segment 11 (initiated 9/25192), a similar temperature analysis was performed. The melter 
was controlling at 1200°C. A probe of the glass temperatures showed that the glass in the center of the 
melter on the bottom was 1135°C when the electrode thermocouple read 1200°C. The temperature 
1 in. from the bottom in the center of the cavity was 1132°C. In front of the electrode with the ther
mowell, the temperature was 1185°C. This higher temperature probably was caused by a layer of 
metals on the bottom of the melter. Most of the current was being conducted through the layer, but all 
the joule heating was taking place in the gap between the electrode tips and the metals layer. The cen
ter of the layer was cool because it was near a short circuit; therefore, no heat was generated there. 
This temperature pattern explains why the melter was less dynamic than during the earlier high
temperature segment; most of the melt pool was much cooler than the controlling thermocouple. 
The bulk glass was only 1135°C. 
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5.3.3 Test Results 

The following sections describe the results of the post-test evaluation of the melter data. The 
discussion is organized as follows: melter joule heating resistance data, barium tracer test, post-test 
destructive examination, glass product sample analyses, glass tank sample analyses, and noble metal 
particle characterization. 

Melter Joule Heating Resistance Data 

While the melter was operated, the voltage and current supplied to the melter were monitored 
continuously. Using this data, the apparent resistance of the material being joule heated could be cal
culated by dividing the voltage across the electrodes by the current passing through the electrodes. 
The resistance data were displayed and logged along with the other important process parameters. 
This value was watched during the run for any sign of decrease in the resistance value. There were 
no indi.:ations during the run of any rapid changes in resistance other than those caused by the planned 
changes in glass temperature control setpoint for certain segments. There was, however, a general 
decrease in the melt resistance over time of about 40%. 

Several factors could have affected the indicated resistance value: "noise" in the voltage and cur
rent data, variations in the bulk glass melt temperature, changes in the distribution of the glass melt 
temperature, and glass melt level. Changes caused by bulk glass melt temperature are simply a result 
of the glass resistivity changing as a function of temperature. It is also possible for the temperature 
sensed in a single point to remain constant, as in the melter's electrode temperature used to control 
joule heating, while the temperature distribution around that point changes, causing a change in the 
melt resistance. This effect was observed in the melter during operation. When a cold cap began to 
form on the melt surface, the top of the glass was chilled and the resistance increased accordingly. 
Other similar effects related to variations in the cold cap during processing can cause the resistance to 
vary, particularly in a melter this small. 

Another observed effect was related to the glass height in the melter. Because the overflow was 
gravity driven, the stable glass height in the melter during idling was simply the point of hydrostatic 
equilibrium. During processing, however, the cold cap on the melter would cause the top of the glass 
surface to become cooler and therefore more viscous, making the glass in the discharge tube cold 
enough to have difficulty flowing. As time passed with feed going to the melter and no glass flowing 
out, the melt level would eventually rise and the discharge tube would become immersed in hotter 
glass until the glass began to flow and the system reached a mass flow equilibrium. This process 
would cause a variation in the glass level in the melter. Because the electrodes are paddles that are 
never fully immersed in glass, the resistance between them would change with changes in the amount 
of material available to conduct electricity. 

Any effort to inspect the resistance data over time to determine whether the melt resistance changes 
because of metals settling on the bottom must attempt to account for these variations. To address this 
need, the glass temperature, plenum temperature, feed pump status, and glass pour rate for each test 
segment were plotted and a range for each of the process variables that appeared to represent "normal 
processing" for each segment was determined. The resistance data for each of the test segments were 
then filtered so that if all these parameters were not within the bounds set for them, the resistance data 
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were ignored. Using these new filtered data, the average resistance was determined, a linear regres
sion was performed, and the slope of the regression line was determined. The average resistances and 
computed slopes are shown in Table 5.2 along with the computed standard error for those slopes. 

The average resistances for Segments 1 through 8 do not indicate any appreciable differences in the 
melt resistance. Segment 4 was & low glass temperature segment, which accounts for the high average 
resistance value during this segment. A curious result is that the high glass temperature segment (Seg
ment 7) had an average resistance that was just as high as the nominal segment. It was expected that 
the resistance for this segment would be significantly lower than nominal. The resistivity data for this 
glass indicate that the resistance should have gone up by about a factor of 1.5 for a temperature change 
from 1150°C to 1050°C. This is approximately what was observed in Segment 4. Using these same 
data, one would expect a decrease by about a factor of 1.17 to a resistance of about 0.31 for a 1200 ° C 
segment. The fact that such a decrease did not occur may indicate a change in the system between 
Segments 4 and 7. 

Table 5.2. Melter Resistance Data for Each Segment 

Average Resistance Std Error of 
Segment Resistance Change Rate Change Rate 

No. Description (ohm) (ohm/day) (ohm/day) 

Nominal 0.36 -0.0017 0.000130 

4 Low glass temperature 0.51 -0.0078 0.000687 

5 High oxide 0.37 +0.0108 0.000850 

6 High plenum temperature 0.34 -0.0168 0.000946 

7 High glass temperature 0.37 +0.0177 0.00475 

8 High redox 0.36 -0.0055 0.00120 

9 High NM concentration 0.32 -0.0178 0.000280 

10 High NM, Ag, Te 0.24 -0.0064 0.000310 

11 High NM, redox, glass 
temperature 0.22 +0.0037 0.000509 
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Inspection of the raw data for this segment indicates that the joule heating power was very unstable, 
with periods where the amperage on the electrodes was high (as much as 120 amps). At these high 
amperages, it is possible that the current transformer was not behaving linearly. This behavior has 
been observed before when amperages near the upper rated limit were placed on current transformers 
using phase angle SCRs. The current transformer output may have been indicating that the current was 
lower than the real current, causing the calculated resistance to be greater than the real resistance. 

The important aspect of the average resistance data is that the resistance remained very near nom
inal during almost all the segments containing the nominal noble metal amounts, but dropped signifi
cantly during the segments with double the noble metals. 

The rate-of-change results indicate that some of the resistance changes are actually in the positive 
direction. There are two questions associated with the interpretation of the rate-of-change data. The 
first is whether the rates computed by the least-squares method are real and the second is whether they 
are significant. The standard error is one measure of the error in the rate-of-change data. In all the 
test segments, the magnitude of the standard error is much lower than that of the parameter itself. This 
would indicate that the rates are significant; however, it is still possible for these rates to appear real 
when they are not, if certain types of errors exist. The discussion of these errors or the statistical 
analyses to determine if they exist are beyond the scope of this work. 

Perhaps the most appropriate method to assess the validity of these rates is simply to inspect the 
data and the line produced by the least-squares method in the form of a plot. An inspection of these 
plots indicates that the data for test Segments 1 and 4 do not appear to support any assertion that the 
resistance is changing. The data for Segments 5 and 6 are of higher quality and may well indicate a 
detectable change in the resistance. The data for Segments 7 and 8 are quite sparse and probably do 
not allow any conclusions to be drawn about resistance changes during these segments. The last three 
segments produced relatively good data and the curve fit to this data is believable. 

Barium Tracer Test Results 

During the final segment of the test, extra Ba was added to the feed in a step change as a tracer 
to determine the mixing characteristics of the melter. The Ba was added in the form of hydrated bar
ium hydroxide and was intended to produce a 0.25 wt% increase of Ba in the glass. This amount was 
chosen to induce an easily detectable change in Ba concentration in the glass product. The nominal 
glass composition target was 0.045 wt% Ba (0.05 wt% BaO). The glass samples analyzed by ICP-AES 
and ICP-MS from segments with this nominal amount of Ba indicated an average Ba content of 
0.049 wt%. Following the step change in the feed composition, glass samples were taken from the 
melter pour stream at approximately I-hour intervals. These samples were analyzed for their Ba con
tent using both ICP-AES and ICP-MS. 

Figure 5.5 shows the results of these analyses as a function of time after the Ba was added to the 
melter feed tank. The melter pour rate data from the glass canister scale were used Jo generate a curve 
of the theoretical Ba content of the glass product coming from the melter, assuming that the melter was 
a well-stirred tank and the melter feed rate varied directly with the glass pour rate. The calculation was 
performed for a cylindrical tank 6 in. in diameter, 3 in. deep and using a glass specific gravity of 2.5. 
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This curve was found to fit the data well if it was assumed there was a 2.5-hour lag time between a 
change in the melter feed composition and a change in the glass product composition. This curve is 
also shown on Figure 5.5. 

The source of this apparent lag time is probably the cold cap in this melter, which was quite thick 
relative to the glass depth when compared with larger melters. A 2.5-hour lag time would represent 
about 1.9 kg of glass, 4.7 L of feed, or 1.6 in. of glass depth in the melter at the average processing 
rates over the period of time the test was performed (1.87 L of feed/h or 0.75 kg/h of glass). Calcula
tions for the lag caused by the length of the feed line from the melter feed tank: to the melter indicate 
that this contribution is small (- 0.1 hour). Some of the lag time is probably caused by the abnormally 
large cold cap that was present in the melter; the remainder is probably in the relatively cold portion of 
the glass just under the cold cap, which is too viscous to mix. 

While a 2.5-hour lag is quite large and difficult to justify based on the size of the melter and 
observations made during processing, it must be remembered that this determination is the result of 
fitting the available data to an idealized model of a plug flow reactor followed by a continuously stirred 
tank reactor. Undoubtedly, this idealized situation did not actually exist; however, it appears to be 
undeniable that there was a significant lag time between the melter feed tank: and the mixing portion of 
the melter. This lag time would indicate that the noble metals particles coming into the melter 
probably spent a relatively large amount of time in the cold cap and the viscous portion of the top of 
the glass melt. 

Post-Test Destructive Examination 

Following the last test segment, the melter was left idling at temperature for several days to allow 
any further settling of noble metal particles from the glass. The joule heating was then stopped, the 
kiln shut off, and the insulation removed from the top of the kiln. The insulation was removed to cool 
the melter as quickly as possible and preserve the melt cavity in the condition it was in at the time the 
melter was shut off. The cooled melter was then sawed in half in the vertical plane, which cuts 
through the center of each electrode. 

An inspection of the melter showed that a large piece of one electrode was gone, the other elec
trode had lost some material (but much less than the other electrode), and a layer of metal existed on 
the bottom of the melt cavity (Figure 5.6). One of the halves was then halved again to produce a 
quarter that cut directly through the discharge section. This quarter piece had a metal layer on the 
bottom and showed that a portion of the discharge tube in the melt cavity was eroded. 

The lower end of the electrode that had lost the most material was originally resting on the bottom 
of the melt cavity refractory. About one-third of the length of this electrode was missing. The other 
electrode was not missing any of its length, but the square end of the electrode was rounded and the 
thermowell for the melt temperature thermocouple contained glass that had leaked through a small 
crack in the bottom. The only visible portion of the electrodes was the plane through which the first 
cut was made. The remaining portions of the electrodes were not visible and their condition could not 
be determined. 
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The metal layer on the bottom of the melt cavity was between 2- and 4-mm thick. The layer 
appeared to be discontinuous in the planes through which it was cut, with nonmetallic portions inter
spersed between metal sections. The metal layer was thicker in the plane that cut the electrode centers 
than it was in the plane cutting the discharge section. There were clumps of metal that were signifi
cantly larger than the average layer thickness in front of the electrodes and below the discharge tube. 
The metal layer in the plane cutting through the electrodes was checked for electrical continuity using 
a hand-held multimeter. The continuity check indicated that a section of the melter bottom approxi
mately 4 in. in diameter had a low resistance ( - 0.4 ohm). The resistance checked from electrode to 
electrode was essentially infinite, implying that joule heating of the glass was taking place in front of 
the electrodes, but that a large portion of the melt tank bottom was shorted out at the time the melter 
was shut off. 

The bottom of the melt cavity where the metal layer was present had eroded by much as 112 in. 
The erosion appeared to be greatest where the metal layer was found and relatively untouched where 
there was no metal layer, implying that the erosion mechanism was somehow related to the presence 
of the metal. 

The glass found in the tank had two distinct colors (black and green) swirled together in patterns 
that appeared to be indicative of convective mixing. The quarter containing the discharge section 
seemed to contain a convective roll cell in the location predicted by computer modeling (see Section 8). 
The colors in the glass may have been caused by compositional differences in the glass or by different 
devitrification patterns. 

Glass Product Sample Analyses 

The glass produced by the melter was collected in stainless-steel beakers. Following the melter 
run, a sample of glass was taken from the top of the glass pour out of the last canisters poured in each 
segment. These samples were submitted for composition analyses by ICP-AES, ICP-MS, and XRF. 
The results of these analyses are reported in Tables 5.3 through 5.5 for each test segment by cation for 
each method. 

Not every element can be identified by each method, either because of limitations inherent to the 
method itself, limitations particular to the equipment used, or the quality of the data produced by the 
analyses. In the case of the two ICP methods, the glass must be fused before it can be analyzed by 
these methods. To analyze for all the elements, including the ones used during the fusions (see Section 
5.2.3), two fusions must be done. One fusion uses N~02 and the other KOH. For some of the ele
ments, the two fusion analyses seemed to produce a consistently higher value for the N~02 fusion. 
This difference is most likely caused by the inability of the KOH fusion to put those elements fully into 
solution, or possibly inter-element interference from the Na in the sample. The data reported for each 
element are the average of the two fusion values. Table 5.6 reports the average of all the analyses on 
an oxide bases and compares them to their target values. 
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Table 5.3. ICP-AES Glass Product Analyses 

Segment Number 

5 6 7 8 9 \0 11 

Description 

Target wt% High High Plenum High Glass High High NM, High NM, Redox, 
Element Element Nominal Oxide Temp Temp Redox High NM Ag, Te & Glass Temp 

Ag 0.028 0.000 0.050 0.057 0.000 0.050 0.000 0.068 0.040 

AI 1.434 1.780 1.450 1.6\0 1.555 1.575 1.590 1.555 1.560 

B 4.358 3.990 4.130 3.970 3.88 3.945 3.900 4.015 3.995 

Ba 0.045 0.047 0.046 0.047 0.047 0.047 0.045 0.042 0.279 

Ca 0.172 0.221 0.222 0.236 0.226 0.232 0.294 0.287 0.288 

Cd 0.858 0.697 0.630 0.709 0.706 0.742 0.746 0.7\0 0.717 

Ce 0.147 

Cr 0.048 0.061 0.055 0.064 0.064 0.060 0.067 0.056 0.071 

Cs 0.160 

VI Cu 0.056 0.055 0.049 0.053 0.051 0.054 0.053 0.049 0.049 

iv Fe 5.666 4.680 4.235 4.705 4.725 4.770 4.790 4.545 4.515 
~ 

Ge 0.000 

K 0.058 

La 0.162 

Li 2.323 2.255 2.325 2.220 2.330 2.215 2.2\0 2.255 2.265 

Mg 0.066 

Mn 0.404 0.371 0.338 0.375 0.385 0.386 0.371 0.374 

Mo 0.107 0.\01 0.100 0;101 0.095 0.085 0.000 0.000 

Na 5.601 6.7\0 6.290 6.960 7.270 6.960 6.590 6.040 6.500 

Nb 0.002 

Nd 0.849 

Ni 0.519 0.423 0.369 0.412 0.459 0.429 0.444 0.409 0.432 

P 0.157 

Pb 0.173 0.142 0.127 0.158 0.162 0.133 0.137 0.145 

Pd 0.030 

2XPd 0.059 

Pr 0.034 

Rb 0.016 

Rh 0.024 



Table 5.3. (contd) 

Segment Number 

5 6 7 8 9 10 II 

Description 

Target wt% High High Plenum High Glass High High NM, High NM, Redox, 
Element Element Nominal Oxide Temp Temp Redox High NM Ag, Te & Glass Temp 

2XRh 0.049 

Ru 0.086 

2XRu 0.172 

Sb 0.002 

Se 0.004 

Si 24.402 23.500 24.400 23.400 23.4 23.350 23.050 23.050 23.350 

Sm 0.017 

Sn 0.003 

Sr 0.025 0.029 0.027 0.030 0.030 0.030 0.030 0.028 0.033 

VI Ta 0.001 

iv Te 0.024 
VI 

Ti 0.116 0.142 0.133 0.143 0.143 0.129 0.125 0.128 

Y 0.016 

Zn 0.080 0.117 0.104 0.121 0.109 0.114 0.105 0.104 0.104 

Zr 3.191 2.550 2.450 2.590 2.640 2.980 2.770 2.800 



Table 5.4. ICP-MS Glass Product Analyses 

Segment Number 

4 5 6 7 8 9 10 11 

Description 

Target wt% Low Glass High Plenum High Glass High NM, High NM, Redox, 
Element Element Nominal Temp High Oxide Temp Temp High Redox High NM Ag, Te & Glass Temp 

Ag 0.028 

AI 1.434 1.625 

8 4.358 4.905 4.735 4.775 4.165 3.855 4.415 4.635 4.525 4.045 

8a 0.045 0.048 0.057 0.052 0.052 0.048 0.053 0.051 0.048 0.309 

c. 0.172 0.419 0.304 0.208 0.263 0.254 0.298 0.209 0.479 0.299 

Cd 0.858 0.763 0.739 0.683 0.722 0.718 0.805 0.842 0.778 0.777 
Ce 0.147 0.149 0.146 0.132 0.140 0.156 0.151 0.151 0.\36 0.150 

Cr 0.048 0.072 0.065 0.044 0.058 0.067 0.053 0.042 0.062 0.060 

Cs 0.160 0.143 0.154 0.140 0.154 0.153 0.152 0.158 0.149 0.143 

Cu 0.056 0.065 0.047 0.038 0.044 0.068 0.052 0.035 0.054 0.045 
VI Fe 5.666 5.590 5.340 4.775 4.995 4.680 5.415 5.625 5.195 4.955 
iv Ge 0.000 0\ 

K 0.058 

La 0.162 0.181 

Li 2.323 2.255 2.240 2.335 2.135 2.280 2.135 2.300 2.220 2.160 

Mg 0.066 0.048 0.033 0.018 0.024 0.117 0.033 0.020 0.039 0.067 

Mn 0.404 0.434 0.418 0.385 0.403 0.432 0.430 0.450 0.421 0.391 
Mo 0.107 0.086 0.094 0.087 0.094 0.092 0.096 0.100 0.093 0.072 

Na 5.601 

Nb 0.002 

Nd 0.849 0.950 0.918 0.737 0.798 0.787 0.835 0.899 0.833 0.767 
Ni 0.519 0.555 0.513 0.422 0.434 0.480 0.510 0.514 0.476 0.388 

P 0.157 

Pb 0.173 

Pd 0.030 0.050 0.054 0.050 0.054 0.032 0.055 

2XPd 0.059 0.110 0.105 0.055 

Pr 0.034 0.051 0.044 0.037 0.042 0.046 0.047 0.038 0.050 0.044 

Rb 0.016 0.020 0.016 0.013 0.015 0.023 0.0\8 0.012 0.019 0.016 

Rh 0.024 0.044 0.046 0.051 0.048 0.034 0.051 

2XRh 0.049 0.090 0.078 0.063 
Ru. 0.086 0.085 0.084 0.086 0.090 0.086 0.094 



Table 5.4. (contd) 

Segment Number 

4 5 6 7 8 9 10 II 

Description 

Target wt% Low Glass High Plenum High Glass High NM, High NM, Redox, 
Element Element Nominal Temp High Oxide Temp Temp High Redox High NM Ag, Te & Glass Temp 

2XRu 0.172 0.161 0.154 0.117 

Sb 0.002 

Se 0.004 

Si 24.402 25.100 

Sm 0.017 O.oJ8 

Sn 0.003 

Sr 0.025 0.016 0.014 0.012 0.014 0.029 O.oJ5 0.011 0.016 0.022 

Ta 0.001 

Te 0.024 

Ti 0.116 0.109 0.084 0.060 0.070 0.136 0.085 0.039 0.084 0.094 

Y 0.016 0.017 0.014 0.012 0.013 0.019 O.oJ5 0.011 O.oJ7 0.013 

VI Zn 0.080 
N Zr 3.191 2.860 2.910 2.670 2.950 4.160 2.980 3.260 3.070 3.060 
-...l 



Table 5.5. XRF Glass Product Analyses 

Segment Number 

I 4 5 6 7 8 9 10 II 

Description 

Element Targetwt% Nominal Low Glass High Oxide High Plenum High Glass High Redox HighNM High NM, High NM, Redox, 
Element Temp Temp Temp Ag, Te & Glass Temp 

Ag 0.028 

AI 1.434 1.900 1.842 1.561 1.715 1.768 1.757 1.704 1.736 1.672 

B 4.358 

Ba 0.045 

Ca 0.172 

Cd 0.858 0.902 0.954 0.858 0.963 0.972 0.989 0.972 0.945 0.972 

Ce 0.147 

Cr 0.048 

Cs 0.160 0.198 0.198 0.179 0.198 0.198 0.198 0.198 0.189 0.179 

Cu 0.056 
VI Fe 5.666 5.435 5.358 4.938 5.365 5.365 5.428 5.428 5.253 5.022 
N 

Ge 0.000 00 

K 0.058 

La 0.162 

Li 2.323 

Mg 0.066 

Mn 0.404 

Mo 0.\07 0.127 0.127 0.112 0.127 0.127 0.127 0.142 0.142 0.127 

Na 5.601 6.944 7.100 6.246 7.018 6.944 7.337 7.048 6.699 6.647 
Nb 0.002 

Nd 0.849 1.046 1.037 0.969 1.029 1.037 1.046 1.003 1.020 0.960 

Ni 0.519 0.495 0.479 0.448 0.487 0.487 0.495 0.495 0.479 0.511 
P 0.157 

Pb 0.173 

Pd 0.030 0.064 0.063 0.057 0.061 0.054 0.064 

2XPd 0.059 0.115 0.108 0.070 

Pr 0.034 

Rb 0.016 

Rh 0.024 0.036 0.036 0.033 0.033 0.032 0.036 

2XRh 0.049 0.058 0.054 0.041 
Ru 0.086 0.129 0.120 0.124 0.122 0.113 0.124 



Table 5.5. (contd) 

Segment Number 

4 5 6 7 8 9 10 11 

Description 

Element Targetwt% Nominal Low Glass High Oxide High Plenum High Glass High Redox HighNM HighNM, High NM, Redox, 
Element Temp Temp Temp Ag, Te & Glass Temp 

2XRu 0.172 0.191 0.187 0.147 

Sb 0.002 

Se 0.004 

Si 24.402 24.785 24.598 25.612 24.514 24.448 24.392 24.472 24.794 24.967 

Sm 0.017 

Sn 0.003 

Sr 0.025 

Ta 0.001 

Te 0.024 0.032 0.030 0.028 0.030 0.024 0.029 0.029 0.046 0.018 

Ti 0.116 

Y 0.016 
VI Zn 0.080 
tv Zr 3.191 3.383 3.457 3.146 3.494 3.516 3.524 3.857 3.753 3.620 \Q 



Table 5.6. Average Cation Analysis of Glass Product 

ICP-AES wt% 
Element Oxide ICP-MS wt% Oxide XRF wt% Oxide Target wt% Oxide Average Error Average % Error 

Ag 0.059 not analyzed not analyzed 0.030 97.89 0.029 

AI 3.064 not analyzed 3.287 2.710 17.17 0.465 

B 12.841 14.343 not analyzed 14.032 -3.14 -0.440 

Ba 0.052 0.057 not analyzed 0.050 8.57 0.004 

Ca 0.357 0.434 not analyzed 0.240 64.93 0.156 

Cd 0.813 0.881 1.082 0.980 -5.56 -0.054 

Ce not analyzed 0.181 not analyzed 0.180 0.45 0.001 

Cr 0.093 0.086 not analyzed 0.070 27.95 0.020 

Cs not analyzed 0.160 0.204 0.170 1.18 0.012 

Cu 0.065 0.063 not analyzed 0.070 -9.04 -0.006 

Fe 6.642 7.510 7.560 8.100 -10.65 -0.863 

Ge not analyzed not analyzed not analyzed 0.000 

K not analyzed not analyzed not analyzed 0.070 

La not analyzed not analyzed not analyzed 0.190 

Li 4.828 4.798 not analyzed 5.000 -3.73 -0.187 

Mg not analyzed 0.072 not analyzed 0.110 -34.36 -0.038 

Mn 0.593 0.671 not analyzed 0.640 -1.24 -0.008 

Mo 0.145 0.137 0.194 0.160 -0.90 -0.001 

Na 9.012 not analyzed 9.283 7.550 21.16 1.598 

Nb not analyzed not analyzed not analyzed 0.003 

Nd not analyzed 0.981 1.186 0.990 9.41 0.093 

Ni 0.532 0.621 0.619 0.660 -10.50 -0.069 

P not analyzed not analyzed not analyzed 0.360 

Pb 0.168 not analyzed not analyzed 0.200 -16.01 -0.032 

Pd not analyzed 0.056 0.070 0.034 85.42 0.029 

2X Pd not analyzed 0.109 0.112 0.068 63.01 0.043 

Pr not analyzed 0.052 not analyzed 0.040 31.18 0.012 

Rb not analyzed 0.022 not analyzed 0.020 10.33 0.002 

Rh not analyzed 0.056 0.042 0.030 64.52 0.019 

2XRh not analyzed 0.096 0.063 0.060 32.05 0.019 

Ru not analyzed 0.115 0.161 0.113 22.16 0.025 

2XRu not analyzed 0.191 0.231 0.226 -6.69 -0.015 

Sb not analyzed not analyzed not analyzed 0.002 

Se not analyzed not analyzed not analyzed 0.005 

Si 49.938 not analyzed 52.906 52.200 -1.49 -0.778 

Sm not analyzed not analyzed not analyzed 0.020 

Sn not analyzed not analyzed not analyzed 0.003 

Sr 0.035 0.020 not analyzed 0.030 -9.19 -0.003 

Ta not analyzed not analyzed not analyzed 0.001 
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Table 5.6. (contd) 

ICP-AES· wt % 
Element Oxide ICP-MS wt % Oxide XRF wt % Oxide Target wt % Oxide Average Error Average % Error 

Te not analyzed not analyzed 0.037 0.030 22.96 0.007 

1i 0.226 0.139 not analyzed 0.194 -5.91 .{I.OII 

Y not analyzed 0.019 not analyzed 0.020 -7.26 .{I.OOI 

Zn 0.137 not analyzed not analyzed 0.100 37.06 0.037 

Zr 3.683 4.224 4.766 4.310 -1.99 .{I.086 

Because the melter inspection indicated that a large portion of the electrode was missing, the results of 
the analyses were examined more closely for the presence of Inconel components in the glass product. 
The composition ofInconel 690 is approximately 60-30-10 Ni-Cr-Fe by weight. The reported values 
for Ni and Cr were plotted versus time during the run to see whether there were any indications of 
abnormally high values for these components at any particular time. 

The analyses for Cr indicated that the analytical results were consistently high throughout the run, 
with no discernable peaks. The Ni data indicate that the glass was consistently low in Ni throughout 
the run, again with no discernable peaks. The glass tank refractory also has a very high Cr content. 
This may explain the Cr content of the glass, since it is known that the melt tank bottom eroded during 
melter operation. Based on the low Ni concentrations in the glass and the high Cr concentrations in the 
refractory, it does not appear that the electrodes were melted off at any single point during the melter 
run. It is possible that they eroded over the course of the run or that they melted at some time during 
the melter equipment testing and debugging period that preceded the run. 

In addition to the compositional analyses, the samples were also analyzed for their redox state. 
This analysis was done by analyzing a fused sample of the glass for the Fe +2 and the total iron. The 
ratio of Fe +2 to total iron defines the redox state of the glass. The values are shown for each segment 
in Table 5.7. 

Two of the test segments were planned to be reduced to a value of 0.23 Fe+2/EFe. S~crose (as 
table sugar) was used as a reductant. The amount to add to the feed was determined by a set of cru
cible melts that were performed with varying amounts of sugar and then analyzed for redox. These 
melts yielded the value of 7 g of sugar per liter of feed. The results for the first segment with reduced 
glass (Segment 8) indicated that the glass was not as reduced as intended. For the next reduced glass 
segment (Segment 11), the amount of sugar was doubled and the actual value was very near the target. 

Glass Tank Sample Analyses 

The melter tank was sampled in four locations following the destructive melter inspection. 
Figure 5.7 shows a coordinate system imposed on the melter cross-section. The sampling locations for 
samples Cl through C4 were taken at x, y, and z coordinates centered at (0.25, 0.25, 2.75), (0.25, 
0.25,0.25), (0.5, 1.75,0.5), and (2.75,0.25,0.25), respectively. The locations were chosen to obtain 
one sample from near the center of the bottom of the melt cavity, one from the tank bottom underneath 
the eroded electrode, one from the tank bottom underneath the discharge section, and one from the 
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Table 5.7. Fe+2/l;Fe for Glass by Segment Number 

Segment wt% Ratio Total 
Number Segment Description Fe+ 2 wt% EFe Fe+2IEFe 

Nominal 0.02 5.322 0.004 

4 Low glass temperature 0.021 5.122 0.004 

5 High oxide 0.01 4.423 0.002 

6 High plenum temperature 0.008 4.968 0.002 

7 High glass temperature 0.094 4.88 0.019 

8 High redox 0.005 4.944 0.001 

9 High NM concentration 0.007 4.994 0.001 

10 High NM, Ag, Te 0.012 4.968 0.002 

II High NM, redox, glass temperature 0.094 4.839 0.251 

melt cavity above the bottom of the tank. The samples were removed with a II2-in. core drill and sub
mitted for analyses by ICP-MS and XRF. In the case of the samples taken from the bottom of the 
melter tank, the analysis was conducted for only specific elements including the noble metals, the first 
row of transition metals, and Ag and Te. The sample taken from a higher point within the glass tank 
was analyzed for all the elements that a typical glass product sample was analyzed for. The data are 
reported in Tables 5.8 and 5.9 for ICP-MS and XRF, respectively. 

ICP-AES was not used for these samples because the particular unit available did not have the 
capability to analyze for noble metals. In the case of ICP-MS, the samples were again put through two 
fusions; the data reported are the average of the two with the exception of Ru, Rh, and Te. In these 
cases, the sodium peroxide (Na202) fusion indicated much higher concentrations of these elements. 

A visual inspection of the KOH fusion samples showed that some material had precipitated to the 
bottom of the sample container. This material was assumed to be the noble metals and Te that were 
found to be low in the KOH fusion analyses. Consequently, only the Naz02 fusion analyses were used 
for reporting the data here. . 

Care should be taken in comparing the results for the samples collected from the bottom between 
these two analysis methods. Because the material sampled was inhomogeneous (partially glass and 
partially metal), different samples sent for different analytical methods should not have the same abso
lute results. Only the relative distributions of elements in each of the two separate phases could be the 
same. Because it is impossible to tell how much of each phase was in the samples analyzed, any direct 
comparison is difficult. In the case of the noble metals, the amounts found far exceeded the glass 
target values, and the sample from the bulk glass above showed comparatively very few noble metals. 
Therefore, it is safe to assume that all of the noble metals were from the metal phase. These data 
clearly indicate that the metal on the bottom of the melter was high in noble metals and Te. Not sur
prisingly, the sample taken from a higher point in the tank was low in noble metals. This distribution 
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Figure 5.7. Location of Samples Taken from Melter Tank 

would support the belief that these elements settle out of the glass. Silver and Te are known to alloy 
readily with the noble metals, but it appeared that Ag was very near target in these analyses. 

Chromium and Ni were somewhat elevated in the bottom samples and the melt tank sample, but 
the Cr was likely from the melt tank refractory, which was partially cut into in the case of the bottom 
samples. The elevated values in the melt tank were likely from erosion of the electrodes during the 
melter idle period following the end of the last segment. 

Noble Metal Particle Characterization 

At the end of the test, glass samples collected at the end of each test segment were analyzed for 
noble metals characteristics (composition, particle size distribution, and morphology). Similar analyses 
were also conducted on the samples taken from the melter tank upon post-test destructive examination. 
The results of these analyses are discussed in this section. 
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Table S.S. Results from the ICP-MS Analysis of the Bottom Sample 

Glass Target SampleCI SampleC2 SampleC3 SampleC4 
Element wt% Element wt% Element wt% Element wt% Element wt% Element 

Ag 0.028 0.033 0.026 0.025 

AI 1.434 1.985 

B 4.358 3.800 

Ba 0.295 0.275 

Ca 0.172 0.256 

Cd 0.858 0.745 

Ce 0.147 0.154 

Cr . 0.048 1.121 1.425 0.184 0.222 

Cs 0.160 0.126 

Cu 0.056 0.021 0.033 0.046 0.032 

Fe 5.666 4.320 4.610 4.010 4.185 

Ge 0.000 

K 0.058 

La 0.162 0.175 

Li 2.323 2.175 . 

Mg 0.066 0.153 

Mn 0.404 0.362 0.386 0.385 0.344 

Mo 0.107 0.070 

Na 5.601 

Nb 0.002 

Nd 0.849 0.720 

Ni 0.519 0.905 0.891 0.784 0.645 

P 0.157 

Pb 0.173 

Pd 0.059 2.275 0.735 0.013 0.968 

Pr 0.034 0.048 

Rb 0.016 0.018 

Rh 0.049 2.490 0.719 0.014 2.110 

Ru 0.172 8.150 3.480 0.029 8.360 

Sb 0.002 

Se 0.004 

Si 24.402 25.500 

Sm 0.017 O.oJ8 

Sn 0.003 

Sr 0.025 0.029 

Ta 0.001 

Te 0.024 0.772 0.223 0.280 

Ti 0.116 0.072 0.084 0.110 0.087 

Y 0.016 0.015 

Zn 0.080 0.118 0.116 

Zr 3.191 4.360 
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Table 5.9. Results from the XRF Analysis of the Bottom Sample 

Glass Target Sample CI SampleC2 Sample C3 SampleC4 
Element wt% Element wt% Element wt% Element wt% Element wt% Element 
---

Ag 0.028 

AI 1.434 2.096 2.450 2.138 1.953 

B 4.358 

Ba 0.295 

Ca 0.172 

Cd 0.858 0.753 0.683 1.007 0.700 

Ce 0.147 

Cr 0.048 

Cs 0.160 0.141 0.132 0.160 0.141 

Cu 0.056 

Fe 5.666 4.113 3.728 5.043 4.155 

Ge 0.000 

K 0.058 

La 0.162 

Li 2.323 

Mg 0.066 

Mn 0.404 

Mo 0.107 0.067 0.022 0.127 0.067 

Na 5.601 6.617 7.470 6.973 7.211 

Nb 0.002 

Nd 0.849 0.789 0.660 0.960 0.806 

Ni 0.519 1.045 0.935 0.959 0.872 

P 0.157 

Ph 0.173 

Pd 0.059 1.731 2.693 0.027 1.161 

Pr 0.034 

Rb 0.016 

Rh 0.049 1.126 1.251 0.011 1.397 

Ru 0.172 4.198 5.138 0.048 4.861 

Sb 0.002 

Se 0.004 

Si 24.402 24.766 24.173 24.771 25.514 

Sm 0.017 

Sn 0.003 

Sr 0.025 

Ta 0.00 I 

Te 0.024 0.070 0.102 0.021 0.054 

Ti 0.116 

Y 0.016 

Zn 0.080 

Zr 3.191 2.458 1.621 3.613 2.502 
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The glass samples were analyzed using SEM-energy dispersive x-ray CEDX) to determine the qual
itative composition of the particles. To better characterize the particle morphology and size distribu
tion, optical microscopy analyses were also completed. Using an image analyzer with the optical 
microscope, the area percent of clusters on a sample slide could be measured as well as the area per
cent of Ru02 needles within the clusters. The area percent of needles on a slide can be obtained by 
multiplying the two percentages. Table 5.10 presents the results of these analyses. 

The analyses of the samples from the post-test destructive examination of the melter (samples Cl 
through C4) are also included in Table 5.10. The samples from the bottom of the tank (samples Cl, 
C2, and C4) all have a continuous, but heterogeneous, metallic layer approximately 2- to 4-mm thick. 
For all three samples, this layer consisted of metallic particles (10 to 20 JLm) of a Ru/Rh alloy sur
rounded by two separate, continuous phases. One of these continuous phases was an alloy of metallic 
Pd/AglTe with a small amount ofRu metal. The other continuous phase was pure Ru02. It is not 
certain that the Ru was an oxide. It was assumed to be nonmetallic because of the darkness of the 
phase and the absence of other elements that would indicate an alloy. 

None of the bottom samples, including the sample C4 directly under the shortened electrode, con
tained any metallic phases of Inconel constituents. The outer edges did contain Fe/Cr/Ni spinels, but 
not in the concentrations required to account for the material loss from the electrodes. 

5.4 Input to Computer Modeling 

The results of the particle size distribution measurements performed using the optical microscope 
were used as input to the TEMPEST computer models of the research-scale melter. Table 5.11 sum
marizes these data. For reference, the GFT data are also shown in this table. A more extensive 
discussion of these data is included in Appendix C, Section C.2. 

5.5 Discussion of Research-Scale Melter Experimental Results 

5.5.1 Noble Metal Behavior in Glass Product 

Insight into the noble metal behavior during each test segment of the melter run can be gained by 
combining the data from the electrode resistance during the segment, the glass compositional analysis, 
and the glass microscopy analysis. The glass composition data for the noble metals was obtained by 
the use of both ICP-MS and XRF analyses. The data obtained by the use of ICP-MS appeared to 
contain a relatively large amount of scatter. The uncertainty in these analyses was estimated to be 
20 %. The data obtained from XRF had less scatter and was generally considered to be of higher 
quality, partially because of previous experience with this method for the engineering-scale melter 
testing at KfK. The data from KfK was all biased above the expected noble metal value but appeared 
to be repeatable. Because of the bias in the XRF data, it is not possible to simply compare values of 
weight percent noble metals directly between segments or between analysis methods. 
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Segment 

1 - Nominal 

4 - Low glass temp 

5 - High oxide 

6 - High plenum temp 

7 - High glass temp 

8 - High redox 

9 - 2X noble metals 

10 - 2X noble metals, Ag, Te 

11 - 2X noble metals, high 
temp, high redox 

Table 5.10. Results of SEM, EDX, and Optical Microscopy Observations 

SEM/EDX Observations 

Sparse Ru02 particles, < 5 /-1m diameter 

Similar to Segment 1 but particles are slightly larger 
( < 10 /-1m) and some contain traces of Rh. 

Identical to Segment 1. 

Similar to Segment 4 except larger particles, 10 to 20 /-1m. 

Ru02 needles 10 to 20 /-1m; Pd, Te, Ag spheres < 1 /-1m; 2 
to 4 /-1m Fe, Cr, Ni cubic spinels. 

Ru02 needles only; most are < 5 /-1m with a few 20 /-1m. 

Ru02 needles (most are < 10 /-1m, a few up to 50 /-1m); Fe, 
Cr, Ni spinels (2 to 3 /-1m). 

RU02 needles up to 200 /-1m. 1 to 2 /-1m Pd spheres, no 
alloying. 

Spherical, metallic particles only. Pure Ru, Ag, Pd and 
alloys of Ru, Ag, Pd, Te, Rh, Cu. Sizes range 1 to 5 /-1m. 

Optical Microscopy Observations 

Figure 5.8. 

5 to 10 /-1m clusters with some up to 16 /-1m. 1 area % clusters 
with 9 area % Ru02 within the clusters. 

5 to 9 /-1m clusters with many smaller particles. 6 area % clusters 
with 14 area % Ru02 within the clusters. 

5 to 10 /-1m clusters. 0.07 area % clusters with 13 area % Ru02 
within the clusters. 

Figure 5.9. 

Average particle of 12 /-1m with clusters up to 60 /-1m observed. 
2 area % clusters with 6 area % Ru02 within the clusters. 
Figure 5.10. 

Figure 5.11. 



Segment 

C 1 - Post-test sample, under 
discharge 

C2 - Post-test sample, center, 
bottom of melt cavity 

C3 - Post-test sample, melt 
cavity center 

C4 - Post-test sample, under 
short electrode 

Table 5.10. (contd) 

SEM/EDX Observations 

Metallic layer with Ru, Rh alloy particles; Pd, Ag, Te 
alloy surrounding phase; secondary phase of pure Ru02• 

Outer edges of metallic layer have Fe, Cr, Ni spinels with 
some Pd/Ag spheres. Figures 5.12 and 5.13. 

Metallic layer with Ru, Rh alloy particles; Pd, Ag, Te 
alloy surrounding phase with a small amount of Ru; 
secondary phase of pure Ru02• Outer edges of metallic 
layer have Fe, Cr, Ni spinels. 

Spheres of Ag/Pd with Te. Very sparse Ru metal particles 
attached to spinels. 

Metallic layer with Ru, Rh alloy particles; Pd, Ag, Te 
alloy surrounding phase with a small amount of Ru; 
secondary phase of pure Ru02• Outer edges of metallic 
layer have Fe, Cr, Ni spinels. Very sparse Ru metal 
particles attached to spinels. 

Optical Microscopy Observations 



Figure 5.8. Optical Microscopy of Segment 1 Glass (500X) 

Figure 5.9. Optical Microscopy of Segment 7 Glass (500X) 
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Figure 5.10. Optical Microscopy of Segment 10 Glass (500X) 

Figure 5.11. Optical Microscopy of Segment 11 Glass (500X) 
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Figure 5.12. SEM Photo of Bottom Sample-1 (500X) 

Figure 5.13. SEM Photo of Bottom Sample-2 (same sample as Figure 5.12 at 1500X) 
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Diameter 
Range, ILm 

0-1 
1-3 
3-5 
5-7 
7-9 

9-11 
11-13 
13-15 
15-17 
17-19 
19-21 
21-23 
23-25 
25-30 
30-40 
40-50 
50-60 
60-80 

Table 5.11. Measured Particle Size Distributions 

GFT Data 

0.1 
13.5 
32.2 
20.9 
o 
o 

33.4 

Volume Percent 
Research-Scale Melter 
Segments 4, 5, and 6 

11.7 
19.8 
24.3 
4.9 

27.5 
11.7 

Research-Scale Melter 
Segment 10 

0.1 
0.6 
1.6 
2.9 
2.8 
2.6 
5.2 
5.7 
1.4 
2.7 
2.7 

16.5 
11.7 
21.4 
22.1 

The data are presented in Figure 5.14 showing the amount of noble metal in the glass product from 
the melter as the percent change between the amount found in the glass from the nominal segment 
(Segment 1) to each of the subsequent test segments. This calculation is shown for each of the analyt
ical methods employed. This approach provides a relative comparison of the amount of noble metals 
coming out of the melter from segment to segment. In the case of the segments with double the con
centration of noble metals (Segments 9 through 11), the standard of comparison used was twice the · 
amount in the nominal segment. 

The data obtained by ICP-MS show a significant amount of scatter. In some segments, the 
ICP-MS data indicate that the change in the amounts of the noble metals was in different directions for 
different metals. The XRF data are much more consistent and generally show less scatter. 

The optimum method of determining how much of each noble metal was retained in the melter in 
each segment would be to compare the analytical results from samples of glass produced by the melter 
for each segment against the analytical results of a feed sample melted in a crucible. The difference in 
the two numbers could be considered the amount retained in the melter. This approach was not pos
sible using the available analytical data. Only XRF was used to analyze feed samples taken during 
testing and subsequently melted in crucibles. A single melt was performed from samples taken during 
the portion of the testing with IX noble metals and another melt performed using feed samples from the 
2X noble metals portion. The XRF data for the glass product from the melter were consistently above 
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Figure 5.14. Noble Metal in Glass Product by Segment 



target for all of the noble metals. The feed samples which were melted and analyzed by XRF only 
indicated about one half as much Pd and Rh as the glass product analyses. The Ru content in the feed 
sample was slightly higher than that seen in the glass product analyses. Because the glass product 
analyses for Pd and Rh indicated more noble metals coming out of the melter than the feed sample 
analyses indicated were going in, the method for calculating noble metals retention in the me Iter cannot 
be used. There is no definite explanation for why the analyses of crucible-melted feed was so signifi
cantly different than those for glass produced from a melter. The data from the feed sample analyses 
did not appear to differ from the glass product analyses for any other elements with the exception of 
Na. This may be because the liquid feed was dried and melted in a refractory crucible that could have 
absorbed the aqueous portion of the feed (which would have included the soluble Na) and kept it from 
melting into the glass. The silica content of the feed sample analyses was nearly identical to that in the 
glass product analyses, indicating that the amount of solids in the feed samples (which contains nearly 
all of the silica in the form of frit) was the same as the average melter feed. It is possible that a surface 
reaction between the crucible and the glass caused most of the Pd and Rh to remain in the layer of glass 
coating the crucible, causing the glass poured from the crucible to be depleted in these elements. 
Whatever the reason for this discrepancy, an alternative method for estimating the retention of noble 
metals in the feed was needed. The method that was chosen is described below. 

It was assumed that no noble metals were retained during the first segment. This assumption can 
be justified by the fact that over the length of this segment, no noticeable change in the melt resistance 
was seen. The XRF analysis for this first segment was then assumed to be the baseline, and any differ
ence between the XRF analyses of subsequent segments and this segment were assumed to represent a 
real change in the data. This method basically assumes that there is a positive bias to the XRF data for 
all the elements. The XRF data were chosen over the ICP-MS data because they appeared to have less 
scatter. The difference between segments was therefore assumed to represent a real, absolute change in 
the amount of noble metals present in the glass and the retention calculated using the target values for 
the amount of each element in the feed. Using these assumptions, a calculation of the percent retained 
was made for each element and the noble metals as a whole. A sample calculation equation is shown 
below to demonstrate the method used. 

Noble Metal Retained seg 
NMXRF nominal - NMXRF seg 

NMtarget 

Of course, the nominal values and feed values were doubled for the calculations performed in the seg
ments containing double the nominal amounts of the noble metals. These data are shown in 
Table 5.12. 

The data indicate very little retention of noble metals in the melter through test Segment 8, with 
the exception of Segment 7. These data are reinforced by the data for the resistance of the melt, which 
was measured during the run. The resistance data did not indicate any discernable decrease in the melt 
resistance through Segment 8. The melt resistance data for Segment 7 indicated an increase in 
resistance, although the data were rather sparse, making it difficult to determine whether the resistance 
was truly changing or not. This segment was the high glass temperature segment; the data for the 
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Table 5.12. Percent of Noble Metals Retained in the Melter 

Segment Number 

4 5 6 7 8 9 10 11 

I:OW'""" High High High High HighNM, 
Glass High Plenum Glass High NM NM, Redox, Glass 

Description Nominal Temp. Oxide Temp. Temp. Redox Cone. Ag, Te Temp. 

Pd 0 3 24 12 35 0 24 35 99 
Retained (%) 

Rh 0 0 10 10 17 -3 28 35 63 
Retained (%) 

Ru 0 10 6 8 19 7 40 41 65 
Retained (%) 

Total NM 0 7 10 9 22 3 34 39 72 
Retained (%) 

redox measurement of the glass indicated that it was somewhat reduced at Fe+2/EFe = 0.019. This 
finding is supported by the SEM and optical microscopy data for this segment, which indicated that this 
segment contained spheres of Pd alloyed with Ag and Te. Furthermore, this segment was found to 
have the highest retention of Pd of any of the segments containing nominal amounts of noble metals. 

A curious fact is that the high-temperature segment (Segment 7) was found to be more reducing 
than the high-redox segment (Segment 8) in which sugar was added to the feed. A possible explanation 
is that the lengthy time the feed spent in the cold cap allowed all of the sugar to oxidize using oxygen 
from the plenum gases. This would mean that by the time the feed reached the point where it was 
beginning to melt into the glass, none of the reducing sugar was available to reduce the melt. In fact, 
according to the data for Segment 8, the glass from this segment had the lowest total noble metal reten
tion of glass from any segment other than the one with the nominal concentration of noble metals, 
which was assumed to have none. Of course, if the redox measurements are accurate, this segment 
was basically a second nominal segment, so noble metal retention beyond the amount for Segment 1 
would not be expected. 

The other segments containing the nominal amounts of noble metals indicated about 7 % to 10% 
retention of noble metals. It is questionable whether this degree of resolution is possible using these 
data. There may be some effect from aging of the particles in the melter, causing the particles to get 
larger. The Ru02 particles in the glass coming from the melter appeared to be larger in Segments 4 
and 6. Segment 5, however, which represents the largest retention of Segments 4 through 6, did not 
appear to have Ru02 particles any larger than the nominal segment. 

When the change was made to twice the nominal amount of noble metals, the retention of noble 
metals increased dramatically. This was accompanied by a definite decrease in the melt resistance and 
a large increase in the size of Ru02 particles in the glass product. Segment 9 (2X noble metals) had 
the largest rate of decrease in melt resistance of any of the segments. 
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Segments 10 and 11 had increasingly higher retention of noble metals. Segment 10 (2X noble 
metals with high Ag and Te) had an increase in the amount of Pd and Rh retained and very little 
change in the Ru retention. This would coincide with the postulated effect of alloying of the Pd with 
the Ag and Te to produce larger particles with higher settling velocities. The SEM/EDX data for this 
segment, however, did show the presence of Pd particles, but unalloyed. It is possible that the Pd is 
normally dissolved in the glass as a metal and that the combination of extra Pd and extra Ag and Te 
attempting to dissolve in the glass caused the Pd to reach its solubility limit in the glass, with the extra 
precipitating. Ruthenium had the same retention in Segment 10 as it did in Segment 9. This would 
also be consistent with the Ag and Te affecting only the Pd retention, because the Ru is present as 
Ru02 and theoretically is not affected by the Ag and Te. There is a higher retention of Rh (approxi
mately 7 %) for which an explanation is not readily found. It may simply be beyond the ability of the 
analytical methods to resolve the change. This segment showed a definite decrease in melt resistance, 
but at a smaller rate than Segment 9. 

Segment 11 (2X noble metals, Ag, Te, and high redox) had the highest overall retention; nearly all 
of the Pd was retained and around 65 % of the Rh and Ru was retained. The SEM/EDX data for this 
segment indicated that all of the visible particles were spherical and, therefore, most likely metallic. 
The particle compositions ranged from pure Ru, Ag, or Pd to alloys containing Ru, Ag, Pd, Te, Rh, 
and Cu. No Ru02 particles were visible anywhere in the glass product. Given the spherical, metallic 
nature of these particles, it is not surprising that a large fraction of them were retained. Interestingly, 
the resistance in this segment did not decrease perceptibly during this segment; in fact, it increased 
slightly. 

It would appear that during the segments containing twice the nominal amount of noble metals, the 
floor of the melter was being covered by a conductive layer of noble metals. It must be true that the 
electrode had already melted/eroded by the end of the testing or the melter would have shorted to the 
point where its operation would have been impossible. As the floor slowly became one continuous 
layer of conductive material, the resistance dropped. Once this continuous layer was achieved, extra 
material added to the layer had very little effect on the melt conductivity. Only the effect of the added 
height of the layer reducing the distance to the electrode can further decrease the resistance. 

The difference between the retention of noble metals in the nominal and 2X noble metal segments 
was dramatic. The nominal segments averaged 5 % calculated retention, while the 2X segments aver
aged 46 %. One obvious difference in these segments was the size of the Ru~ agglomerates. The 
nominal segments had agglomerates ranging up to 20 I'm, while the 2X segments had agglomerates up 
to 200 I'm. It remains to be seen if settling alone can explain the difference in the retention between 
IX and 2X segments. 

An obvious mechanism for retaining Ru~ in the melter is the capture of the Ru~ crystal 
agglomerates that are commonly seen. In the case of Rh it is known that it will substitute itself in place 
of Ru in the Ru02 crystals. In most of the test segments, the calculated retention for Rh was approxi
mately equal to that of Ru. Because the Rh should have been present in approximately one-third the 
concentration of Ru, that would mean that about one-third of the Ru02 was really Rh02. The 
SEMIEDX data showed that in every case in which a Ru~ crystal was seen, Rh was present. The 
peaks generated by the EDX analysis for Ru and Rh are very close together, making it difficult to 
estimate the amount of Ru and Rh present, but there was no doubt that Rh was present. It is possible 
that about one-third of the Ru02 was actually Rh02, which would account for the Rh retention. 
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The Pd retention is more difficult to explain. Significant quantities of Pd were calculated to have 
been retained in the melter in segments where no metallic Pd was seen. Obviously, when Pd is present 
in either alloyed or unalloyed spherical particles, the settling of these particles is a mechanism for 
retention. But in cases where the Pd cannot be seen as a separate phase from the glass (SEM should be 
capable of easily seeing particles less than 0.5 ILm), another mechanism for retention must be postu
lated. Segments 5 and 9 showed 24% retention of Pd, although no Pd particles were seen. One could 
have postulated that this is simply an error in the glass analysis; however, Segment 8 had a calculated 
Pd retention of 0 % . As mentioned earlier, Segment 8 was basically another nominal segment because 
it was intended to be reduced, but turned out to be at a nominal redox state. This would suggest that 
the calculated retention in the other segments was not just analytical error. 

5.5.2 Noble Metal Behavior in Bottom Samples 

Bottom samples were taken from the melter after the melter was sawn in two. These samples were 
analyzed by ICP-MS and XRF; results were presented in Section 5.5.1. As discussed, the absolute 
results for these two sets of analyses should not be expected to agree. Because the material being 
sampled was not homogeneous, and because different pieces of the sampled material were sent to 
different laboratories for the two analyses, there is no guarantee that the same amount of metal and 
glass was in each sample. The absolute analytical results and SEMfEDX data have already made it 
clear that the metals on the bottom were noble metals. For our purposes, the important information is 
the relative amounts of each of these noble metals and their form. 

Table 5.13 gives the distribution of the noble metals in the three bottom samples (samples C 1, C2, 
and C4). The distribution is given for the two analytical methods as well as that calculated from XRF 
glass product analyses discussed above. 

These analyses are in remarkable agreement, considering the possibility for analytical error. The 
level of agreement between the data for XRF bottom sample analyses and the distribution calculated 
from the XRF glass product data would tend to reinforce the believability of the mass balance analysis. 

The form of the noble metals on the bottom of the melter posed some interesting questions. There 
were three distinct phases: a largely continuous phase of what appeared to be Ru02' a largely continu
ous phase of Pdf AgfTe containing small amounts of Ru and Rh, and particles of Ru and Rh embedded 
in the previous phase. The question is, how did the noble metals achieve the final state in which they 
were found? 

Table 5.13. Noble Metal Distribution in Bottom Samples 

Element Calculated from 
(% of total noble metal) ICP-MS XRF Glass Product Data 

Palladium 14% 24% 23% 

Rhodium 18% 16% 15% 

Ruthenium 68% 60% 63% 
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All the test segments except the last one showed signs of Ru02' but always as an agglomeration. 
Yet the Ru02 found on the bottom of the melter appeared to be in relatively large pieces of continuous 
Ru02' Of the two metal phases, it would appear that the Pd/Agrre phase was molten prior to the 
melter being cooled (based on its continuous appearance). The presence of the Ag in this alloy may 
have reduced the melt temperature to the point that this phase was molten at the temperatures near the 
end of the testing. The Rh/Ru phase may have embedded itself in this molten layer as it settled from 
the melt above. The melting temperature of this phase would almost undoubtably not be low enough 
for it to be molten. It is also possible that the metals present separated themselves into two phases after 
they precipitated onto the bottom of the melter and sat there for many days. 

Because only the last test segment was reduced to the point where all of the noble metals in the 
glass were found as metals, it is possible that prior to the start of this segment, all the Ru on the bottom 
was present as Ru02 crystal agglomerates. When the last segment occurred, however, the reducing 
nature of the glass may have reduced this Ru02 to Ru metal. Then in the several days following the 
test, when the melter was left to idle, the glass melt would have been reoxidizing and may have been 
oxidizing the Ru metal on the bottom to Ru02 again. This would explain the appearance of the Ru02 
as a largely continuous phase instead of needle-like crystals. 

Another interesting phenomenon seen in the bottom of the melter was the corrosion of the melt 
tank refractory. The corrosion was as extensive as 112 in. in some places. This would correspond 
to 3 in. of corrosion over one full year of operation, a rate that could seriously shorten the useful life 
of an HWVP melter. The corrosion appeared to be related to the presence of noble metals because the 
melt tank: floor underneath the electrode still left touching it had not eroded visibly. The SEM pictures 
showed that the noble metals did not appear to be actually laying on the refractory but that there 
appeared to be a thin layer of glassy material between the refractory and the melt. This corrosion may 
be caused by metal down-drilling or a high-temperature condition on the melter bottom. 

Metal down-drilling is a phenomenon often seen in commercial glass melters. Metals which inad
vertently make their way into melters have been commonly found to drill holes several inches deep in 
the.melter bottom refractories and, in a few cases, have caused melters to fail and drain their contents. 
A considerable amount of work has been done, and is being done, to understand the mechanisms which 
cause this damage. Two separate, apparent mechanisms have been identified. One is an attack caused 
by the metal, which can change the structure of the refractory, making the refractory more susceptible 
to corrosion. This effect may be particular to both the metal and the refractory being attacked and can 
take place without the metal being molten. The other mechanism is a surface tension-driven motion in 
the metal, which causes erosion at the refractory-to-metal interface. This mechanism would require a 
molten metal. 

The high-temperature condition on the bottom of the melter could have been caused by a dispersed 
metal accumulation on the melter bottom. This would cause a higher current density through the area 
near the bottom of the melter, and this higher current density could cause locally higher heating in the 
glass portion of the melter bottom. This higher temperature would then increase the corrosion rate. 

While there is no way to precisely determine which of these mechanisms was responsible for the 
corrosion in the research-scale melter, it would appear that a chemical attack of the refractory is the 
most likely cause. The metal visible on the bottom of the melter did not appear to be molten. It was 
dispersed over the bottom of the melter even though the corrosion had slightly sloped the bottom of 
the melter. If the metal had been molten, it would have appeared as beads or all the metal would have 
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slumped together at the low point of the refractory. Because it was not molten, the surface tension
driven erosion mechanism could not have been responsible for the corrosion. The chemical attack 
mechanism could be responsible for the corrosion without the metals being molten. This condition is 
also in agreement with the observation of the bottom samples, which indicated that there appeared to 
be a glass layer in between the metal and the refractory. Previous studies of metal down-drilling of 
refractories have shown this condition. 

5.5.3 Combined Joule Heating Resistance and Noble Metals Retention Data 

The resistance measured between the electrodes and the noble metal accumulation in the melter (see 
Sections 5.3.4 and 5.5.1) are shown in Figure 5.15 as the entire run. In addition, the points during the 
run at which the glass samples and feed samples were taken for the analyses presented in this report are 
also shown. These data show the clear correlation between a decreasing resistance in the melter and 
the change to 2X noble metals. They also show that there was no detectable decrease in the.melt resis
tance over the IX noble metal testing section (Segments 1 through 8). The amount of noble metals 
retained in the melter by the end of the 1 X segments was only about 10 % of the total noble metals 
accumulated in the melter by the end of the testing. 

5.5.4 Electrode Failure 

The post-test examination of the melter revealed that one of the electrodes had lost nearly one-third 
of its length. There are two possibilities for the loss of this electrode material. It may have been lost 
in a relatively short temperature excursion before or during the test, or it may have been slowly eroded 
away over a period of time during the testing. 

If the electrode had melted in a short excursion during the run, it is unlikely that it could have com
pletely oxidized away during the run and left so little of it on the bottom. Though the bottom samples 
were slightly high in Ni, they did not appear to be high enough to justify the amount of Ni lost from 
the electrode. It is also known that there were spinels containing Ni on the bottom of the melter, which 
may have contributed to the slight increase in Ni in these samples. The Cr values from the bottom 
samples are not meaningful because the melt tank refractory is largely made of Cr02' known to be 
included in the samples taken. 

As was discussed in Section 5.3.4, an inspection of the glass product data for evidence of Inconel 
constituents did not reveal any points in the test where suspiciously high values of these elements were 
seen. If the electrode were oxidized continuously during the run, calculations show that it would 
increase the NiO content of the glass by 0.015 wt%. This small increase would not be detectable in 
the glass product data. If the electrode were lost only during the high noble metals segments, when a 
decrease in melt resistance was seen, it would have represented a 0.05 wt% increase in NiO in the 
glass product. This increase is in the marginally detectable range. It is possible that the electrode was 
lost in a temperature excursion during the lengthy melter checkout period that preceded the test seg
ments and had largely oxidized away by the beginning of the run. Inspection of the Laboratory Record 
Books for the project did not reveal any events which could have caused this to happen. 
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A scenario that could have resulted in the high temperature erosion of the end of this electrode is 
presented here. If a noble metal-rich layer were forming on the bottom of the melter and this layer was 
very conductive but closer to the electrode containing the thermowell, the lowered resistivity near the 
melt power controlling thermocouple would cause the system to put more amps through this local area 
to keep the thermocouple at its setpoint. The larger gap of glass between this layer and the other elec
trode would mean that this higher amperage would result in higher-than-normal power densities in this 
region. This situation would cause high temperatures at the electrode tip to which the amperage would 
be shorting. 

As the end of the electrode eroded and moved upward, it would get further away from the conduc
tive sludge layer and, slowly, the percentage of the total current shorting through the sludge layer and 
to the electrode tip would drop as the percentage of the total current going through the glass melt 
above increased. Eventually, the electrode tip would move up to the point where it would reach an 
equilibrium. Once the temperature of the tip of the eroding electrode reached the point where no 
more erosion could occur, the system would stabilize. The stages of this scenario are presented in 
Figure 5.16. 

There is no evidence to establish that this was the mechanism for the electrode failure, it is simply 
a possibility. At first, it may seem unlikely that a conductive layer forms on the bottom but is closer to 
the electrode containing the thermowell than the other electrode. But if the opposite were true, and at 
any time the sludge layer formed was closer to the electrode without the thermowell, the extra heat 
generated in the local area of the tip of the electrode containing the thermowell would be sensed by the 
thermocouple. Consequently, the joule heating would be decreased until the electrode temperature was 
at setpoint again. 
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6.0 Engineering-Scale Melter Testing 

Engineering-scale melter testing was conducted in FY 1992 to evaluate the behavior of noble 
metals during prolonged melter operation at the projected plant operating conditions. The engineering
scale melter is a litO-scale melter constructed and operated at Kemforschungszentrum Karlsruhe 
Institut fUr Nuldeare Entsorgungstechnik (KfK-INE) in Germany. The melter operated for 9 days 
without noble metals in the feed for shakedown testing and 49 days with noble metals. The final mass 
balance concluded that 35 wt% of the Ru, Pd, and Rh fed to the melter settled to the melter floor. 
Samples taken from the bottom of the melter at the end of the run had high concentrations of noble 
metals, 20 to 45 times those of the nominal glass. Near the end of the run, the electrical resistance 
between the lower set of electrodes decreased by 10% to 15%, further indicating a settled layer of 
noble metals. The following sections only summarize the engineering-scale melter test; for a complete 
description of the test, consult the run report [Grunewald et al. (1993), unpublished, endnote 1]. 

6.1 Objectives of Engineering-Scale Melter Test 

The overall objective of the engineering-scale melter test was to operate a litO-scale reference 
melter under anticipated HWVP process conditions over sufficient run time to determine if the noble 
metals accumulate in the melter as a function of time and feeding conditions (Statement of Work, 
unpublished, endnote 2). The detailed objectives as described in the test plan and run report were as 
follows [Grunewald et al. (1993), unpublished, endnote 1]. 

• Construct an engineering-scale melter, including the necessary feeding equipment, at one of KfK
INE's test facilities (VA-WAK). The melter size was defined to be lIIOth of the reference melter 
in terms of the glass pool surface. The mean residence time of the glass, assuming an average 
feeding rate of 20 Lib, was calculated to be the same as that for the reference melter (nominally 
50 hours). The melter was equipped with plenum heaters to boost the melting rate. To supply the 
melter with simulated feed, a separate feed preparation and feeding system had to be built. For 
melter off-gas treatment, existing VA-WAK equipment could be used. 

• Conduct a I-week shakedown test using about 3 m3 of NCA W melter feed simulant without noble 
metals. 

• Conduct a noble metal test using flowsheet quantities of Ru, Pd, and Rh and about 14 m3 of 
NCA W melter feed simulant. 

• Determine the noble metals behavior in the melter by calculating a mass balance based on glass, 
feed, and off-gas samples. Additional information about possible segregation and accumulation of 
noble metals sediments on the melter floor was collected by analyzing electric power and resistance 
data during the run. Furthermore, possibly characterize the morphology of the noble metals found 
in the glass samples. 

• Provide all the operations data necessary to support the TEMPEST computer modeling work for 
the HWVP. 

6.1 



6.2 Experimental Methods for Engineering-Scale Melter Test 

6.2.1 Description of Equipment 

In June 1991, a contract was signed between PNL and KtK for KtK to design, construct, and oper
ate an engineering-scale melter. The following subsections describe the melter, glass discharge, and 
off-gas systems. 

Melter 

The melter was designed to be a 11l0-scale representation of the reference melter. It is cylindrical, 
with a 0.28-m2 glass pool surface and a 585-kg glass capacity. The basic design features of the melter 
matched those of the reference melter: flat-bottomed melt tank, use of a vacuum overflow for glass 
pouring, and two pairs of uncooled Inconel 690 electrodes. The differences between the engineering
scale and reference melters are the overflow heating technique, the bottom drain, and the geometry of 
the glass pool--Le., the ratio of the glass tank height to its diameter. The ratio had to be increased 
from about 0.5 for the reference melter to 1.25 for the engineering-scale melter to get a glass residence 
time comparable with the reference melter. Figures 6.1,6.2, and 6.3 are cross sections of the 
engineering-scale melter. The melter was designed for a throughput of 20 Lib NCAW melter feed 
simulant. The corresponding glass production rate is 10 kglb. The actual throughput of the melter, 
however, was only 12 to 15 Lib because of problems with feed processing capability. Table 6.1 lists 
the major design specifications for the melter. The feed rates and residence times shown in the table 
are design values; actual values during the test differed significantly. 

The glass tank of the melter is constructed of fused cast ceramic material (type ER 2161) and sur
rounded by ceramic insulation. The melter structure is encased in a gas-tight stainless steel contain
ment box. The melter is equipped with 32 type S and J thermocouples. Figure 6.4 shows the bulk of 
the temperature monitoring points. The temperatures in the glass and melter plenum were monitored 
by eight type S thermocouples in a 2.5-mm-diameter Inconel 690 thermowell placed half way between 
the melter center and the tank walls. The arrangement of these thermocouples allowed the melt level to 
be monitored. Additionally, as an experiment, a test probe was installed from the melter top to meas
ure the voltage to the main electrodes. When the molten glass reached the level of the test probe, the 
voltage increased from 1 to 20 V. 

In the engineering-scale melter, the bulk glass is heated by alternating current between two pairs of 
uncooled Inconel 690 electrodes, each 26.8 cm wide by 22.5 cm high. The temperature of each elec
trode is monitored by a type S thermocouple located 30 mm from the electrode face. The lower set of 
electrodes is 9 mm off the melter floor. The power to the electrodes is supplied by two 60-kVA single 
phase transformers (in phase). The current to the main electrodes is controlled by a single phase 
Thyrovar (AEG) with phase cutting method. An internal controller in the Thyrovar unit keeps the 
desired current stable. The Thyrovar supplies subsequently added single phase transformer, and the 
secondary winding is connected to the electrodes: For the melter plenum heaters, the same power 
method is used. 
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Figure 6.1. Longitudinal Cross Section of the Engineering-Scale Melter 



Figure 6.2. Plan View Cross Section of the Engineering-Scale Melter 
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Figure 6.3. Transverse Cross Section of the Engineering-Scale Melter 
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Table 6.1. Design Specifications for the Engineering-Scale Melter 

Glass Discharge 

Glass surface area 
Pool depth 
Design feed rate 
Design glass rate 
Glass inventory 
Glass residence time 
Melter weight 
Operating temperature 

0.28 m2 

0.78 m (approx.) 
20 LIh 
10 kglh 
585 kg (approx.) 
58 h (approx.) 
7 t (metric) 
1150°C 

A vacuum-supported overflow system is used for pouring the glass. The overflow channel consists 
of an Inconel 690 tube (70 mm OD, 40 mm ID, 1100 mm long) inclined at 30° to the melter body. 
The Inconel tube is heated using the refractory heated feeder (RHF) system shown in Figure 6.5. Four 
pairs of electrode plates made of Inconel 690 are placed on opposite sides of four ceramic refractory 
blocks with the channel hole in the center. An alternating current (50 Hz) between the electrodes heats 
the ceramic refractory (isostatically pressed CRloo type, 95 % Cr203). This refractory is higher in 
Cr20 3 and, thus, is more conductive than the melter tank refractory. Therefore, it can be resistively 
heated. By temperature radiation, the Inconel 690 pipe, and thus the glass, is maintained at tempera
tures of about 1100°C. The canister is sealed to the lower flange of the overflow housing. A special 
device used for glass sampling under a vacuum allows five glass samples to be taken from the overflow 
glass stream during a pouring operation. The samples are stored in the overflow housing until all of 
the samples are collected (Figure 6.6). The glass was drained in batches of approximately 65 to 75 kg 
into stainless steel canisters (430 mm ID and 1350 mm tall). The cans had a maximum glass capacity 
of 400 kg. Glass pouring was carried out every 8 to 10 hours at a pouring rate of 50 kglh. Using a 
vacuum air jet allowed the glass flow to be started and its flow rate controlled. Five pourings of glass, 
each 75 kg, were required to fill each canister with 375 kg of glass. During each pouring cycle, five 
samples were taken from the glass stream in accordance with the following relationship to the filling 
weight of the canister: 

Amount of 
Poured Glass 

1 kg 
3 kg 
10 kg 
40 kg 
70 kg 

6.6 

Sample Weight 

- 100 g 
- 100 g 
- 500 g 

100 g 
- 100 g 



Figure 6.4. Temperature Monitoring Points in the Engineering-Scale Melter 
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Figure 6.5. Glass Overflow System for the Engineering-Scale Melter with the Heating Technique Applied 
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Figure 6.6. Glass Sampling System 



Load cells installed beneath the canister measure the canister weight. A bottom drain can be used to 
empty the melter. The metallic portion of the drain channel (Inconel 690) is inductively heated to con
trol the flow rate. 

During the test, each of the glass samples was analyzed by x-ray fluorescence (XRF) for cations, 
including noble metals. At the conclusion of the run, more than 50 glass samples were also analyzed 
by Griffith Inspectorate Ltd. of London using a sulphur matting process and, subsequently, inductively 
coupled plasma spectroscopy (ICP). These analyses indicated that the XRF measurements were sys
tematically high; therefore, they were corrected by subtracting an offset from the XRF values. 

Off-Gas Treatment 

The melter off gas is first directed vertically through the roof of the melter, and then horizontally 
to the wet scrubber for dust removal. The vertical part of the off-gas connection is equipped with a 
film cooler to quench the off gas and keep particles from sticking. Additionally, supersonic air blasters 
have been integrated to periodically (every 8 hours) clean the vertical and horizontal part of the off-gas 
line. The wet scrubber consists of three valves and two sieve plates. The scrub solution is circulated 
by an airlift countercurrent to the gas stream. The main task of this component is to retain larger dust 
particles. Condensable gases are then separated in a condenser with an integrated collection tank. The 
condenser is operated using chilled water (7°C entrance temperature) to increase its efficiency. Fine 
dust particles are then separated in a jet scrubber. Following the jet scrubber, a valve plate column 
absorbs the NOx portion of the process gas using water and hydrogen peroxide. The washing water is 
cooled with chilled water to improve the efficiency of the absorption reaction. The off gas finally 
passes a gas cooler and a trapper. A blower at the end of the line maintains a vacuum in the entire off
gas system. The vacuum in the melter is controlled using a blower by-pass and/or by injecting air at 
the blower. 

All process data were recorded in the control room of the plant and additionally collected with the 
computer system PISA. Following the test, the data were transmitted to PNL electronically. 

6.2.2 Feed Preparation 

The NCAW waste simulant was prepared by Optima Chemical in the United States and shipped to 
Germany in drums. ~tima Chemical prepared two separate batches of feed, 3 m3 of feed without 
noble metals and 14 m with noble metals. The batch without noble metals was to be used for shake
down testing. Once at KfK, the feed without noble metals was transferred into the feed make-up tank 
and the other feed was stored in an agitated storage tank. Because batches were low in AI, Ca, Mo, 
and Zr, they had to be shimmed before each batch was formated at KfK. Five individual batches were 
prepared at KfK, one without noble metals and four with noble metals. Feed preparation included 
shimming, adding sodium nitrate and nitrite (variables between batches), formating, digestion, adding 
recycle chemical, and adding frit. Tables 6.2 through 6.4 give the target feed and glass compositions. 
These compositions were the reference NCA W simulant compositions at the time of the run. The con
centrations of noble metals were 0.115 wt% Ru02' 0.030 wt% Rh20 3, and 0.035 wt% PdO. The oxi
dation states of Rh and Pd were not necessarily +6 and +2 in the glass; they are shown as these values 
because that is how they are represented in the reference composition. In the glass, the oxidation states 
are assumed to be +4 for Ru and zero for Rh and Pd. This was confirmed during previous testing 
with the research-scale melter. 
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Table 6.2. Engineering-Scale Melter: Target Feed Composition 

Compound 
Melter Feed Concentration 

Oxide Concentration (wt%) Feed Compound (g IL Feed) 

Ag20 0.03 AgN03 0.25 
A120 3 2.57 A1(OHh 19.85 

~03 2E-03 H3B03 0.01 
BaO 0.05 Ba(OHh+8H20 0.52 
CaO 0.23 Ca(OHh 1.49 
CdO 0.87 Cd(OHh 4.94 
Ce02 0.18 Ce(OH)3 1.02 
Cr203 0.07 Cr(N03n +9H2O 1.97 
Cs,p 0.17 CsNO:J 1.19 
CuO 0.07 Cu(S04)+5H2O 1.10 
F~03 8.06 Fe(OHh 54.23 
Ge012 4E-05 Ge02 2E-4 
K20 0.06 KOH 0.34 

~03 0.19 LaF3 0.23 
La(OHh 0.86 

MgO 0.10 Mg(N03h +6H2O 3.32 
Mn02 0.61 Mn02 3.07 
Mo03 0.16 Mo03 0.80 
N~O 6.10 NaCI 0.70 
CI 0.08 N~C03 14.91 
F- 0.03 N~~04 1.05 

Nal 0.03 
NaN~ 33.76 
NaN~ 4.01 

S03 0.19 N~S04 1.04 
NaOH 3.34 

Nb20 3 0.03 Nb20 S 0.02 
Nd20 3 0.99 NdF3 0.25 

Nd(OH>.J 5.56 
NiO 0.66 Ni(OHh 4.09 
P20 S 0.25 N~P04 2.88 
Pd~ 0.03 Pd(N°3h 0.32 
Pb02 0.20 Pb(N°3h 1.39 
Pr20 3 0.04 Pr(OH)3 0.26 
R~03 0.02 RbN03 0.11 
Rh20 3 0.03 Rh(N°3h+2H20 0.30 
R~03 0.11 Ru(N0)(N°3h 1.34 
S~03 2E-3 S~03 0.01 
se02 5E-3 se02 0.02 
Si02 1.14 Si02 5.77 
Sm203 0.02 Sm(N°3h+6H20 0.28 

. SnO 3E-3 Sn(N°3h 0.03 
srO 0.03 Sr(N°3h 0.35 
T~Os lE-3 T~Os 5E-3 
Te02 0.03 Te02 0.14 
Ti02 0.19 Ti02 0.93 
Y20 3 0.02 Y(OHh 0.14 
ZnO 0.10 Zn(OHh 0.58 
zr02 4.31 Zr(OH)4 28.00 

Total: 28% Total: 204.8 gIL 
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Table 6.3. Engineering-Scale Melter: Target Frit and Recycle Compositions 

Frit Composition 

(343 g-frit/L-melter feed) 

Total 

88 wt % Formic Acid Additions 

HWVP feed 
Recycle feed 
Frit addition 

Recycle Composition 

(17 g-equiv.oxides/L-melter feed) 

Zeolite (lE-96)(b) . 
Diatomaceous earth 
KMn04 
HN03 
NaOH 
CdO 
N~~04 
Na3P04 
NaCI 
NaN°3 

Wt% 

72.26 
20.45 

7.29 

100.00 

giL Melter Feed 

30.68 
3.26 
3.53 

giL Melter Feed (6) 

2.80 
5.60 
0.31 
0.65(c) 

0.56 
2.11 
1.29 
0.02 

14.48 

(a) Concentration in final feed. Recycle can either be added as 
dry chemicals or as concentrated slurry. 

(b) Particle size < 120 mesh. 
(c) As required to achieve target pH. 
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Table 6.4. Engineering-Scale Melter: Target Glass Composition 

Plant Feed Recycle Frit 
Oxide (wt%) (wt%) (wt%) 

Ag20 0.03 
Al20 3 2.57 0.14 

~03 2E-3 14.03 
BaO 0.05 
Cao 0.23 0.01 
CdO 0.87 0.11 
Ce02 0.18 
Cl 0.08 
Cr203 0.07 
CS:20 0.17 
CuO 0.07 
F 0.03 
F~03 8.06 0.04 
Ge02 4E-5 
K20 0.06 0.01 
~03 0.19 
Li02 5.00 
MgO 0.10 0.01 
Mn°2 0.61 0.03 
Mo03 0.16 
N~O 6.10 1.45 
~03 3E-3 
Nd20 3 0.99 
NiO 0.66 
P20 S 0.25 0.11 
Pd~ 0.03 
Pb02 0.20 
Pr203 0.04 
R~03 0.02 
Rh20 3 0.03 
RU203 0.11 
S~03 2E-3 
Se02 5E-3 
Si02 1.14 1.49 49.57 
S~03 0.02 
SnO 3E-3 
S03 0.19 
SrO 0.03 
Ta20S lE-3 
Te02 0.03 
Ti02 0.19 4E-3 
Y203 0.02 
Zno 0.10 
zr02 4.31 

Total: 28% 3.40% 68.60% 
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6.3 Results of Engineering-Scale Melter Testing 

Several aspects of vitrification were investigated in the engineering-scale melter work, including 
feed preparation, slurry transport, feed rheology, and noble metals behavior. This report focuses pri
marily on the behavior of noble metals in the melter; for discussions of other aspects of this work, con
sult the run report [Grunewald et al. (1993), unpublished, endnote 1]. 

The run consisted of two segments. The first segment was for shakedown testing of the melter and 
supporting equipment. This segment lasted 9 days and consumed one feed batch that did not contain 
noble metals. The second segment lasted 49 days and consumed four batches of feed containing noble 
metals. Table 6.5 summarizes the two run segments. 

6.3.1 Melter Operations 

As shown in Table 6.5, the processing rate during the run was far below the design rate shown 
earlier in Table 6.1. The melter operated at about 63 % of the design rate of 20 Llh. This value 
decreases to 57% when compared to the HWVP design rate of 80 Llhlm3. The low processing rate is 
the reason for the run taking 49 days instead of the original estimate of 30 days. The feed formulation 
is assumed to be the cause of the low processing rate. The feed was very viscous and slow to melt. 
The feed in the feed make-up tank and the melter feed tank tended to become more viscous with time 
(in terms of days) after the frit was added to the formated waste, increasing the risk for plugging in the 
feed line. More importantly, it influenced the processing behavior on the molten glass pool surface. 
In some cases, the slurry was so viscous it did not self-distribute across the glass pool surface. The 
resulting cold cap then became thick (up to 5 cm) and rigid with very few vents. The effect of this 
thick cold cap on noble metals agglomeration is not understood at this time. The feed formed piles 5 to 
10 cm in diameter and up to 30 cm high until the top of the pile blocked the feed nozzle. To avoid 
such conditions, the feed in the melter feed tank was diluted when necessary by adding some water 
(less than 5 %) or nitric acid. 

The feed formulation also occasionally caused a foamy layer to cover the pool surface. In those 
cases, the feed rate to the melter had to be reduced to prevent the pool from being completely covered 
with highly insulating material. The foamy material from the glass pool surface was sampled and anal
yzed. This glassy material represented a concentrated suspension of glass product melt, frit melt, cal
cine and salt melts with a high viscosity. The cause of this layer's formation is unknown. 

During the noble metals segment of the run, the melter operated at 94% on-line efficiency. Most 
of the feed outages were due to either overfeeding of the melter or clogs in the feed line. Both prob
lems appeared to be either directly or indirectly related to feed rheology. The on-line efficiency is 
important in terms of the effect of noble metals on melter operation because during prolonged idle 
periods, the absence of outflow increases the retention of noble metals. The settling rate does not 
change appreciably, but all the noble metals would be retained during periods of idling. Thus, not only 
is on-line efficiency important, the length of each outage is also important. During this run, the out
ages were few and brief. There were 81 outages during the 49-day run. The average outage length 
was 49 minutes. The standard deviation from the average was 41 minutes. The longest outage was 
3.5 hours and the shortest was 7 minutes. These values were important when modeling the retention of 
noble metals using the engineering analysis discussed later in this report. 
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Table 6.5. Summary of the Engineering-Scale Melter Run 

Date started 
Date completed 
Total time, hr 
On-line time, hr 
On-line efficiency, % 
Feed consumed, m3 

Glass produced, kg 
Avg. feed rate, LIhr 

Total time 
On-line time 

Avg. glass rate, kglhr 
Total time 
On-line time 

Avg. residence time, hr 
Total time 
On-line time 

Noble metals amount, kg 
Ru 
Pd 
Rh 

Glass canisters 
During operation 
During melter discharge 

Pouring operations 
Total glass samples 

Pouring via overflow 
Pouring via bottom drain 
Melter surface 
Melter bottom 

Total power, kW 
Upper electrodes 

Volts 
Amps 
kW 

Lower electrodes 
Volts 
Amps 
kW 

Plenum heaters 
Volts 
Amps 
kW 

Avg. Temperatures, °C 
Glass 
Plenum heaters 
Plenum 
Off-gas 

Segment Without 
Noble Metals 

July 2, 1992 
July 11, 1992 
210 
186 
88 
2.6 
1083 

12.4 
14.1 

6.2 
7 

89 
79 

3 

14 

73 

37 

44.4 
308 
13.7 

42.4 
265 
11.2 

133 
94 
12.8 

1148 
849 
709 
169 
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Segment With 
Noble Metals 

July 11, 1992 
August 30, 1992 
1185 
1118 
94 
14.2 
6423 

12 
12.7 

6 
6.3 

92 
87 

6.16 
2.10 
1.68 

17 
2 
86 

434 
28 
2 
7 
35 

42.2 
316 
13.3 

37.3 
231 
8.6 

138 
96 
13.0 

1184 
868 
730 
167 



6.3.2 Noble Metals Mass Balance 

As described previously, glass samples were taken during each pour. Each sample was analyzed 
for noble metal concentrations using XRF. During most of the run, the concentration of noble metals 
in the exiting glass was observed to be the same as in the feed, indicating the noble metals did not 
appear to be accumulating within the melter. However, when the melter was drained, a significant 
layer of noble metals was observed on the floor of the melter. To address the implications of this 
observation, the XRF data were re-examined. All of the glass samples (a total of 50) from two differ
ent canisters (#6 and #15) were sent to Griffith Inspectorate Ltd. of London for further analysis. These 
analyses indicated that the XRF measurements were systematically high; therefore, they were corrected 
by subtracting an offset from the XRF values. The offsets were 0.041 wt% for Ru~, 0.009 wt% for 
Rh20 3, and 0.026 wt% for PdO. The data from those two canisters of glass samples were used to cor
rect the data for the other canisters of samples. 

Using the corrected data, a mass balance was performed around the melter--a difficult task. 
Because the concentrations of noble metals were so low, the required analytical accuracy was high. 
For instance, to detect a 10% retention in noble metals, the analytical resolution had to be capable of 
detecting a change in concentration of 0.01 wt% for Ru02' 0.003 wt% for Rh20 3, and 0.004 wt% for 
PdO. To determine the retention down to ± 1 %, the resolution had to increase by another order of 
magnitude. To calculate the retention of noble metals in the melter, the mass of each noble metal in 
each canister was first calculated using the following equations: 

Mgboao 

M Ru02 I C Ru02 dMglass 
o 

Mgboao 

M~03 I C~03 dMglass 
o 

Mgboao 

MpdO = I C pdO dMglass 
o 

where Mj = mass of species i in the exiting glass 
Cj = concentration of species i in the exiting glass. 

(6.1) 

Table 6.6 summarizes the mass balance for each canister. By monitoring the mass of noble metals dis
charged from the melter and comparing the value to the theoretical discharge curve, it was determined 
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Run 
TIme 

!!ill 
7/11192 0 

Total 
Feed 

ill 
o 

7/13/92 41 602 

7/16/92 106 1367 

7/19/92 184 2095 

7122192 267 3077 

7/25/92 343 3879 

7/28/92 416 4626 

8/1192 509 5517 

8/4192 573 6312 

817192 639 7148 

8/10/92 710 8137 

8/13/92 782 9050 

8/16/92 852 9933 

8/18192 918 10786 

8/21192 977 11619 

8123/92 1039 12380 

8/27/92 1117 13411 

8/29/92 1175 14096 

8/30/92 1193 14225 

8/30/92 1196 14225 

Total 

Table 6.6. Mass Balance of Noble Metals by Canister 

Theoretical Canister 
Glass Canister Weight 

Product (kg) Number ~ 

o 
300 

682 

1045 

1535 

1935 

2308 

2752 

3149 

3566 

4060 

4515 

4956 

5381 

5797 

6176 

6691 

7032 

7097 

7097 

o 
U2-1 363 

U2-2 389 

U2-3 384 

U2-4 380 

U2-5 378 

U2-6 382 

U2-7 360 

U2-8 390 

U2-9 384 

U2-10 397 

U2-11 397 

U2-12 396 

U2-13 394 

U2-14 364 

U2-15 374 

U2-16 398 

U2-17 292 

U2-18 350 

U2-19 204 

6977 

Total 
Glass 

~ 
o 

363 

752 

1136 

1517 

1895 

2277 

2637 

3027 

3410 

3807 

4205 

4601 

4995 

5359 

5733 

6131 

6423 

6773 

6977 

Total(a) 

Ru Fed 

~ 
0.00 

0.27 

0.60 

0.92 

1.35 

1.71 

2.04 

2.43 

2.78 

3.15 

3.58 

.3.98 

4.37 

4.75 

5.11 

5.45 

5.90 

6.20 

6.26 

6.26 

Ru Total Ru Total(a) Rh Total Rh 
Drained Drained Rh Fed Drained Drained 

~ ~ ~ ~ ~ 
0.000 

0.034 

0.149 

0.196 

0.206 

0.221 

0.234 

0.221 

0.243 

0.231 

0.251 

0.258 

0.261 

0.248 

0.230 

0.241 

0.263 

0.189 

0.255 

0.096 

4.03 

0.00 

0.03 

0.18 

0.38 

0.59 

0.81 

1.04 

1.26 

1.50 

1.74 

1.99 

2.24 

2.51 

2.75 

2.98 

3.22 

3.49 

3.68 

3.93 

4.03 

0.00 0.000 0.00 

0.07 0.004 0.00 

0.16 0.033 0.04 

0.25 0.048 0.09 

0.37 0.060 0.15 

0.47 0.064 0.21 

0.56 0.073 0.28 

0.66 0.067 0.35 

0.76 0.073 0.42 

0.86 0.068 0.49 

0.98 0.081 0.57 

1.09 0.072 0.64 

1.19 0.072 0.72 

1.29 0.068 0.78 

1.39 0.066 0.85 

1.49 0.062 0.91 

1.61 0.070 0.98 

1.69 0.055 1.04 

1.71 0.076 1.11 

1.71 0.026 1.14 

1.14 

Total(a) 

Pd Fed 

~ 
0.00 

0.09 

0.21 

0.31 

0.46 

0.58 

0.69 

0.83 

0.95 

1.07 

1.22 

1.36 

1.49 

1.62 

1.74 

1.86 

2.01 

2.11 

2.13 

2.13 

Pd Total Pd 
Drained Drained 

~ ~ 
0.000 0.00 

0.001 0.00 

0.033 0.03 

0.057 0.09 

0.080 0.17 

0.090 0.26 

0.106 0.37 

0.094 0.46 

0.102 0.56 

0.097 0.66 

0.108 0.77 

0.073 0.84 

0.054 0.90 

0.054 0.95 

0.067 1.02 

0.063 1.08 

0.064 1.14 

0.052 1.20 

0.078 1.27 

0.024 1.30 

1.30 

(a) These values differ slightly from the actual ordered and premixed amounts of noble metals because 14.23 m3 of me Iter feed was vitrified instead of 14 m3. 
The total ordered noble metals amounts were 6.16 kg Ru, 1.6 kg Rh, and 2.10 kg Pd. 



that approximately 2.13 kg of Ru, 0.54 kg of Rh, and 0.80 kg of Pd were retained in the melter. This 
equates to a retention of 35 % of the Ru, 32 % of the Rh, and 38 % of the Pd. These values do not 
include the noble metals that were retained in the bulk glass and did not settle to the bottom of the 
melter. The nominal holdup of noble metals in the glass pool (550 kg glass average) is 0.480 kg Ru, 
0.132 kg of Rh, and 0.162 kg of Pd. 

Following the test, the melter contents were drained via the bottom drain, producing 450 kg of 
glass drained into two canisters. The glass was sampled periodically and the samples analyzed by 
XRF. The results of the analysis are shown in Figure 6.7. As shown, the first glass out of the melter 
contained a slightly higher concentration of noble metals than the bulk glass. This is assumed to be the 
effect of the sludge layer that was directly above the bottom drain as the draining began. Because of 
settling, the concentration in the rest of the bulk glass was slightly lower than the target noble metals 
concentration. The last few drops out of the melter had high concentrations of noble metals (1 to 
4 wt%). When the glass stopped draining, a 1- to 3-cm layer of s ludge/gl ass remained on the melter 
floor. While this layer was still hot, seven samples were taken from it using a cup attached to a long 
piece of metal tubing. Again, these samples were analyzed for noble metals. The results of these 
analyses are shown on the right side of the lower plot in Figure 6.7. A graphic showing a top view of 
the melter and the sampling positions is superimposed in the lower right corner of the figure for clarifi
cation. The analytical data show that the layer remaining on the melter bottom contained significantly 
greater concentrations of the noble metals. For Ru, the enrichment was up to a factor of 40 higher 
than the nominal value; for Rh, up to 15; and for Pd, up to 10. 

To complete the mass balance, the amount of glass remaining in the me Iter was estimated by mea
suring the thickness of the remaining glass layer on the melter floor after emptying the melter. This 
layer was about 20- to 30-mm thick, leading to a total volume of about 8 to 10 L of glass. Assuming 
an average glass density of 2.6 g/cm3 , the residual amount of glass was about 20 to 26 kg. With the 
average concentrations of noble metals in the bottom samples, the estimated amount of noble metals in 
the bottom layer was 0.6 to 0.8 kg Ru, 0.1 kg Rh, and 0.1 kg Pd. These values are far below those of 
2.1 kg Ru, 0.5 kg Rh, and 0.8 kg Pd estimated using the data in Table 6.6. The scrubber solutions 
were analyzed for volatilized noble metals and were found to contain only 40 g Ru, 1 g Rh, and 
1 g Pd. The reason for the discrepancy in the mass balance is unclear. It is most likely due to uncer
tainty regarding the sludge layer thickness measurement and the thoroughness of the sludge layer sam
pling after the run. Because of these uncertainties, the mass balance presented in Table 6.6 was used 
for calculating the retention of noble metals. 

6.3.3 Characteristics of Settled Noble Metals 

During most of the run, it did not appear that the accumulating noble metals were affecting the 
melter operation. The effect of noble metals on melter operation is monitored by observing the change 
in electrical resistance between the lower pair of electrodes. If a conductive layer is forming, the 
resistance between the lower pair of electrodes will decrease because of short circuiting from the elec
trodes to the layer. If this effect becomes substantial, most of the power will be dissipated on the floor 
of the melter and the glass above the floor will cool. There was a slight distortion of the electrical field 
in the melter at the end of the run. The distortion was difficult to detect because the temperature 
changed slightly during the run and the power skewing between the sets of the electrodes was changed 
approximately 550 hours into the run. At the end of the run, the settings on the electrodes were 
changed back to the original settings used at the beginning of the run. Even though the bulk glass 
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temperature had decreased slightly since the beginning of the run, the resistance between the lower pair 
of electrodes was lower. The electrode resistances and temperatures are shown in Figure 6.8. The 
decrease in electrical resistance between the lower pair of electrodes was estimated to be 13 %. Based 
on experience at the PAMELA vitrification plant in Mol, Belgium, a sludge layer of 2 to 3 cm spread 
over the melter floor can influence the electric field. With over 90 kg of noble metals processed in the 
PAMELA melter, the decrease in resistance between the lower electrodes has been greater than 65%. 
The reason that a great electrical disturbance was not observed in the engineering-scale melter may be 
that the sludge layer was discontinuous. 

Two of the sludge samples taken from the bottom of the melter after the melter was drained were 
analyzed for specific electrical resistance. The electrical resistance of the samples was more than one 
order of magnitude less than that in the nominal glass product. 

Several glass product samples were thin sectioned and analyzed using both optical and scanning 
electron microscopes. The noble metal particles appeared to be very similar to those observed in the 
samples from the research-scale melter. Large clusters of RU02 up to 100 J'm were scattered through
out the glass samples. These clusters were made of needles attached randomly end-to-end, resembling 
"hair ball"-like flocs. In some samples, the flocs formed streaks within the glass. The reason for the 
streaking is not clear, but could be an important mechanism in noble metals behavior. Spheres of Rh 
and Pd alloys were also observed. The noble metals content of the samples ranged from 0.02 vol % to 
0.05 vol %. Figure 6.9 shows a RU02 floc. 

6.4 Input to Computer Modeling 

As discussed in the TEMPEST modeling sections of this report, computer predictions were made 
before the melter run and after the melter run. The post-test modeling was done using input from the 
test. The actual operating conditions were input to the TEMPEST code and the results were compared 
to the results of the actual run. The TEMPEST input from the engineering-scale melter test included 
melter geometry, glass resistivity and viscosity, noble metal particle characteristics (size distribution, 
density, estimated settling velocities, etc.), glass production rate, and glass control temperatures. The 
TEMPEST results that were compared with experimental results included glass temperature profiles, 
noble metals retention, electrode voltage, electrode current, and electrode power. The parameters . 
input to the TEMPEST model are included in Appendix B. Refer to further discussion in this docu
ment to see how the data were used and for a comparison before and after modeling. 

6.5 Discussion of Engineering-Scale Melter Test 

As discussed in Section 6.3.1, the processing rate during the engineering-scale melter run was far 
below the design rate of 20 Lih. The melter averaged 12 Lih overall and 12.7 Lih excluding down 
time. The reason for the lower processing rate was assumed to be the feed formulation, but the exact 
cause was not known at the time. However, it now appears that the frit formulation affected the proc
essing rate. The three-component frit (72 wt% Si02, 20 wt% ~03' and 7 wt% L~O) used in this run 
was less durable than the previous frit formulation (HW39-4) such that a lithium borate compound in 
the frit could be leached into solution, leaving a silica-rich frit that was difficult to melt [Kim and Hrma 
(1993), unpublished, endnote 3]. This frit leaching most likely caused the feed rheology problems as 
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well. The effect of the slow processing rate on the noble metals retention in the melter is not fully 
understood. It is known that the lower processing rate caused the glass residence time in the melter to 
increase from 58 hours to 87 hours. It is assumed that the increased residence time would cause an 
increase in noble metals retention, but this assumption cannot be quantified. 

The most important outcome of the test was the determination of the noble metals mass balance. 
As discussed in Section 6.3.2, determining a mass balance required highly sensitive analytical capa
bility. Great effort was taken to ensure that the noble metals analyses on the glass samples were done 
correctly. Every glass sample--435 samples total--was analyzed by XRF for all available cations. 
These analyses were then corrected using ICP data from a third party. In spite of this careful 
approach, the analytical uncertainty is probably not better than ± 10%. The feed analyses present an 
even greater uncertainty. The entire mass balance was completed using the target noble metal concen
trations in the feed; that is, none of the measured noble metal values for the feed were used. The 
measured ICP values for noble metals were far below the target values. This was not a trivial situa
tion. Samples were run and rerun and the values were still consistently low for Ru, Rh, and Pd until 
the last batch, which was high. The target Ru concentration in the feed was 0.44 gIL and the four 
batches varied from 0.32 to 0.40 gIL, or 9% to 27% below the target. The target Rh concentration in 
the feed was 0.12 gIL and the four batches varied from 0.04 to 0.15 gIL, or 58% low to 25% high. 
Finally, the target Pd concentration in the feed was 0.17 gIL and the four batches varied from 0.02 to 
0.21 gIL, or 88% low to 24% high. The great variability between ICP analyses suggests that the prob
lem was probably with the analytical procedure, not the feed. When discussing the problem with KtK 
personnel, it was found that the ICP noble metal results were normally low for feeds prepared for other 
melter runs at KtK. This does not mean that the feed was exactly on target, only that the target con
centrations are probably more accurate than the ICP results. 

Based on the mass balance, a marked decrease in electrical resistance was expected. As discussed 
previously, the decrease was lower than expected for the amount of noble metals that settled. This 
expectation was based on both TEMPEST modeling and PAMELA operating experience. One reason 
for the lower-than-expected electrical disturbance could be lack of continuity in the settled sludge layer. 
This possibility was investigated while sampling the sludge layer after the melter was drained (see 
Figure 6.7). The concentration of noble metals in the sludge samples varied by a factor of two, but all 
of the samples had a high concentration of noble metals. The area directly in front of the electrodes 
was not sampled. After the seven sludge samples were taken, the melter was refilled with glass in 
anticipation of future noble metal runs. 

6.6 Endnotes(a) 
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7.0 Engineering Analysis 

As discussed in the Introduction (Chapter 1), the approach used for this performance assessment 
work was to combine TEMPEST computer modeling and experimentation to predict the effects of 
noble metals on the plant melter life. In parallel with the TEMPEST computer modeling, a separate 
analysis was conducted to determine the effects of noble metals using engineering approximations-that 
is, instead of numerically modeling the thermal and convective flows of the glass, the melter was 
approximated as a well-mixed tank with a given settling rate of noble metals. This approach provided 
a model that could predict the sludge layer accumulation as a function of time using hand calculations. 
The advantages of using a simple engineering analysis are that such an analysis is much less labor and 
computation intensive than the TEMPEST modeling. It allows greater flexibility in conducting para
metric studies to evaluate the relative effect of key operating parameters and provides a reality check 
for the TEMPEST modeling. Its disadvantages are its inability to show the effects of momentum and 
heat transfer, as TEMPEST can show, and its inability to predict the consequences of sludge layer 
accumulation (i.e., electrical shorting and overheating). 

This section describes the engineering analysis conducted as part of the melter performance assess
ment. The lumped-parameter model was the main focus of the engineering analysis. Also discussed 
are the comparisons of the lumped-parameter model with the results of noble metals work conducted at 
other sites. 

7.1 Lumped-Parameter Melter Model 

The lumped-parameter model was developed as a simplified melter model to be used in parallel 
with the TEMPEST modeling. This' simplified model was the main component of the engineering 
analysis. Initially, it was not known if a simple model could be developed to analyze a problem as 
complex as the HWVP melter, but eventually the model became a very useful tool. 

The lumped-parameter model is complementary to the TEMPEST model because of its capability 
to quickly produce a variety of analytical results. The TEMPEST model reveals in great detail the 
physics within the melter, from flow patterns to temperature gradients; however, efficiency is sacri
ficed to obtain such detail. It takes 40 to 120 hours of central processing unit (CPU) time on an 
IBM-580 super workstation to bring the melter model to steady state after changing the melter settings. 
This time does not include that required for preprocessing or postprocessing tasks. The IBM worksta
tion operates at about 48 % of the CPU speed of a Cray YMP supercomputer, although in real time the 
IBM is faster because of online inefficiencies on the Cray. Thus, only a limited number of TEMPEST 
models can be run because of time and budget constraints. Performing parametric studies with the 
TEMPEST code is also difficult. The lumped-parameter model permits quick estimates of the effects 

. of several variables on noble metals retention within the melter. These variables include noble metals 
concentration, noble metals settling velocity, feed rate, and different feed/pour/idle cycles. However, 
this model is limited in that it can predict only the accumulation of noble metals, but not the electrical 
and thermal disturbances resulting from the accumulation. 
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7.1.1 Description of Model 

The lumped-parameter model was set up assuming the melter operated in a continuous series of 
feeding, pouring, and idling cycles. One series of feeding, pouring, and idling is referred to as a 
cycle. At the beginning of a cycle, the glass in the melter is at a minimum volume. During the first 
segment of the cycle, the feed segment, glass is fed to the melter without pouring from the melter to 
simulate a canister changeout. During this segment, the volume of glass in the melter increases until, 
at the end of the segment, the glass is said to be at the maximum volume. The next segment of the 
cycle is the pouring cycle. During this segment, glass is fed to the melter as well as poured from the 
melter. The glass is poured at a faster rate than it is fed so that the volume of glass decreases with time 
until, at the end of the segment, the glass is back to the minimum volume. The third segment of the 
cycle is the idling segment. During this segment, glass is neither fed to nor poured from the melter. 
This segment simulates down time on the melter. The lumped-parameter model was set up so the time 
of each segment could be varied. In addition, the idle segment was set up so that not every cycle had 
to include an idle time. For example, the melter could be idled after every fifth feed/pour cycle instead 
of after each one, allowing a more realistic melter simulation. The feeding and pouring times could 
also be varied to simulate operating scenarios ranging from continuous pouring to intermittent pouring. 
For example, the times could be set so the feed cycle was 10 hours followed by 1 hour of feeding and 
pouring to model the engineering-scale melter operation, or so the feed cycle was 2 hours followed by 
14.5 hours of feeding and pouring to model the expected plant melter operation. 

The lumped-parameter model was developed in two steps. The first model, LPM-l, was developed 
to model melter operation during feeding and pouring segments, but not the idling segment. It includes 
equations for calculating the noble metals concentration in the melter at the end of each feed/pour cycle 
and the mass of noble metals accumulated on the melter floor, as well as the fraction of noble metals 
retained in the melter. The second model, LPM-2, was simply an addition to LPM-l to incorporate 
periods of idling. This version of the model includes additional equations for calculating the noble 
metals concentration in the melter after the idling segment of a cycle and the mass accumulated on the 
melter floor during idling. It also calculates the thickness of the accumulated noble metals layer for 
each cycle. 

A fundamental assumption of the lumped-parameter model is that the melter is a well-mixed tank 
whose volume fluctuates during each cycle-that is, the volume of glass in the melter increases during 
segments of feeding but no pouring. The assumption of a well-mixed tank is valid based on research
scale melter results and TEMPEST modeling. The accumulation of noble metals on the melter floor 
causes a small change in the melter volume, but this change can be neglected because it is so small. 
Also, it is assumed that all of the noble metal particles settle at a constant velocity. This assumption is 
based on results of TEMPEST modeling conducted for the engineering-scale melter. Because the 
melter is assumed to be a well-mixed tank, the temperature is assumed to be constant. This treatment 
greatly simplifies the model because the glass density remains constant and glass volume balances can 
be used as well as glass mass balances. 

-
During the feed segment of the cycle, glass and noble metals are being fed to the melter. As a 

result, the glass volume in the melter steadily increases. The governing equations for this segment of 
the cycle are as follows: 
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Glass mass balance: V = V L + Qft 

Noble metals balance: dM = V dC 
+ C dV 

= mf-vSAC 
dt dt dt 

where t = time from the start of feeding (after the completion of pouring) 
V = glass volume in the melter at time t 

V L = minimum glass volume (at the beginning of feeding) 
Qf = glass volumetric feed rate 
M = mass of noble metals in the melt pool 
mr = noble metals mass feed rate 
Vs = noble metals settling velocity 
A = melter surface area 
C = noble metals concentration in the melter at time t. 

(7.1) 

(7.2) 

The term vsAC in Equation (7.2) is the mass flow rate of noble metals exiting the melter and entering 
the sludge layer on the floor. This term assumes the concentration of noble metals in the bulk glass is 
constant and the melter is a well-mixed tank. After substituting Equation (7.1) into Equation (7.2) and 
rearranging, the noble metals balance can be expressed entirely in terms of C, the concentration of 
noble metals in the bulk glass of the melter: 

(7.3) 

This is a linear, first order, nonhomogeneous ordinary differential equation that can be readily solved. 
(See Appendix E for the detailed solution of this equation.) At any time during the feed segment, the 
solution to Equation (7.3) is: 

C = 
(7.4) 

where Co = initial noble metals concentration in the melter (at the beginning of the feed segment). 
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The lumped-parameter model was solved using Mathcad*(a) software. This software was used 
instead of a spreadsheet because the documentation was easier to keep for QA purposes and the result
ing printouts were easier to follow. As discussed earlier, the model was set up so the melter run was 
simulated as a series of cycles. To solve the model using Mathcad*, a looping calculation was estab
lished and the variables that changed for each cycle were subscripted with the loop number. Also, 
because the equations for the feeding, pouring, and idling segments of each cycle were different, a 
separate variable had to be assigned for the concentration of noble metals in the bulk glass during each 
segment. For example, CEOFs would be the concentration of noble metals at the end of the feeding 
segment of cycle number five. Considering this, the input into Mathcad* for Equation (7.4) was 

where for the feeding segment of the ith cycle: 
CEOFj = final noble metals concentration 

V H = final glass volume in the melter (V H = V L + Qf If) 
If = total time during the feed segment 

CEOI j_1 = initial noble metals concentration in the melter. 

(7.5) 

The next step in the model development was to solve the governing equations for the pour segment, 
during which glass and noble metals are removed from the melter. Feeding occurs during this seg
ment, but at a rate lower than the pour rate (unless the feeding segment time is set to zero). Therefore, 
the glass volume steadily decreases during this segment. The governing equations for the pour segment 
are 

Noble metals balance: dM = V dC + C dV 
= mf-QxC-usAC 

dt dt dt 

where t = the time from the beginning of pouring 
Qx = glass volumetric pour rate. 

(a) Mathcad* is a registered trademark of MathSoft, Inc. 
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Equation (7.7) is the same as Equation (7.2), except the term -QxC has been added to account for the 
mass flow rate of noble metals exiting the melter through the pour stream. After substituting Equa
tion (7.6) into Equation (7.7) and rearranging, the noble metals balance can be expressed entirely in 
terms of C, the concentration of noble metals in the bulk glass of the melter: 

(7.8) 

This is a linear, first-order, nonhomogeneous ordinary differential equation that can be readily solved. 
(See Appendix E for the detailed solution.) At any time during the pour segment, the solution to 
Equation (7.8) is 

C 
(7.9) 

where Co is the initial noble metals concentration in the melter (at the beginning of the pour segment). 
At the end of the pour segment, the final concentration of noble metals in the melter is 

(7.10) 

where for the pouring segment of the ith cycle: 
CEOPj = final noble metals concentration 

~ = the total time during the pour segment. 

Next, the governing equations for the idle segment were solved. During this segment there is no 
feeding or pouring. It was assumed that the volume changes within the melter are negligible during 
this segment, and therefore they are neglected. Similar to the other segments, the melter in this 
segment is modeled as a well-mixed tank. The governing equations for this segment of the cycle are 

Glass mass balance: V = V L (7.11) 
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Noble metals balance: dM = V dC + C dV - vsAC 
dt dt dt 

Equation (7.12) can be rearranged into a separable differential equation and solved as shown in 
Appendix E. At any time during the idle segment, the solution to Equation (7.12) is 

where Afioor = melter floor surface area 
- Co = initial noble metals concentration in the melter (at the beginning of the idle 

segment). 

At the end of the idle segment, the final concentration of noble metals in the melter is 

where for the idle segment of the ith cycle: 
CEOIj = final noble metals concentration 

ti j = total time during the idle segment. 

(7.12) 

(7.13) 

(7.14) 

In many cases, idling will not occur during every feed/pour cycle. In this situation, ti j = 0 for the 
individual cycle, and CEOIj = CEOPj. 

After calculating the noble metals concentrations for each cycle from Equations (7.5), (7.10), and 
(7.14), the total mass of noble metals settled on the melter floor during each feed/pour/idle cycle can 
be calculated from the equation 

Mtotal· = Mfeed· + Mpour· + Midle· 
I I I I 

where Mtotal j = total mass accumulated during the ith cycle 
Mfeedj = mass accumulated during the feed segment of the ith cycle 
Mpourj = mass accumulated during the pour segment of the ith cycle 
Midlej = mass accumulated during the idle segment of the ith cycle. 
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The total mass accumulated at any given time (MaccumD is therefore a summation of the individual 
settled masses over all feed/pour/idle cycles: 

Maccumj = ~ MtotaIj 
J=1 

(7.16) 

The calculation for mass accumulation during feeding is a simple mass balance performed over the 
melter. As shown in Appendix E, the reSUlting equation is 

(7.17) 

During the pour segment, the settled mass is a function of noble metals concentration in the melter 
which changes continuously with time. Therefore, a continuous balance must be performed as follows: 

tp 

Mpourj = vsA r C dt 

The steps followed to solve Equation (7.18) are shown in Appendix E, resulting in the equation: 

where 

Z\ 
Q(-Qx 

VH 

~= 
vsA+Qr 

Qr-Qx 

Z3 
mr 

vsA+Qr 
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Finally, the settled mass during the idling segment can be calculated based on the assumption that the 
glass volume in the melter does not change during idling. Therefore, the settled mass is simply the dif
ference between the final noble metals mass and initial noble metals mass in the melter, as follows: 

(7.20) 

After substituting Equation (7.14) for CEOIj, the resulting equation is 

(7.21) 
Midle· = CEOP· VL J J 

The variable of greatest interest in the lumped-parameter model is the height of the settled sludge layer 
at any given time, and is calculated from 

H· = J 

Maccumj 
(7.22) 

where Pnm = density of the noble metals sludge layer (assumed to be RuO~) 
Cv max = the maximum packing of noble metals in the sludge layer (m Ru02 / m3 sludge) 

, Hj = height of the sludge layer. 

Over a period of time, it is important to know the quantity of noble metals that remain in the sludge 
layer per quantity of glass fed. This is known as the percent retained, and is calculated by 

where 

Retain%j 
100 Maccumj 

i (tf+tp) QfCin 

i (tr+tJ. =_- total time glass is fed to the melter ein concentration of noble metals in the feed (= rnrfQf). 

(7.23) 

It should be noted that there are several ways to calculate the retention of noble metals, and each 
method has different advantages. The retention calculated using Equation (7.23) is the percent of noble 
metals in the total glass fed to the melter that have settled to the bottom of the melter. Other methods 
do a mass balance around the melter (percent of noble metals that have entered the melter but have not 
exited). The latter method treats the noble metals in the bulk glass at the end of operation as retained. 
This is true if the melter is to idle for a long period of time, thus creating a condition for all of the 
noble metals in the bulk glass to settle to the floor. It is not true if the melter is to be restarted in the 
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near future or drained. The two methods approach the same answer as time goes to infinity. Unfortu
nately, the glass in these melters has a long residence time and the quantity of noble metals in the tank 
is sufficient to cause a substantial difference in the two methods for long operating periods. 

7.1.2 Inputs for Lumped-Parameter Model 

As shown in the derivations just presented, there are several input parameters for the lumped
parameter model. These include melter-specific parameters such as melt pool surface area and volume; 
operating conditions such as feed rate, pour rate, cycle times and glass temperature (related to glass 
density); and properties such as glass and noble metals densities, settling velocity of noble metals, con
centration of noble metals in the feed, and volumetric packing of settled noble metals. Table 7.1 lists 
the inputs. 

Table 7.1. Inputs for Lumped-Parameter Model 

Values Used For 
Engineering-
Scale Melter Values Used For 

Input Description Runs HWVPRuns 

A Surface area of melter glass pool (m2) 0.28 2.54 

AtIoor Floor area of melter glass pool (d) 0.28 2.54 

Qf Volumetric feed rate of glass to the melter (m3/sec) 5xlO-7-1.2xlO-6 8xlO-6-1.3xlO-S 

Vs Settling velocity of noble metals, assumed to be Ru02 (m/sec) 10-6 10-6 

tr Length of feeding segment during feed/pour cycle (hr) 4-12 2 

~ Length of pouring segment during feed/pour cycle (hr) 1-50 14.5 

t· I Length of idle segment during feed/pour cycle (hr) 0-3.2 0-648 

tj Freq. Frequency of idle segments, e.g. ~ Freq. = 5 means that 
there is an idle segment every fifth feed/pour cycle 

1 1-92 

Cnm Concentration of noble metals in glass fed to the melter. All 0.115 0.113 
noble metals assumed to be Ru02 (wt%) 

CV,max Maximum volumetric packing of noble metals (assumed to be 0.06 0.06 
Ru02) in settled sludge layer (m3 Ru02/ m3 sludge) 

Pgiass Glass density at average operating temperature (kg/m3) 2170,2380,2500 2170,2380,2500 

Pnm Density of noble metals, assumed to be Ru02 (kg/m3) 6970 6970 

VL Volume of glass in melter at the end of a pour segment (m3) 0.204 2.18 

7.9 



As shown in Table 7.1, all the noble metals in the glass were assumed to be RuOz. This assump
tion was made because there is three times as much Ru02 in the target glass composition as Rh or Pd. 
Also, Rh and Pd settle as metal spheres and do not form fluffy "hairballs" as Ru02 does. The metal 
spheres contribute very little to the sludge layer thickness, but they do have an effect on the conductiv
ity of the layer. 

The noble metal particle settling velocity of 10-6 m1s was calculated by examining the RuOz parti
cles in the glass exiting the engineering-scale melter. The supporting data and calculations are shown 
in Appendix C of this report. 

The initial runs of the lumped-parameter model were done using glass densities of 2170 kg/m3 and 
2500 kg/m3 because these densities had been estimated for previous waste glasses. After a liquid-fed 
ceramic melter (LFCM) run at PNL (LFCM-8), a glass sample was submitted to Monarch Labs in 
Toledo for analysis. The results indicated that the density of the glass was 2380 kg/m3 at 1150°C. 
Consequently, several of the runs were repeated using the new glass density. 

Initial runs of the lumped-parameter model for the engineering-scale melter were done using the 
feed rate that was expected prior to the actual melter test. During the engineering-scale melter test, the 
actual feed rate was only 5/8 of that expected. Lumped-parameter model runs were done for both the 
expected and actual feed rates. The glass density chosen for a particular run would also change the 
volumetric glass feed rate. The volumetric glass feed rates used for the plant melter runs were for the 
target feed rate (100 kg/h) and a reduced feed rate as occurred during the engineering-scale melter test. 

The feed/pour cycle times for the engineering-scale melter runs were much different than those 
used for the plant melter runs, since the plant melter will be operated in a continuous pouring mode 
(except during times for canister changeout) and the engineering-scale melter operated in a batch pour
ing mode. The engineering-scale melter averaged one pour every 13.8 hours. It took approximately 
1 hour for each pour, with approximately 0.8 hours of down time for each feed/pour cycle. Before this 
information was available, several runs were completed assuming 10 hours of feeding, 1 hour of pour
ing, and either 0 or 1 hour of idle time per feed/pour cycle. The plant melter was modeled in a con
tinuous pouring mode. The only time the melter was not pouring was when a canister was being 
changed. Assuming an average glass production rate of 100 kg/h' a canister capacity of 1650 kg, and a 
canister changeout time of 2 hours, the feed/pour cycle was calculated to be 14.5 hours of continuous 
feeding and pouring followed by 2 hours of feeding only. Several different idle periods were tried 
based on a 70% melter on-line efficiency, ranging from 2 hours of idling per feed/pour cycle up to 
648 hours of idling after 92 feed/pour cycles. The latter scenario (27 days of idling out of every 
90 days of operation) is felt to be more representative of plant operation. 

The volumetric packing of noble metals in the settled sludge, CV,1TIIIJl = 0.06 m3 Ru02/ m3 sludge, 
was estimated based on previous sludge sample analyses as described in Appendix C and the computer 
modeling chapter of this report (Chapter 8.0). 

7.1.3 Results of Lumped-Parameter Model 

Two sets of lumped-parameter model runs were completed, one for the engineering-scale melter 
and one for the plant melter. The runs for the engineering-scale melter were completed for two 
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reasons: both experimental data and TEMPEST data were available to compare with the lumped
parameter model results. The runs for the plant melter were completed as part of a parametric study to 
determine the changes in noble metals retention as a function of changes in operating parameters. 

Lumped-Parameter Model Results for the Engineering-Scale Melter 

Table 7.2 summarizes the runs using the lumped-parameter model for the engineering-scale melter. 
Comparing runs #1 and #2 indicates that for an 8 % idle time, the noble metals retention increases from 
25 % to 27 %. The inputs for these runs were similar to the actual conditions during the run (low glass 
production rate). Comparing runs #1 and #3 indicates that if the engineering-scale melter had operated 
at the target feed rate instead of the reduced feed rate, the noble metals retention would have decreased 
from 25 % to 18 %. This reduction is understandable considering the increased residence time of the 
noble metals in the melt tank at the lower glass throughput rate. Runs #4 through #6 investigated the 
change in noble metals retention that would have resulted if the engineering-scale melter had operated 
in a continuous pour mode instead of a batch pour mode. Based on a glass production rate of 7 kg/h, 
it was assumed that it would take 54 hours to fill a 375-kg canister. Therefore, a feed/pour cycle of 
50 hours of feeding and pouring followed by 4 hours of feeding without pouring (the time required for 
canister changeout) was assumed. Comparing run #1 with run #4, run #2 with run #5, and run #3 with 
run #6 indicates that changing from batch pouring to continuous pouring does not significantly affect 
the noble metals retention. 

Runs #7 and #8 investigated the actual operating conditions experienced during the engineering
scale melter run. The parameters were changed from those used previously, including a lower glass 
production rate and a more accurate estimate of the mean time between pours and the actual down 
time. The only parameter that was slightly off was the glass density, as discussed in Section 7.1.2. 
Run #8 was the same as run #7, but it did not include the idle time. Later, a similar lumped-parameter 
run, run #27, was completed with the updated value of glass density. The retention, 28 %, did not 
change from run #8. This retention is still significantly different than the 35% reported for the experi
mental run [Grunewald et al. (1993), unpublished, endnote 1]. 

To investigate the differences in retentions reported for the engineering-scale melter run and the 
lumped-parameter model, the results for Ru fed and discharged from the melter were directly com
pared. The Ru mass balance presented in Table 6.6 (see Chapter 6.0) is plotted with the results of the 
lumped-parameter model in Figure 7.1. Two sets of lines (one for the engineering-scale melter results 
and one for the lumped-parameter model results) are presented in this figure: Ru fed to the melter as a 
function of glass discharged and Ru discharged from the melter as a function of glass discharged. As 
shown in the figure, the lines for the discharge curve are within 0.15 kg Ru, an amount considered 
acceptable. The interesting anomaly indicated in the figure is the difference between the two curves for 
Ru fed to the melter. These two curves should agree nearly exactly because they represent the concen
tration of Ru in the feed on an oxide basis. But after 2500 kg of glass has been discharged from the 
melter, the curves begin to diverge. At their maximum separation, the difference is 0.5 kg of Ru, or 
nearly 10% of the total Ru fed to the melter. 
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Table 7.2. Lumped-Parameter Model Runs for the Engineering-Scale Melter (CV,max = 6 vol %, Prun = 6970 kg/m3) 

Qf (glass feed rate) Inputs(a) Inputs (a) 

Pglaaa 
Retained 

Run Area kglhr tf , )" li, ti Online Cmn' kg/ V3' Residence Steady 
Number m2 m3/s kglhr /m2 V,, m1s hr hr hr Freq. Efficiency '. % wt% m3 m Time, hr State, % 

0.280 7.80E'{)7 7.0 2S.1 I.OE'{)6 10 0 N/A 100% O.IIS 2S00 0.204 78 2S 

2 0.280 7.80E'{)7 7.0 2S.1 I.OE'{)6 10 I 92% O.IIS 2S00 0.204 8S 27 

3 0.280 1.24E'{)6 11.2 40.0 I.OE'{)6 10 0 N/A 100% O.IIS 2S00 0.204 SI 18 

4 0.280 7.80E'{)7 7.0 2S.1 1.0E.{)6 4 50 0 N/A 100% O.IIS 2S00 0.204 7S 26 

S 0.280 7.80E'{)7 7.0 2S.1 1.0E.{)6 4 SO 3.2 I 94% O.IIS 2S00 0.204 79 27 

6 0.280 1.24E'{)6 11.2 40.0 I.OE'{)6 4 SO 0 N/A 100% O.IIS 2S00 0.204 48 19 
-..J 7 0.280 7.00E'{)7 6.3 22.5 I.OE'{)6 12 0.8 94% O.IIS 2S00 0.204 92 28 ..... 
IV 8 0.280 7.00E'{)7 6.3 22.S I.OE'{)6 12 0 N/A 100% O.IIS 2S00 0.204 87 27 

23 0.280 S.04E'{)7 4.S 16.2 I.OE'{)6 9 0 N/A 100% O.IIS 2S00 0.204 117 3S 

24 0.297 S.8IE'{)7 4.S IS.3 I.OE'{)6 9 0 N/A 100% 0.393 2170 0.228 113 33 

27 0.280 7.3SE'{)7 6.3 22.S 1.6E'{)6 12 0.8 94% 0.126 2380 0.204 88 28 

29 0.280 7.3SE'{)7 6.3 22.5 1.2E'{)6 12 0.8 94% O.IIS 2380 0.204 88 3S 

(a) V, = Settling velocity of noble metals, assumed to be Ru02 (m1sec) 
tf = Length of feeding segment during feed/pour cycle (hr) 
), = Length of pouring segment during feed/pour cycle (hr) 
~ = Length of idle segment during feed/pour cycle (hr) 
~ Freq. = Frequency of idle segments, e.g. ~ Freq. = S means that there is an idle segment every fifth feed/pour cycle 
Cmn = Concentration of noble metals in glass fed to the meller. All noble metals assumed to be Ru02 (wt%) 
Pglaaa = Glass density at average operating temperature (kg/m~ 
VI = Volume of glass in melter at the end of a pour segment (of). 
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Figure 7.1_ Comparison of Lumped-Parameter Model Results with Engineering-Scale Melter Data. 
Ru02 settling velocity = 10-6 mls. 

The data for the engineering-scale melter were reviewed further to determine the reason for the dif
ference in these curveS. The Ru-fed data presented in Table 6.6 were calculated using the amount of 
feed consumed and the target Ru concentration in the feed; e.g., after canister #U2-16, the Ru fed is 
(13,411 L feed)(O.00044 kg Ru/L) = 5.9 kg Ru. Unfortunately, the data used for the x-axis in Fig
ure 7.1 (as well as the plots in the engineering-scale melter report) represent actual glass produced as 
measured by the canister scales. If the x-axis of the figure was the theoretical glass produced, then the 
engineering-scale melter curve would exactly overlay the lumped-parameter model curve. This indi
cates that either the assumed oxide loading was high for some of the later feed batches in the run or the 
concentration of Ru was high. The error is assumed to be in the oxide loading because of the differ
ence in the "Theoretical Glass Product" and the "Total Glass" columns in Table 6.6. Later in the run 
the entries in the two columns, differ by as much as 600 kg of glass. Part of this difference could be 
from changes in the level of glass in the melter, but this error is not assumed to be more than 100 kg of 
glass. The theoretical glass product was calculated based on an oxide loading of 499 gIL, but feed 
batch #3 had an oxide loading of 457 gIL and the feed was diluted several times during the run. These 
differences would also explain why it was calculated that 6.259 kg of Ru was fed during the 
engineering-scale melter run, even though only 6.16 kg was purchased for the run and a small amount 
of that was accidently used during shakedown testing. The error in calculating the Ru fed to the melter 
explains the difference between the retentions reported for the engineering-scale melter (35 %) and the 
lumped-parameter model (28 %). The error is not the amount of noble metals retained in the melter; 
rather, it is the amount of noble metals assumed to be fed to the melter. 
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If the error in the input curves shown in Figure 7.1 is assumed to be the concentration of noble 
metals in the feed, the error is not great. This possibility was investigated by increasing Cnm in the 
lumped-parameter model until the two input curves were superimposed. The value required to match 
the curves was Cnm =0.126 wt%, or a 9.5% error when compared to the target value of 0.115 wt%. 

The lumped-parameter model can be fine tuned by adjusting the assumed settling velocity of the 
Ru02 particles. If the settling velocity is increased to 1.2 x 10-6 mis, the curves match almost exactly 
as shown in Figure 7.2. The difference between this velocity and the original velocity of 10-6 mls is 
not great enough to warrant changing the lumped-parameter model. 

Lumped-parameter model runs #23 and #24 were completed to compare results with those pro
duced by the TEMPEST model. The glass feed rate was lowered to 4.5 kg/h and the glass surface area 
was changed to 0.297 m2. (The reasons for these different parameters are discussed in Chapter 8.0 of 
this report.) Run #23 used the target Ru concentration of 0.115 wt% while run #24 used a 3X concen
tration ~f 0.393 wt %, similar to the 3X TEMPEST computer runs for the engineering-scale melter. 
The noble metals retention after simulating 13,000 kg (to estimate steady state) of glass discharged for 
runs #23 and run #24 was 35 % and 33 %, respectively. These values match the steady-state values 
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Figure 7.2. Comparison of Lumped-Parameter Model Results with Engineering-Scale Melter Data. 
Ru02 settling velocity = 1.2 x 10-6 mls. 
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given in the TEMPEST modeling sections of the engineering-scale melter report [Grunewald et al. 
(1993), unpublished, endnote 1] and in Chapter 8.0 of this report. Figure 7.3 compares the TEMPEST 
results with the lumped-parameter model results. Comparing the lumped-parameter model results with 
those of TEMPEST confirms that the models are predicting similar results given the same input. The 
lumped-parameter model predicts about 3 % higher Ru retention(a) after 4000 kg of glass has been 
discharged. However, as the glass produced increases, the TEMPEST results and the lumped
parameter model results converge to within 2 % Ru retention. 

The lumped-parameter model was found to be a useful tool based on comparing its results with 
the engineering-scale melter experimental results as well as the computer modeling results of the 
TEMPEST code. Once the lumped-parameter model was developed and tuned, it was applied to model 
the HWVP plant melter. 
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Figure 7.3. Comparison of Lumped-Parameter Model and TEMPEST Model Results. The arrows 
indicate which y-axis is referenced for each curve. 

(a) Normally, Ru retention for the lumped-parameter model is calculated as the percent of Ru 
entering the melter that accumulates on the bottom. For comparison with the TEMPEST result, 
the Ru retention was calculated as the percent of Ru entering the melter that is contained within 
the melter, the difference being the amount of Ru held up in the bulk glass of the melter. 
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Lumped-Parameter Model Results for the Plant Melter 

Several runs of the lumped-parameter model were conducted for the plant melter. Table 7.3 sum
marizes these runs. One of the known failure modes for the plant melter is the accumulation of a noble 
metals sludge layer that is deep enough to touch the bottom of the electrodes [Eyler et al. (1993), 
unpublished, endnote 2]. The minimum depth required for sludge contact with the electrodes is esti
mated to be 9 cm. Another column was added to Table 7.3-the number of days required to accumu
late a 9-cm layer of noble metals sludge. This approach is not a totally objective way to estimate the 
failure of the melter because it does not account for the quantity of glass produced by the melter. For 
example, if the melter failed after 200 days but produced glass at a rate of 200 kg/h, it would have 
been twice as successful as a melter that failed after 200 days but produced glass at a rate of only 
100 kg/h. But because most of the modeling runs were completed with the same glass production rate, 
the criterion of days until failure is an acceptable measure. The distance used for the bottom of the 
lower electrodes to the melter floor, 9 cm, is liberal. (a) This distance is actually from the center of 
the melter floor to the bottom of the electrode(s) at the center cross section. The vertical distance from 
the center of the electrode to the floor below it is only 5 cm and is less than 1 cm at the outer edge. 
The 9-cm distance was chosen as a liberal measure because it was not known if the sludge layer 
accumulates uniformly in thickness or level across the top. 

Run #9 was for the expected operating conditions, with an 11 % idle time that occurs with every 
feed/pour cycle. The 20% retention of noble metals is much less than that for similar runs with the 
engineering-scale melter. This difference is because the glass production rate was set at the target, not 
the reduced rate of the engineering-scale melter run. (This treatment will be discussed again later.) 
The time estimated for accumulating a 9-cm layer of noble metals sludge is 197 days, very similar to 
the 162 days predicted by TEMPEST during preliminary calculations [Eyler et al. (1993), unpublished, 
endnote 2]. The conditions for run #10 were the same as those for run #9, except the idle period was 
removed. It was assumed that the me Iter operates with 100% on-line efficiency. The effect on noble 
metals retention is small because the idle periods are very short, only two hours, which is not enough 
time to settle a significant amount of noble metals before the melter restarts. Run #11 was the same as 
run #9, except the on-line efficiency was decreased from 89% to 85% and the idling periods were 2 
days out of every 2 weeks. The retention of noble metals increases because of the increased idle time. 

Runs # 12 through # 14 investigated the effect of a lower glass density, 2170 kg/nJ3. With the 
resulting shorter glass residence time, the retention of noble metals decreased by approximately 2 % to 
3% (absolute) when compared to similar runs with Pglsss = 2500 kg/m3 (runs #9 through #11). As dis
cussed earlier, in the case of changing density, the accumulation is strictly a function of residence time 
of the glass in the melter. 

Run #15 investigated the effect of long idle segments that occurred infrequently (27 days of idling 
out of every 90 days of operation), a situation believed to be more representative of plant operation. 
Even though the on-line efficiency dropped compared to run #14, the retention stayed the same at 18% 
(although the number of days required to accumulate 9 cm of sludge increased from_ 222 days to 

(a) As used here, "liberal" means the melter life is overestimated. 
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--...) 

Table 7.3. Lumped-Parameter Model Runs for the Full-Scale Melter (Area = 2.54 m2, CV,max = 6 vol %, P nm = 6970 kg/m3, 

V2 = 2.18 m3) 

Run 
Number 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

25 

26 

28 

30 

Q (glass feed rate) 

I.E-OS 

I.E-OS 

I.E-OS 

1.28E-OS 

1.28E-OS 

1.28E-OS 

1.28E-OS 

1.28E-OS 

1.28E-OS 

8. 13E-06 

7.06E-06 

I.E-OS 

I.E-OS 

I.E-OS 

1. 17E-OS 

I.03E-OS 

1.28E-OS 

1.17E-OS 

kglb 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

63.5 

63.5 

100.0 

100.0 

100.0 

100.0 

87.9 

100.0 

100.0 

39.4 

39.4 

39.4 

39.4 

39.4 

39.4 

39.4 

39.4 

39.4 

25.0 

25.0 

39.4 

39.4 

39.4 

39.4 

34.6 

39.4 

39.4 

v, 
rn/s 

I.E-06 

I.E-06 

I.E-06 

I.E-06 

I.E-06 

I.E-06 

I.E-06 

I.E-06 

I.E-06 

I.E-06 

I.E-06 

I.E-06 

I.E-07 

I.E-OS 

I.E-06 

I.E-06 

I.E-06 

I.E-06 

t f 
h 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

(a) V, = Settling velocity of noble metals, assumed to be Ru~ (rn/scc) 
t f = Length of feeding segment during feed/pour cycle (hr) 
'" = Length of pouring segment during feed/pour cycle (hr) 
I; = Length of idle segment during feed/pour cycle (hr) 

Inputs(') 

'" h 

14.5 

14.5 

14.5 

14.5 

14.5 

14.5 

14.5 

14.5 

14.5 

14.5 

14.5 

14.5 

14.5 

14.5 

14.5 

14.5 

14.5 

14.5 

ti 
h 

2 

o 
48 

2 

o 
48 

648 

48 

648 

648 

648 

648 

648 

648 

o 
o 
7.1 

648 

I; 
Freq. 

1 

N/A 
17 

N/A 
17 

92 

17 

92 

92 

92 

92 

92 

92 

N/A 
N/A 

1 

92 

Online 
Efficiency 

% 

89 

100 

85 

89 

100 

85 

70 

85 

70 

70 

70 

70 

70 

70 

100 

100 

70 

70 

ti Freq. = Frequency of idle segments, e.g. I; Freq. = 5 meana that there is an idle segment every fifth feed/pour cycle 
Cnrn = Concentration of noble metals in glass fed to the melter. All noble metals assumed to be Ru~ (wt%) 
Pglus = Glass denaity at average operating temperature (kg/ml). 

Inputs (a) 

Cnm 
wt% 

0.113 

0.113 

0.113 

0.113 

0.113 

0.113 

0.113 

0.060 

0.060 

0.113 

0.113 

0.113 

0.113 

0.113 

0.113 

0.113 

0.113 

0.113 

Pgias, 
kg/ml 

2500 

2500 

2500 

2170 

2170 

2170 

2170 

2170 

2170 

2170 

2500 

2500 

2500 

2500 

2380 

2380 

2170 

2380 

Residence 
time, h 

62 

56 

65 

54 

48 

56 

69 

56 

66 

101 

116 

74 

78 

56 

53 

60 

69 

71 

% Retained 
steady state 

20 

19 

21 

18 

16 

18 

18 

18 

18 

26 

29 

20 

3 

69 

17 

20 

22 

20 

Days to 
reach 
9 cm 

197 

192 

199 

219 

214 

222 

271 

417 

499 

298 

274 

233 

1655 

52 

199 

206 

230 

238 



271 days). Run #28 was similar to run #14 and run #15. The on-line efficiency was held constant at 
70%, but the idle period occurred every feed/pour cycle. There were 7.1 hours of idle time for every 
16.5 hours of feeding. The retention for run #28, 22 %, was much higher than that for either run #14 
or run #15. It was found that the long idle periods experienced during run #28 resulted in a lower 
noble metals retention even when compared to run #15, which had the same on-line efficiency. This is 
because the retention of noble metals during idling is a function of the concentration of noble metals in 
the bulk glass. During long idle periods, the noble metals in the bulk glass are depleted and, thus, the 
retention is lower. Using this line of reasoning, long idle periods are better than short idle periods if 
on-line efficiency is held constant. 

Runs #16 and #17 investigated the effect of noble metals concentration on retention. The concen
tration of Ru02 was reduced from 0.113 wt% to 0.06 wt% for these runs. This reduced concentration 
is representative of the NCA W feedstock if the K-Basin fuel is not processed and added to the double
shell tanks. This issue will be discussed later in this report. Comparing run #16 with run #14 and run 
#17 with run #15 reveals that the percentage of noble metals retained is the same, but the time to 
failure increases proportionally to the reduction in noble metals concentration. 

Runs #18, #19, and #20 investigated the effect of glass production rate on retention. The produc
tion rate was lowered from the target value to the initial rate calculated for the engineering-scale melter 
(25 kg/h/m2). Comparing run #18 with run #15 shows that the retention increased from 18% to 26% 
for the lower feed rate. This is almost linearly proportional to the decrease in feed rate similar to that 
found for the lumped-parameter model runs for the engineering-scale melter (run #1 and run #3). 
Run #19 is very similar to run #18, but the glass density was changed from 2170 kg/m3 to 2500 kg/m3. 
As expected, the noble metals retention increased proportionally to the decrease in residence time. 
Run #20 was similar to run #19, but the production rate was back at the target value. Comparing 
run #15 with run #20 shows a similar result. An increased residence time results in greater noble 
metals retention. 

Runs #21 and #22 investigated the effect of particle settling velocity on retention. The velocity was 
decreased by one order of magnitude to 10-7 m/s for run #21, and increased by one order of magnitude 
to to-5 m/s for run #22. As expected, the retention of noble metals was greatly affected by the 
particle-settling velocity. When comparing the two runs with run #20 (nominal settling velocity), it 
was found that decreasing the settling velocity by an order of magnitude (run #21) caused the retention 
to decrease from 20 % to 3 % and increased the time for the sludge layer to reach 9 cm from 233 days 
to 1655 days. On the other hand, increasing the settling velocity by an order of magnitude (run #22) 
caused the retention to increase from 20% to 69% and decreased the time for the sludge layer to reach 
9 cm from 233 days to 52 days. 

As discussed earlier, only estimated values of glass density were available for the initial runs of the 
lumped-parameter model. Runs #25 and #26 were completed after the correct measured value of 
2380 kg/m3 was obtained. Run #25 is similar to runs #13 and #to. The only difference between these 
runs was the density of the glass. As expected, the retention was between the other two runs in the 
exact manner that the residence time changed. Run #30 was conducted similarly to runs #15 and #20, 
but with the corrected glass density. This run is felt to be prototypic of the actual melter operating 
conditions. As expected, the retention was very similar to run #20 because the density had changed 
only slightly. Based on the results of this run, the time required for the melter to accumulate a 9-cm 
layer of noble metals sludge is 238 days. 
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Run #26 was done to determine the effect of a lower feed rate, since some of the TEMPEST mod
eling was done using a lower feed rate of 87.9 kglh. The result was a higher retention of noble metals 
as expected because of the higher residence time. The lumped-parameter model retention is 20 % . 
This value compares to retention of 18.9% computed by TEMPEST (Section 8.3.4 and Figure 8.28). 
The difference between these numbers is due to differences in settling area, assumed to be 2.54 m2 in 
the lumped-parameter model and 2.33 m2 in the TEMPEST model. All other parameters are the same. 

7.1.4 Discussion of Results of Lumped-Parameter Model 

The lumped-parameter model runs essentially show that long residence times increase the retention 
of noble metals. Most of the parameters varied as part of the lumped-parameter model study can be 
related to residence time. Varying the glass feed rate has a direct effect on residence time. Changing 
the glass density also has an effect on residence time because the mass feed rate of glass was usually 
held constant, thus the volumetric glass feed rate would change when the glass density was changed. 

The relationship of residence time and noble metals retentions does not hold true for idle periods. 
Short idle periods were found to be worse for noble metals retention than long idle periods if the 
on-line efficiency was held constant. During long idle periods the noble metals in the bulk glass are 
depleted and, thus, the amount of settled noble metals is lower. When stating this result it must be 
remembered that the lumped-parameter model does not account for convection; it only assumes that the 
melter is a well-mixed tank. If convection is reduced during idling, the result may no longer be valid 
because the melter may no longer behave as a well-mixed tank. This is suspected to be the case 
because increased noble metals settling rates have been observed in both the PAMELA and IDMS mel
ters during idling. In the PAMELA melter, there was a drop in the resistance between the electrodes 
during idling periods. The resistance did not increase after feeding was resumed. The drop is assumed 
to be caused by an increase in the noble metals settling rate due to a decrease in the glass convection 
velocity in the melter. A decrease in the glass convection is expected during idling because the cold 
cap is no longer present to cause a cold, unstable upper boundary. 

The results of the lumped-parameter model closely match the TEMPEST predictions when 
compared on a common basis. When this is done, the predictions made by the two models are very 
similar, around 20% for the plant melter. Using the lumped-parameter model, it is estimated that the 
plant melter will fail after 238 days of operation, including time for idle periods (see run #30). As 
stated earlier, this estimate is probably liberal because the sludge accumulation assumed for failure 
(9 cm) is much higher than will probably be needed. The melter lifetime predicted by the lumped
parameter model is very similar to the prediction of 192 days made by the TEMPEST model for the 
sludge layer to grow to 8.6 cm (see Section 8.3.7). 

7.2 Comparison of Lumped-Parameter Model with Other Results 

In general, the lumped-parameter model predicts Ru02 retention of 20% for the plant melter and 
an operating lifetime of 200 to 250 days. The predicted retention is much lower than that experienced 
by most melters operated in foreign countries (see Chapter 3 for a complete literature review). During 
the development of the PAMELA melter in Germany, Ru retentions as high as 67% were experienced 
in melters with flat or shallow sloped bottoms using glasses with a noble metals concentration 
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comparable to the HWVP glass. The Ru retention was reduced to 38 % when using a melter with a 
45° sloped bottom (K-W2 melter) and a glass with approximately 1 wt% Ru02. In either case the Ru 
retention was much higher than that predicted by the lumped-parameter model or experienced during 
HWVP melter testing. The difference does not appear to be due to residence time. The residence time 
for the PAMELA melter was approximately 25 hours and the residence time for the K-W2 melter was 
60 to 70 hours. The residence time for the HWVP melter will be 50 to 70 hours. The difference in Ru 
retention is most likely related to particle morphology and melter convection. Ruthenium oxide parti
cles in simulated glass from the K-W2 melter formed as needles up to 100 ~m long. Similar needles up 
to 500 ~m long were found in the samples taken from the bottom of the melter. These differ signifi
cantly from the Ru~ agglomerates found during the research-scale melter and engineering-scale 
melter testing. The agglomerates were similar in size (up to 100 ~m) but were composed of small 
(1-~m) particles connected randomly such that they had a "fluffy" appearance. If these agglomerates 
settle at a slower rate than the needles in the German glasses, then that would be a possible explanation 
for differences in retention. 

It is more difficult to compare the results of the vitrification work conducted in Japan with the 
results of the modeling work conducted here. Only the first two melters developed by the Japanese had 
flat bottoms and there is very little information on the early runs using these melters. Later runs on a 
small-scale melter using a bottom drain resulted in an 80 % Ru02 retention when the slope of the melter 
floor was 30° and 30% when the slope of the melter floor was 45°. Runs on the Advanced-B melter 
(45° sloped bottom and bottom drain) resulted in Ru02 retentions of 12% to 28% for glasses contain
ing 0.74 wt% Ru02. These retentions are much closer to those predicted for the HWVP melter, but 
the geometries (sloped bottom and use of bottom drain) of the two melters are substantially different 
and the noble metals content of the Japanese-produced glass is much higher. A later run conducted on 
the Mock-up III melter (45° sloped bottom and bottom drain) resulted in a 43% Ru02 retention. This 
retention was reduced to 17 % in a later run when the bottom section of the melter was kept at 800°C to 
minimize particle settling. Again, comparing these results with those from the HWVP modeling is dif
ficult at best. 

Testing conducted at Savannah River has indicated a 15% to 20% Ru02 retention during tests con
ducted in the mini-melter. The composition of this glass is very similar to the HWVP formulation, but 
the melter is very small and comparison to full scale is tenuous. Later testing completed on the IDMS 
melter indicated 35% retention of Ru, 21 % of Rh, and 0% Pd for the first 12 melter campaigns (see 
Section 3.2). 

As discussed above, comparison of results from most other melter runs with results from the 
lumped-parameter model is difficult because of the difference in the me Iter geometries and operating 
conditions. One observation is that nearly all of the retentions reported from other experiments were 
higher than those predicted by the lumped-parameter model (or experienced during the melter perform
ance assessment experiments), indicating that the lumped-parameter model errs on the low side for pre
dicting retentions. This would also indicate that the lifetime predicted by the lumped-parameter model 
may be high and the melter may fail sooner than predicted. These comparisons do not account for the 
noble metals content of the accumulated sludge. The packing of the settled sludge (CV,max) was 
assumed to be 6 vol %. This is similar to the value determined during experiments in Germany (see 
Chapter 8 for further detail). If the assumed CY,max is low, the sludge layer growth would be slower 
and the melter lifetime would be extended. The value of CY,max used in the lumped-parameter model 
was based on the best available data. 

7.20 



7.3 Endnotes<a) 

1. W. Grunewald, G. Roth, W. Tobie, S. Weisenburger, K. Weiss, M. Elliott, and L. Eyler. 1993. 
Vitrification of Noble Metals Containing NCAW Simulant with an Engineering Scale Melt~r (ESM). 
Milestone Report PHTD-K0967, Rev. 0, Institut flir Nukleare Entsorgungstechnik of 
Kernforschungszentrum Karlsruhe, Karlsruhe, Germany. 

2. L. L. Eyler, L. A. Mahoney, and M. L. Elliott. 1993. HWVP Melter lifetime Prediction Letter. 
Milestone Report PHTD-C93-04.01H, Rev.O, Pacific Northwest Laboratory, Richland, 
Washington. 

(a) In this report, unpublished citations, such as personal communications, letters, and internal 
reports, are listed as endnotes at the end of each chapter. All published citations are listed as 
references in Chapter 10. 

7.21 





8.0 Computer Modeling 

The objective of the melter performance assessment work is to determine the effects of noble 
metals on the lifetime of the HWVP reference melter. Tests in geometrically scaled environments 
were conducted to gain noble metals particle data and melter operations information for use in con
ducting the melter performance assessment (see Chapter 4 for a discussion of gradient furnace testing, 
Chapter 5 for research-scale melter testing, and Chapter 6 for engineering-scale melter testing). 
Numerical computer modeling was also an integral part of the melter performance assessment, incor
porating data from actual tests to develop the TEMPEST computer model. Once confirmed against 
scaled test data, computer modeling then provided numerically mocked-up results at full scale. 

This chapter presents the results of the computer modeling task of the melter performance assess
ment. Results from the research-scale melter simulations are summarized in Section 8.1 and are given 
in more detail by Cooper et al. (1993) (unpublished, endnote 1). The research-scale melter results 
were preparatory to simulating the engineering-scale melter; results for the engineering-scale melter 
computer modeling are presented in Section 8.2. They are given in more detail by Griinewald et al. 
(1993) (unpublished, endnote 2). Section 8.3 presents the results of HWVP reference melter modeling. 
Included are the simulation matrix, average operating parameters (power, voltage, current, and resis
tance), melt pool flow and thermal characteristics, noble metals material balance and retention calcula
tions, estimates of sludge layer depth as a function of glass poured and idle time, results of the 
predicted effects of the sludge layer depth, and estimates of the melter lifetime as a function of sludge 
layer development. Appendix B describes the TEMPEST model. 

The cumulative result of this work is the melter lifetime estimate. For hypothesized failure limita
tions, the estimated time-to-failure is summarized as follows: 

I. Assuming the design condition upper-to-Iower electrode power ratio is 55/45: 

A. 
B.1 
B.2 
B.3 

Discharge blocked: 
Tglass < 1050°C: 
Transformer limits exceeded: 
T max > 1350°C: 

Not limiting; in excess of 816 days 
Estimate: Does not occur if no other limits applied 
Estimate: 192 days 
Not limiting: Local temperatures approach 1340°C 

II. Assuming skewing of power to the two electrode sets such that the upper thermocouples stay 
between 1125°C and 1175°C: 

A. 
B.1 
B.2 
B.3 

Discharge blocked: 
T glass < 1050°C: 
Transformer limits exceeded: 
T max > 1350°C: 

Not limiting; in excess of 816 days 
Estimate: 447 days 
Estimate: 192 days 
Not limiting: Local temperatures approach 1340°C 
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The time estimates assume a 70% operating efficiency, including 63 days of continuous operation 
followed by 30 days of continuous idling. If the periods of operation change [14.5 hours of pouring 
and 2.0 hours of feeding in a 16.5-hour cycle with glass pouring at 100 kglhr (87.9 kglhr production 
rate)], the estimates also change. There are uncertainties in the above estimates. The time estimates 
are concluded to be within the range of a factor of seven too long to a factor of two too short-i.e., the 
192-day estimate to reach limiting condition B.2 may be either as soon as 19217 = 27 days or as long 
as 192 x 2 = 384 days. These uncertainties are in parameters largely independent of the TEMPEST 
computer model. Rather, they are uncertainties associated with electrical properties of the glass and 
sludge, physical characteristics of the settled sludge (maximum volume fraction of the noble metals, in 
particular), and the sludge layer thickness at which predominant shorting first occurs. Sections 8.3.7 
and 8.3.8 discuss the basis for these estimates and the uncertainty estimates, respectively. 

8.1 Results of Research-Scale Melter Computer Modeling 

Results for the research-scale melter computer modeling are summarized in this section. Pre-test 
calculations were conducted during the experiment design phase and are reported by Anderson et al. 
(1992) (unpublished, endnote 8). Additional as-built, pre-test calculations were conducted following 
preliminary testing. Preliminary post-test calculations were conducted subsequent to the research-scale 
melter experiment, but before reducing the experiment data, and final post-test calculations were com
pleted following the data reduction step. The results are only summarized here; see Cooper et al. 
(1993) (unpublished, endnote 1) for a more complete discussion of results. 

Conclusions reached during the computer modeling phase follow: 

• Predicted operational parameters (power, voltage, current, and resistance) predicted by the com
puter model agree to within 4% to 50% of research-scale melter measurements. Measurements 
exhibit as much as ± 18% variations. 

• Power control to either a bulk-average or a single-point control temperature was demonstrated. 
The predicted bulk average temperature varied by as much as 70°C from the predicted single-point 
temperature control value. Maximum temperature predictions vary by as much as 120°C from a 
control temperature. 

• Submodels for concentration-dependent electrical conductivity, viscosity, density, and hindered set
tling have been implemented, tested, and shown to work. Fully coupled calculations have shown 
expected physical effects of these submodel couplings. 

• Gradient furnace testing and research-scale melter particle characterizations from glass sample 
microscopy are very useful to the computer modeling. Microscopy results have been used to deter
mine effects of particle porosity and sphericity on terminal settling velocities. 

• Predicted glass convection patterns are in remarkably good agreement with streak patterns observed 
in post-test melter examination. This is very significant in that it is the first experimental confirma
tion of a computer prediction of glass convection patterns in an operating melter. 
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• Using an accelerated analysis methodology, development of a sludge layer containing a very high 
concentration of noble metals was successfully computed. 

• Predictions indicate that an enhanced noble metals sludge layer develops more readily in an idling 
melter than a feeding melter with or without pouring. This is because without the cold cap, tem
peratures differences inducing buoyancy-driven flow are less. 

• In a combined fully coupled/uncoupled analysis, a 7% retention of simulated Ru02 noble metals 
particles was computed in a 3-day simulation. This computation agrees both qualitatively and 
quantitatively with test data (5 % retention of noble metals). 

Computer model calculations for the research-scale melter were first conducted during the experi
ment design stage. At that time, it was assumed that the exterior melter surface temperature would be 
maintained at 500°C in the kiln. The computer results, in part, led to the conclusion that it would be 
necessary to maintain the exterior melter surface at or above lOOO°C in the kiln, since a lower kiln 
temperature would cause power requirements to be excessive and electrode surface current fluxes to 
exceed design limitations of the Inconel electrodes. Furthermore, the control thermocouple would be 
located in a relatively cold region and large temperature gradients would occur across the melt. Addi
tional pre-test predictions were conducted during the research-scale melter Segment 1 tests using an 
assumed exterior canister surface temperature of lOOO°C. These calculations, which were conducted 
as the early experiments were being run, included modeling uncoupled noble metals transport using the 
species transport approach and the particle tracker approach. 

The second set of pre-test predictions, which used the T = lOOO°C surface temperature, supported 
further development of analysis procedures, including the quasi-steady recycle feature in TEMPEST. 
One of the principal conclusions of this work was that it is extremely important in computing total 
power requirements to correctly account for mass source terms which modeled the source of glass 
under the cold cap during glass pouring simulations. In these calculations, it also became apparent that 
extremely accurate particle path integrations would be required for the successful use of the particle 
tracker approach to modeling noble metals particles. These calculations led to the conclusion that a 
single particle's path could not be calculated accurately enough in a circulating flow field to differen
tiate path integration inaccuracies from a particle's displacement caused by gravitational settling. This 
conclusion was reached after investigating several path integration schemes (up to and including fourth
order Runge-Kutta) and reviewing other approaches. Thus, the particle tracker approach was subse
quently abandoned in favor of the continuum approach. 

Preliminary post-test calculations were conducted in January and February 1993 using estimated 
glass properties (RSM/Pre data). The research-scale melter experiment was completed in December 
1992 and reduced data from the experiment was made available for comparison to the calculations as 
the calculations were being completed. The final set of calculations was completed at the end of 
April 1993 when the glass sample data for electrical conductivity (RSM/ Alt data) and viscosity became 
available. 
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A summary of research-scale melter simulations follows: 

• Bulk-average-temperature controlled simulations were computed to steady conditions using the 
RSMI Alt electrical conductivity data. These were done assuming symmetric electrodes, a bulk 
average glass temperature of 1150°C, a cold cap boundary condition to the melt, and no glass 
pouring. 

• Several bulk-average-temperature controlled simulations were performed in which the asymmetric 
electrode condition observed after destructive examination of the research-scale melter was 
modeled. These simulations were conducted to identify operational features of the asymmetric 
electrode configuration and the effect of a pure metal layer on the melter floor. 

• Cases were computed to a steady condition using temperature control based upon a single tempera
ture approximating the location of the thermocouple measurement that controlled the experiment. 
These simulations were to investigate the point-temperature controller and to compare differences 
between control temperature, bulk melt temperature, maximum temperature, and other operational 
differences occurring from bulk-average versus point-temperature control. 

• Cases were simulated that approximated a fully coupled melt pool in which noble metals were 
being transported. The purpose of these cases was to investigate the transitory nature of fully 
coupled settling of noble metals particles into an enhanced conductivity sludge layer. 

• Cases were simulated that approximated both feeding and pouring simultaneously in a fully coupled 
melter model. 

• Long-time (days to weeks) analysis methodology for analyzing uncoupled noble metals transport 
was developed and simulations were conducted to approximate actual particle transport conditions 
in the research-scale melter. 

These simulations represent a broad range of investigations into predicting the operational charac
teristics of the research-scale melter and demonstrating successful submodel coupling and analysis pro
cedures. Several of the most pertinent results are presented below. The report by Cooper et al. (1993) 
(unpublished, endnote 1) presents the complete results. 

In the research-scale melter, the control-point thermocouple was located near the floor and behind 
an electrode. At steady conditions, the bulk glass temperature was typically within 11°C of the control 
point temperature. The maximum glass temperature was typically 6Q°C to 70°C hotter. For symmet
ric electrode cases, the maximum temperature occurred in the center of the glass pool. For the short
ened electrode, with an assumed high electrically conducting sludge layer, the maximum temperature 
occurred near the floor and closer to the electrodes, indicative of the current concentrating character of 
the sludge loading to higher local heating. For these scenarios, the control point temperature was typi
cally from 46°C to 64 °C hotter than the bulk glass temperature and the hottest temperatures were typi
cally 57°C to 74°C hotter than the control-point temperature. 

The power, voltage, current, and resistance results predicted for the pre- and post-test simulation 
cases are presented in Table 8.1. 
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Table 8.1. Comparison of Pre- and Post-Test Computer Model Electric Results with Research-Scale 
Melter, Segment 1 Results 

Pre-Test Calculation 

Power P = 2.04 kW 
Voltage E = 32.2 V 
Current I = 63.4 A 
Resistance(a) R = 0.51 {) 

Post-Test Calculation 

Power P = 1.79 kW 
Voltage E = 31.1 V 
Current I = 57.5 A 
Resistance(a) R = 0.54 {) 

Test Segment 1 
Experiment 

1.58 ± 0.3 
24 ± 2 
66 ± 8 

0.36 

1.58 ± 0.3 
24 ± 2 
66 ± 8 

0.36 

Deviation 
(Expr-Calc )/Expr (%) 

-29 
-34 

3.4 
-42 

-13 
-30 
12.8 

-50 

(a) Experimental resistance R = measured E/measured I. 

The predicted average results are considered to be in excellent agreement with the measured data 
when considering the oscillatory behavior of measured results. For example, the measured power 
showed excursions that were typically in the ±0.3 kW range, whereas the voltage and current exhibit 
regular excursions of over ± 10% from the average. The 40% to 50% difference in predicted resist
ance is somewhat disconcerting, but may be caused by effects not included in the model. One signifi
cant parameter that has not been varied in the calculations is the glass depth. The calculations were 
performed assuming a glass depth of 3.6 in. (from the bottom of the melter to the modeled cold cap 
boundary). While the nominal melt depth is 3 in., the buildup of the cold cap and the thickness of the 
cold cap relative to the melt depth may be much more significant in a small melter like the research
scale melter than it is in a larger melter like the engineering-scale or reference melter. 

The average quantities as a function of the reference electrical conductivity for cases with the non
convecting, enhanced conductivity layer are presented in Figure 8.1. The solid symbols are the steady 
values for the case of bulk average temperature being the controlling temperature. The open symbols 
are the steady values for the case of a single thermocouple temperature being the controlling tempera
ture. These results indicate a remarkable and significant effect from the sludge layer. The power 
requirements are quite different, depending on the location of the controlling thermocouple. For the 
single-point controlled situation, because the thermocouple is located near a locally hot area caused by 
the presence of the sludge layer, less total power is required to maintain the target temperature of 
1150°C. However, one consequence of this is that the bulk glass temperature has decreased markedly, 
being nearly 70°C colder than the target value. 

8.5 



00 

0'1 

(20) II Print II power_aves II qaid: /melter/rsml3d.asym.pour.Olinp.pour.O • Tbulk = 1150C 

Variable Control 
Tbulk Tbulk 

1300 ... TCouple Tbulk 3500 
• Power Tbulk 

----b-- Tbulk TCouple 

TCouple TCouple 

---0-- Power TCouple 
1200 

3000 

Controlled Value = 1150C -U 
-;1100 .... 

<-- Temperature 

:l -a3 .... 
Q) 2500 
a. 
E 
~ 1000 

i 
(5 

Power--> 
2000 

900 

800~~~~~~~~--~~~W-----~~~~--~--~~~1500 

10' 102 103 10· 105 

Reference Electric Conductivity (S/m) 

.... 
~ o 
a.. 

Figure 8.1. Power, Average Melt Temperature, and Thermocouple Temperature as a Function of Reference 
Electrical Conductivity in a Simulated, Nonconvecting Sludge Layer in the Research-Scale Melter 



Figure 8.2 presents the power, voltage, current, and resistance as a function of time for a transition 
to an idle state for the fully coupled noble metals particle simulations without pouring. These results 
are for a numerical experiment in which accelerated settling (Le., large particles) occurs. The electric 
parameters show a very marked change with time. As the power drops off in response to a reduced 
heat loss to the top melt surface boundary, the voltage and resistance drop off, but the current 
increases. This effect is a consequence of the settled material accumulating in a layer on the melter 
floor, causing electrical conductivity to increase. The increased electrical conductivity of the sludge 
layer induces a shorting between electrodes, increasing the total current. Near the end of the calcula
tion, material has settled to the floor-adjacent region in sufficient quantity to increase the average 
electrical conductivity in the lower 7 mm to a value of nearly 900 S/m. The reference glass (RSMI Alt 
data; see Appendix B, Section B.4) value at 1150°C is 15.2 S/m. 

Figure 8.3 presents the normalized electric current flux on the face of one electrode. The current 
flux is normalized with the root-mean-square current (Inns) at each time, as noted. For this transition 
to an idle state, the current flux increases dramatically near the floor of the melter because of the 
increased electrical conductivity of the sludge layer. For the .steady state condition, the current flux 
can be calculated from the results in Figure 8.3. 

For RSM/Pre electrical conductivity 02.16 minutes): 

I" = 150 A • 63.4 Anns x 10-4 cm
2 

= 0.95~ 
m 2 

- Anns m2 cm 2 
(8.1) 

For RSMI Alt electrical conductivity (17.47 minutes): 

(8.2) 

For RSM/Alt electrical conductivity after the sludge layer has developed 000 minutes): 

(8.3) 

Such a locally high current flux of this magnitude would significantly exceed design limits (lA/cm2) 

and may explain, in part, why material was lost from one electrode during the research-scale inelter 
experiment. 

Additional details of these and other research-scale melter simulations are contained in the 
research-scale melter test report [Cooper et a1. (1993), unpublished, endnote 1]. The computer model 
calculations for the research-scale melter were designed primarily to investigate methods to do the 
analysis. The calculations were successful in this regard and the results were compared to data, 
where appropriate. The analysis methods and computer submodels for particle settling, etc., were 
then used in conjunction: with post-test particle characteristics and measured glass properties to perform 
engineering-scale melter model predictions. 
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8.2 Computer Modeling of the Engineering-Scale Melter 

A computer model of the engineering-scale melter was developed and tested. The plan for 
computer modeling included using this model for pre-test predictions. The pre-test predictions were 
designed to develop computational approaches and to test submodels. ("Submodels" couple concentra
tion-ciependent glass properties and noble metals particle characteristics to the computation of melter 
operation parameters and other subsequent predictions of the development of an enhanced conductivity, 
noble metals-enriched sludge layer.) In pre-test computations, target values of the experiment test plan 
were used to define input. 

Following the engineering-scale melter experiment, post-test computer modeling was done using 
data from the experiment in two ways. Measured property data and glass sample analysis to determine 
particle characteristics were used as input to post-test analysis and as a basis for improving computer 
submodels. Predictions with the improved submodels were then compared to measured experimental 
data from operations. Additional details, especially of the experimental results, are given in 
Grunewald et al. (1993) (unpublished, endnote 2). Details of the modeling, including a description of 
TEMPEST, the engineering-scale melter computer model, analysis approach, boundary conditions, 
submodels, and property functions, are presented in Appendix B. 

Conclusions drawn from the engineering-scale melter predictions include the following: 

• Material balances, including retention, for Ru02' Pd, and Rh are in excellent agreement with cor
responding experimental data. This agreement is key to the objective of this work. 

• Concentration distributions throughout the melter are typically less than ± 2 % of the average con
centration in the melt at any given time (excluding the sludge layer). The melt pool is concluded to 
be well mixed. 

• Sludge layer thickness between 1 and 1.5 cm develops based on an assumed maximum packing of 
6 vol %. 

• Power and current are typically overpredicted by 10% to 15%. Voltage is underpredicted because 
of discrepancies in electrical conductivity. 

• Comparison of predicted rms-resistance across the electrode pairs with rms-resistance computed in 
the engineering-scale melter test from measured voltage and current are inconclusive. 

Predicted resistance across the electrode pairs without the influence of noble metals (beginning of test) 
is greater than that determined in the engineering-scale melter test. As a sludge layer accumulates, pre
dicted resistance across the upper electrode pair remains nearly constant. It is relatively unaffected by 
the sludge layer. Experimental resistance across the upper electrode pair is also relatively constant. 
Predicted resistance across the lower electrode pair, however, shows a marked decrease (both the rms
resistance and the true resistance) as the sludge layer accumulates. Experimental data indicate the 
resistance across the lower pair to be relatively constant, even though a 1- to 3-cm sludge layer has 
accumulated on the melter floor. Thus, it can be concluded that either 
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• the maximum packing factor of 6 vol % used in the electrical conductivity data correlation is too 
large 

• the sludge layer thickness during operation was greater than the 1- to 3-cm layer observed, or 

• the sludge layer was not continuous across the floor. 

The source of the discrepancy in the comparison of the resistance across the lower pair remains to be 
resolved. 

8.2.1 Pre-Test Predictions and Comparison to Preliminary Data 

The computer model described in Appendix B, Section B.3.2 was used to compute the coupled 
flow, thermal, and electric field characteristics in the engineering-scale melter. The pre-test computa
tional approach used the temperature controller with a target bulk melt temperature of 1150°C. Bulk 
temperature integration was conducted over approximately the central 60% of the melt pool. This 
volume was chosen to prevent biasing the integration with colder glass temperatures under the cold cap 
and near walls. Figure 8.4 presents the computed result for time-dependent total power, integrated 
bulk melt temperature, and average thermocouple temperature. The average thermocouple temperature 
is the linear sum of four locations in the computational domain approximating the four measurement 
locations on the thermocouple stalk in the engineering-scale melter. 

Included in Figure 8A are experimental data [from Elliott (1992), unpublished, endnote 3] for 
steady-state power and thermocouple temperatures in the glass melt. The computed power is the total 
joule heating in the glass melt as a result of both electrode pairs operating. The time-dependent 
approach of the computed result towards steady state has reached a value of 22.9 kW over the time 
shown. The preliminary power data are shown as 22 kW, which is the sum of the power in the upper 
electrode pair (280 A, 43 V, 12 kW) and the lower electrode pair (250 A, 40 V, 10 kW). Agreement 
of these pre-test computed results and the preliminary reported power data is quite good. 

Also included in Figure 8.4 is the time-dependent variation of the integrated bulk glass temperature 
(Thulk) and the average of the four temperatures (TCouple) in the discrete computational domain cor
responding to the four thermocouple locations in the thermocouple stalk. Preliminary data(a) for four 
thermocouples submerged in the glass melt representing steady state values are included in the figure. 
They are included as if they occurred at a time near the end of the computed time. The temperature 
range of the four data points (two of the hotter points are coincident) is shown by the spread in the 
solid triangles. Agreement at the hotter of the three points is quite good in comparison to the predicted 
average thermocouple temperature. It should be noted that later reported data are typically 40"C to 
50°C higher than these preliminary reported data, largely because the target operation temperature was 
increased in an effort to increase glass production rate. 

(a) Note that in the Engineering-Scale Melter Test Plan, these locations were identified as TR13 to 
TR16 in schematics of the melter. In Section 3.1, Figure 3.10, of Griinewald et al. (1993) 
(unpublished, endnote 2), they are identified as TR62 to TR65. 
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Figure 8.4. Pre-Test Predicted Power, Bulk Glass Temperature, and Average Thermocouple Stalk 
Temperature Compared to Preliminary-Reported Engineering-Scale Melter Data 

The preliminary experimental data at the four thermocouple locations in the glass melt (fR13 to 
TRl6) are compared in Figure 8.5 to the vertical temperature distribution computed by TEMPEST at a 
location approximately equivalent to the location of the thermocouple stalk. The TEMPEST data are 
represented by the solid line and the experimental data are represented by the solid circles. The com
parison is made over a vertical distance relative to the bottom center of the melter floor. 

8.2.2 Noble Metals Material Balance and Retention 

In post-test analyses, TEMPEST was used to compute noble metals material balance and retention. 
Analyses were done using continuum species transport to represent each of the three primary compo
nents, Ru02' Pd, and Rh, as settling particulate fields, and assuming that the total amount of noble 
metals could be lumped into a single representative particle field. The first is referred to as the three 
species model and the latter is referred to as the total noble metals model. 

An assumed average lO-hour cycle consisting of 9 hours of feeding the engineering-scale melter 
without pouring and 1 hour of feeding with pouring was used in post-test analyses. In the calculation, 
the glass pour rate during the 1 hour of pouring is 45.37 kg-glasslhr. This value corresponds to an 
average pour rate of 4.5 kg-glasslhr-online, somewhat less than the value of 6.3 kg-glasslhr given in 
Table 5-1 of Grunewald et al. (1993) (unpublished, endnote 2). However, the value of 
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Engineering-Scale Melter Data 

6.3 kg-glasslhr-online given in Table 5-1 is inconsistent with the total glass poured (6423 kg) and the 
total online time (1118 hours), which would be 6423/1118 = 5.7 kg-glasslhr-online. The value of 
4.5 kg-glasslhr-online was obtained as a representative average of the number of pour and feed 
intervals presented in Figures 4.18 to 4.23 of Grunewald et al. Furthermore, the average engineering
scale melter glass pouring rate is reported to be about 50 kglhr. 

For the three species model analysis, the average source term for Ru02 was 5.2157 x 10-3 kg
Ru02lhr; for Pd, 1.374 x 10-3 kg-Pdlhr, and for Rh, 1.100 x 10.3 kg-Rhlhr. For the single repre
sentative total noble metals case, the average source term was 1.78 x 10-2 kg-NMlhr. In the three 
species model, each component was assigned a settling velocity and intrinsic density. The density of 
each species couples the stabilizing density effects as a sludge layer accumulates. The settling velocity 
is also specified for each species field according to the discussion in Appendix B, Section B.4.6 and 
Appendix C. 

The time-dependent variation of the predicted Ru~ balance is presented in Figure 8.6. In the fig
ure, the mass in kg-Ru02 is plotted as a function of time. Curves are included for the total amount of 
material fed to the melter, the total amount of material in the melter at a given time, the total amount of 
material predicted to be on the floor, and the total amount of material contained within the glass in the 
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melter. The total amount of material in the melter is the sum of the material on the floor and the mate
rial in the glass. The total amount of material fed to the melter is a linear function which is just mass
source-rate times time, in the absence of operational interruptions. The total amount of material in the 
glass increases and reaches an equilibrium value. For the results presented in Figure 8.6, the amount 
of material in the glass reaches an asymptotic value of 0.426 kg during the feed portion of the cycle 
and drops to 0.397 kg after a pour cycle. Considering that there is 0.2372 m3 of glass in the computer 
model, at an average density of 2170 kg-glass/m3 as used in the computer modeling, equilibrium mass 
fraction of Ru02 varies between 0.083 and 0.077wt %. This is comparable to the experimental value 
of about 0.08 to 0.09 wt% observed in Figures 5.12 to 5.15 of Grunewald et al. (1993) (unpublished, 
endnote 2). 

The amount of material on the floor after an initial period of adjustment as operations begin shows 
a linear rate of increase, consistent with the deposition rate model in these calculations. The jagged 
points in the curves for total in the melter and in the glass are not a function of a numerical instability. 
Rather, the upswing of each jag represents the 9 hours of feeding and the down swing of each repre
sents 1 hour of pouring. 

Figure 8.7 presents the same Ru02 material balance, but plotted as a function of kg of glass dis
charged (poured) from the melter. Included in this figure are experimental data from Table 5-11 of 
Grunewald et al. (1993) (unpublished, endnote 2). Note that the mass of Ru is plotted, not Ru02, to be 
consistent with experimental data. The conversion from kg-Ru~ to kg-Ru is (101.07 kg-Ru/ 
133.07kg-Ru02). In the figure, the solid symbols are the experimental data. The lines are TEMPEST 
predictions. The predictions were made only to a time at which 3800 kg of glass was poured. Up to 
this time, agreement between data and predictions is very good. Close examination of the experimental 
feed rate indicates that the feed rate was not constant, as was assumed in the calculations. The predic
tions tend to indicate that the amount of Ru discharged from the melter is slightly over-predicted, cor
respondingly resulting in the retention being under-predicted. 

Note that retention as calculated in the TEMPEST prediction is an integrated sum, computed by 
post processing data originating from the pour spout. Retention R1, as defined in Appendix B, 
Section B.7, is shown in the figure. The experimentally determined retention, as shown in Figure 8.7, 
was computed simply as the ratio of kg-Ru discharged from the melter to the kg-Ru fed to the melter. 
This ratio appears to asymptotically approach a value of 40 % (prior to discontinuing operation at about 
6400 kg-glass poured). The experimentally determined retention obtained by integration is reported in 
Section 5.2.4 of Grunewald et a1. (1993) (unpublished, endnote 2) as 35% for Ru. This latter value is 
in very good agreement with the asymptotic value of the computer predictions indicated in Figure 8.7. 

Figure 8.8 presents the same predicted Ru material balance. For the data shown in this figure, it 
was arbitrarily assumed that a 10% bias error exists in the experimental data for material discharged 
from the me Iter. This was done simply to examine the sensitivity of differences between data and pre
dictions. Agreement between data and predictions is slightly improved in this figure. Since all of the 
measured wt% data obtained in the experiment was "shifted" [see Section 5.2.2 of Grunewald et al. 
(1993), unpublished, endnote 2], it is not inconceivable that such a bias error exists in the data. Alter
nately, it is conceivable that modifying the parameters used to determine the deposition rate could also 
cause a biased shift in the prediction of the discharged concentration of Ru. 
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Results for the Pd and Rh components are presented in Figures 8.9 to 8.12. The general character 
of the material balance of the Pd and Rh components, which were modeled as pure material particles, 
is quite similar to that of Ru as discussed above. 

In Figure 8.9, the asymptotic mass fraction of Pd in the poured glass varies between 0.10 and 
0.11 kg-Pd over the feed/pour cycle. These correspond to mass fractions of 0.019 and 0.021 wt% for 
glass density of 2170 kg/m3. Experimental values of Pd wt% [see Figures 5.9 to 5.12 of Griinewald 
et al. (1993), unpublished, endnote 2] are mostly in the 0.02 to 0.03 wt% range. In Table 5-11 of 
Griinewald et al., over the corresponding equilibrium run time of 416 to 710 hr (2207 to 3807 kg-glass 
poured), the average mass of Pd in the discharged glass is 0.101 kg. In Figure 8.10, the asymptotic 
retention is approaching 34 % compared to the experimentally determined value of 38 % determined by 
integration. Thus, the agreement between Pd data and predictions is very good. 

Corresponding results for Rh in Figure 8.11 show an equilibrium mass of Rh in the discharged 
glass between 0.086 and 0.093 kg-Rh over the feed/pour cycle. These correspond to mass fractions 
of 0.017 and 0.018 wt% in the discharged glass. Experimental values are near 0.025 wt% over much 
of the experiment, as observed in Figures 5.9 to 5.12 of Griinewald et al. (1993) (unpublished, 
endnote 2). Table 5-11 of the Griinewald data indicates that the weight of Rh in the equilibrium range 
is between 0.06 and 0.08 kg-Rho In Figure 8.12, the asymptotic predicted retention is approaching 
34%, a number which is in very good agreement with the experimental value of 32%. Thus, the pre
dictions of Rh mass are also in good agreement with data. 

These results indicate that the modeling assumptions used in this analysis, and the analysis 
approach, are quite good and that good agreement with data is obtained for predicting retention of 
noble metals in the engineering-scale melter. 
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The time-dependent results for the accumulation of mass on the melter floor can be used to estimate 
the thickness of a noble metals-enriched sludge layer. Figure 8.13 presents the results for time
dependent Ru02 mass, showing curves for mass of Ru02 in the glass and mass on the floor. The 
amount of mass on the floor can be converted to an equivalent layer thickness by dividing the mass on 
the floor by the density of RuOz, area of the floor, and maximum packing factor, or 

(8.4) 

where All = sludge layer thickness 
Mfioor = mass of Ru02 on the floor, kg-Ru02 
PRu02 = density of Ru02, 6970 kg-Ru02/m3 
Afioor = floor area, 0.28 m2 

Cymax = maximum packing concentration, m3-Ru02/m3. , 

Results for the assumed maximum packing concentration, Cy max' of 0.06 and 0.08 are also pre
sented in Figure 8.13. Extrapolation of these results to the end of the experiment, 1193/24 = 
49.7 days-ron-time, indicate a sludge layer between 1 and 1.5 cm. Experimental observations indicate 
that a sludge layer between 1- and 3-cm thick existed after the melter was drained [Section 5.2.5 of 
Grunewald et al. (1993), unpublished, endnote 2]. If a lesser maximum packing concentration were 
used, the computed thickness would be greater. Samples from the bottom of the melter indicate mass 
fractions approaching 5 wt%, corresponding to a volume fraction of about 5·2170 kg-glass/6970 kg
Ru02 = 1.6 vol %. If the 5 wt% really does represent a maximum packed concentration, then the 
estimated sludge layer would be nearly 5.6-cm thick. The 0.06 maximum packed concentration was 
determined by examining micrographs of glass samples and measured sludge concentrations (see 
Appendix C). 

In addition to the individual species calculation for Ru02' Pd, and Rh, another calculation was 
conducted assuming a single particle component with characteristics of Ru02. This calculation was 
conducted as an upper bound calculation because Ru02 particles appear like "hairballs" with a high 
degree of porosity. The equivalent effective volume of these particles occupy a much greater volume 
than do the smaller, metallic Pd and Rh particles. Thus, they would create a thicker sludge layer than 
would small, rounded metal particles. For this calculation, a noble metals (NM) source rate of 
0.0178-kg NMlhr was used. This feed rate is approximately a factor of 3 greater than the actual Ru02 
feed rate in the experiment and approximately a factor of 2 greater than the total of RuOz, Pd, and Rh 
fed to the melter. Nevertheless, the results are useful because they indicate that in the range of the 
concentrations of noble metals considered, the retention characteristics are largely independent of the 
source term magnitude. In an actual melter, this would be troe up to the point where a sludge layer 
becomes sufficiently thick to affect the melt pool flow, thermal, and electric characteristics. These 
results also provide a second data set from which interpolations of sludge layer thickness can be made. 
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Results of the single noble metals component mass balance are presented in Figures 8.14 to 8.16. 
Figure 8.14 shows the mass balance as a function of time. Comparing this result with that of the Ru02 
results in Figure 8.6 shows a very similar characteristic to the overall material balance. Furthermore, 
the retention for this case (see Figure 8.15) is also approaching an asymptotic value less than 40%. 
Figure 8.16 shows the computed effective sludge layer depth for assumed maximum packing concentra
tions of 6 and 10 vol %. These depths are approaching the 4- to 5-cm-thick range. 

Figure 8.17 compares the TEMPEST-predicted results with a lumped-parameter method (see 
Chapter 7). The lumped-parameter method is a mathematical description of a well-mixed volume with 
associated in flow and out flow. The melt pool is the well-mixed volume and the mass balance is a 
simple ordinary differential equation solution in time. The TEMPEST results are very consistent with 
the lumped-parameter results and lie between the two cases of an assumed volume change during pour
ing and an assumed constant volume melt pool during pouring. This comparison is important for sev
eral reasons. It shows that the constant volume melt approximation used in the TEMPEST model 
adequately models the conditions in the melt pool, even though it differs from the actual situation 
where the melt surface, and hence melt volume, changes during the pouring and feeding portions of a 
cycle. 

Also included in the figure are results that were computed with the lumped-parameter model, 
in which it was assumed that no material settled to the floor. In this case, the discharged (no settling) 
curve represents the ideal situation, as represented in Figure 5.18 of Grunewald et al. (1993) (unpub
lished, endnote 2). It is useful to note that for the settling cases, the retention is asymptotically 
approaching a value near 40 %, whereas the ideal case of no settling shows an integrated retention 
(total-in minus total-out)/(total-in) -100 asymptotically approaching zero. 

Another observation that can be made from the results of Figure 8.17 is that TEMPEST is predict
ing the melter to be a well-mixed volume. In fully coupled calculations conducted without allowing 
settling of material to a stationary floor layer, less than a 2 % variation existed in the concentration dis
tribution in the melt pool. This result supports the use of a lumped-parameter method to estimate 
retention in the melter and to conduct parametric analysis with the lumped-parameter approach. The 
more computationally intensive TEMPEST approach could then be used to investigate specific aspects 
of coupled melter operation resulting from a parametric analysis that defines a range of operational 
limits. 
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8.2.3 Power and Electric Operation Parameters 

Operation parameters monitored during the engineering-scale melter test included power to the 
upper and lower electrode pairs and to the plenum heater. Early in the test, power distribution to the 
upper and lower electrode pairs was 12.5 and 11 kW, respectively. The distribution was gradually 
changed over the first 550 hours of operation to a ratio of 15 to 7.5 kW. This ratio was held about 
constant for the rest of the test. Average voltage, current, and power values are listed in Table 5-1 of 
Grunewald et al. (1993) (unpublished, endnote 2). Resistance of the melter during the test, determined 
by dividing rms-voltage by rms-current, is also presented in Figure 5.17 of Grunewald et al. Although 
not specifically stated, it is assumed that the reported resistance is rms-equivalent, not open circuit 
resistance. 

Numerous post-test computer simulations were conducted to determine power and electrical opera
tion parameters. These were done using various combinations of assumed viscosity, electrical conduc
tivity, and sludge layer depth. A synopsis of some of these results is presented here. 

Figure 8.18 presents power levels, bulk average temperature, and thermocouple stalk temperature 
for one pouring case. These results are very typical of the several calculations completed. Both the 
continuously monitored values and the temperature-controlled average values are included in the figure. 
For the latter, the controller integration time was 0.5 minutes. The total power supplied to the melter 
typically reached an equilibrium value of 25 to 26 kW. 

The power level required to maintain a controlled temperature is almost exclusively a function of 
boundary conditions. The predicted 25- to 26-kW values are comparable to the test values of 23.5 kW 
early in the test, 22.5 kW near the 550-hour point, and the overall average of 22 kW. The over predic
tion of roughly 10% to 15% is considered to be a good agreement. 

Comparison of the post-test power result in Figure 8.18 with the pre-test result in Figure 8.4 (both 
temperature controlled to a bulk average temperature of 1150°C) indicates a very similar characteristic 
approach to the thermocouple stalk-controlled temperature of 1150°C. Some differences in these two 
results are worth noting. The pre-test results in Figure 8.4 are for a "clean" melt (i.e., noble metals 
absent) obtained using RSM/Pre viscosity and electrical conductivity correlations (see Appendix B, 
Section B.4). The post-test results are obtained using engineering-scale melter-correlated data and an 
assumed 1-cm sludge layer initially on the floor of the melter. The layer was dissipated throughout the 
melt by the end of the simulation because the concentration-dependent viscosity was of insufficient 
magnitude to completely inhibit convection in the layer. Note that the temperature-controlled averages 
exhibit smoother curves than do the continuously monitored values. The spikes in the continuously 
monitored values are a consequence of the physical instabilities in the melt and represent predicted 
falling columns of cooler glass passing the monitoring location. These columns tend to move around 
the melt. An experimental measurement of a thermocouple stalk probably would not capture these 
characteristics because of the time constant associated with the thermocouple/thermowell dampening as 
a result of axial conduction in a thermowell, and any time constant associated with data acquisition 
systems. In the data acquisition component of the engineering-scale melter test, the scanning and 
storage rate for temperatures was 300 seconds. It is not possible from engineering-scale melter data 
to confirm the existence of such falling columns of cold glass. 
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Table 8.2 presents a composite of the operational parameters of several simulations to predict 
resistance of the melter. The objective of these simulations was to compare predicted resistances to 
data determined from measured voltage and current. For these simulations, the current source was 
specified in each electrode pair to approximate the early-, mid-, and end-of-test conditions. Based on 
the amount of material initial ized in the simulations with a l-cm layer of sludge, approximate experi
ment times of 0, 600, and 850 hours were simulated. For reference and comparison, the #U 1 and #U2 
test averages from Table 5-1 of Griinewald et al. (1993) (unpublished, endnote 2) are included in 
Table 8.2. 

Comparing predicted data in column 1 (flay.Ob) of Table 8.2 with data from test #Ul, which 
represents the melter prior to noble metals addition, shows that the current is under predieted by about 
10 % in both electrode pairs while the power is over predicted by about 10 %. This is consistent with 
the voltage in each pair being over predicted by about 50%. Correspondingly, the rms-resistance is 
also over predicted by about 50 % relative to the experimental data. The ratio of the rms-resistance of 
the upper pair to the lower pair is (0.23010.267) = 0.86. By comparison, the ratio for test #Ul values 
is (0.144/0.160) = 0.90. These values agree well and are consistent with the predicted and actual 
ratios of upper-to-Iower electrode power in the #U 1 test-Le., predicted ratio, 1.19; actual ratio, 1.22. 
Note also that the true-resistance (open circuit value) is less than the rms-resistance determined by 
dividing the rms-voltage by the rms-current. 

The best agreement in current, voltage, rms-resistance, and power with the #U2 test data is found 
in columns 4 and 5 (simulations flay.2a and flay.2), respectively, for the lower electrode pair. These 
two simulations assumed different floor layers. The first simulation used a uniformly flat layer, l-cm 
thick near the walls and 3-cm thick in the center, with an effective electrical conductivity of about 
770 S/m. In the second simulation, a uniformly l-cm-thick layer existed over the whole floor, with an 
electrical conductivity of about 1830 S/m. The electrical conductivities are only approximate because 
while the amount of material is uniform in the layers, the temperature distribution is variable. In these 
two simulations, the concentration of Ru~, Pd, and Rh are those values predicted by TEMPEST to 
have settled to the floor over 600 and 850 hours. For these cases, the current in the lower electrode 
pair is 230 and 229.5 amps, while the #U2 average data value is 231 amps. The voltage is 35.5 and 
31.5 V, while the #U2 average data value is 37.3 V. The corresponding rms-resistance is 0.154 and 
0.1370 compared to the average test value of 0.1610. 

The rms-resistance and true-resistance from the predictions are compared to data in Figure 8.19. 
The predicted rms-resistance is determined as the ratio of the predicted rms-voltage and rms-current, 
R = Ell. This approach is consistent with the data that determined as the ratio of the measured voltage 
to measured current. The true-resistance shown in the figure is the value of resistance an ohm meter 
would measure across an electrode pair if the other pair were open-circuited. Note that in all cases, the 
true-resistance is always less than the rms-resistance in an alternating current system where both elec
trode pairs are powered by an in-phase source. With no noble metals in the melt (t=O), the predicted 
rms-resistance is greater than that of the #U2 test, but the ratio of the upper to the lower is about the 
same, 0.86 compared to 0.90. The trend in the prediction is that the resistance in the lower pair 
decreases to values less than the upper pair when the sludge layer is present. The predicted resistance 
in the upper pair remains largely unaffected by the presence of the sludge layer. 
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Table 8.2. Summary of the Two Field Electrical Characteristics in the Engineering-Scale Melter Test 

Experimental Data (Table 5-1) 

Run Number flay.Ob flay.Oc flay.Oa flay.2a flay.2 flay.O Ul Avg. U2 A\·g. 

Upper Pair 

Current (1 2, Amps) 270.0 228.6 270.0 270.0 270.0 249.2 308 316 

Voltage (V 2' Volts) 62.1 52.5 59.2 57.0 60.2 52.8 44.4 42.4 

Resistance (R2, 0) 0.230 0.230 0.219 0.21 I 0.222 0.212 0.144 0.134 

Power (1'2' lew) 16.76 12.01 16.00 15.40 15.21 13.17 13.7 13.3 

Resistance-True (~., 0) 0.194 0.194 0.192 0.191 0.190 0.191 

Lower Pair 

Current (I I' Amps) 229.5 193.5 229.5 230.0 229.5 176.1 265 231 

Voltage (VI' Volts) 61.3 5 J.8 46.6 35.5 31.5 32.0 42.4 37.3 

Resistance (Il" 0) 0.267 0.267 0.202 0.154 0.137 0.182 0.160 0.161 
00 

Vol Power (PI' lew) 14.07 10.02 10.69 8.14 7.24 5.63 11.2 8.6 
Vol Resistance-True (Ill ., 0) 0.217 0.217 0.165 0.127 0.113 0.140 

Total Power (PT' lew) 30.83 22.03 26.69 23.54 22.45 18.80 24.9 23.0 

Power Ratio (I' :II' J) 1.19 J.20 J.50 J.89 2.10 2.33 J.2 J.211.55/2.0 

Average Glass Temperature ("C) 1153.5 1153.4 1153.4 1153.3 II 53.4 1153.3 1148 1184 

Thermocouple Temperature ("C) 1149.8 1149.7 1149.6 1149.7 1149.6 1149.6 

Average Concentration in Glass 

Ru02 (kg/m3) O. O. 1.176 1.183 1.675 1.675 

I'd (kg/m3) O. O. 0.300 0.304 .430 .426 

Rh (kg/m3) O. O. 0.253 0.256 .362 .359 

Average Concentration in Sludge 

Ru02 (kg/m3) O. O. 283.9 283.6 402.6 402.7 

Pd (kg/m3) O. O. 80.4 I 80.34 113.3 113.4 

Rh (kg/m3) O. O. 55.74 55.69 78.9 79.0 

Glass Conductivity (II O-m) -15.5 -15.5 -15.5 -15.6 -15.7 -15.7 

Sludge Layer Conductivity (II n- -15.5 -15.5 -770. -770. -1830 -1830 
m) 

Approximate Operating Time (hr) 0 0 600. 600. 850 850 
(9hr feed, Ihr pour cycle) 

Sludge Layer Shape (none) (none) 

~' ~G 
I 

Go c::::j J ,In c::::jJ'" 
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The decrease in the resistance between the lower electrodes occurs because of the enhanced con
ductivity sludge layer that bridges the electrodes. In the experiment, it is reported that a 1- to 3-cm 
layer of sludge remained on the melter floor after the melter was drained. Figure 5.18 of Grunewald 
et al. (1993) (unpublished, endnote 2) presents floor samples that exhibit concentrations ranging from 
about 4 to 6 wt% (total) over the melter floor. 

The primary difference between the conditions governing the predictions and the data is that the 
electrical conductivity in the floor layer is probably too high. A more detailed discussion on how the 
concentration dependence of the electrical conductivity was determined is given in Appendix B, 
Section BA.1. By 850 hours, 1.84 kg-total of Ru02' Pd, and Rh have accumulated on the floor. 
From Figure 8.13, the estimated sludge layer is between 1- and 1.5-cm thick, consistent with the 1- to 
3-cm-thick sludge layers assumed in Table 8.2. The thickness is based on a maximum packing factor 
of 6 vol %, which for Ru02' the principal component at a density of 6970 kg-Ru02/m3, corresponds to 
19.3 wt%. The resistivity data [Figure 5.19 of Grunewald et al. (1993), unpublished, endnote 2] 
shows tlte ratio of enhanced conductivity sludge at 1150 D C to be about 9 times that of the glass 
product. The sludge samples used for the measurements include floor sample No. 1 and a glass sample 
labeled batch 2, sample 3, from glass poured approximately halfway through the #U2 test. The floor 
sample is reported as being nearly 6 wt% (total noble melllls), corresponding to a volume fraction of 
about 2 vol % (considering only the Ru02 component). At 2 vol % and a maximum packing of 6 vol %, 
the predicted enhanced conductivity (see Appendix B, Eq. B.30) is about a factor of 10 greater than the 
noble metals-free glass. This is consistent with the experimental ratio of 9. Thus, the enhanced con
ductivity correlation used is consistent. It can be concluded that either the maximum packing factor is 
significantly less than the 6 vol % determined from analysis of the glass sample micrographs, that the 
layer is continuous on the floor, or that the noble metals in the sludge layer are much more dispersed. 
The latter would suggest that the layer is much thicker than predicted, with a correspondingly lower 
electrical conductivity. Resistivity data presented in Figure 5.23 of GrUnewald et al. (1993) (unpub
lished, endnote 2) are of no value in resolving the issue further because the data are from samples all 
containing less than 0.4 wt% (uncorrected), except one floor sample (No.5), which contains nearly 
6 wt%. Electrical resistivity for sample No.5 differs by nearly a factor of 1.5 from data for sample 
No.1. The direction of the difference in electrical conductivity is consistent with the correlation used 
in the analysis. The additional data, however, does not help resolve the issue of maximum packing 
factor. 

8.2.4 Temperature Profiles 

Experimental temperature measurements were made at five locations on the thermocouple stalk. 
Of these five locations, only one (TR64) is in the melt continuously. The other four are in the cold cap 
region or the plenum. The one in the melt indicates that the central melt temperature was very nearly 
1200 DC over most of test #U2. There are short periods where the temperature in the central part of the 
melt would drop as low as 1100 DC. The average operating melt temperature is reported as 1184 DC, 
somewhat hotter than the target operating temperature of 1150 D C. The melter was run at the hotter 
temperature in an attempt to increase feed processing and glass production rates. The engineering-scale 
melter was controlled by manually adjusting the electric current to the melter. 
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All of TEMPEST's post-test simulations were conducted using a temperature controller targeted to 
a temperature of 1150°C. It was found that in the computer model, the average melt temperature over 
the central 2/3 of the melt volume was typically within ±5°C of the controlling temperature location. 
Table 8.2 lists average and controlled temperatures for several cases. 

The distribution in temperature from bottom to top varies significantly in the melt, depending on 
position and time. Figure 8.20 compares computed temperature profiles with the data from Fig-
ure 4.28 of Grunewald et al. (1993) (unpublished, endnote 2). The data were acquired near the end of 
test #U2 and thus the reported 1- to 3-cm layer of sludge would have been present. The computations 
included in Figure 8.20 were for a case in which a l-cm layer existed across the floor. Accounting for 
the difference in average temperature, the agreement between the predicted temperature distribution 
and the measured data is quite good. Comparison of the predicted curves from in the central region of 
the melt (curves 1 and 3) with the data from a filled condition (upper curve) indicates a very similar 
overall shape and slope, except very near the melter floor. All of the predicted temperature profiles 
show a marked effect from the presence of the sludge layer. The effect is particularly pronounced just 
in front of the electrode faces (curves 2 and 4, open symbols) where local temperatures reach 1200°C, 
some 50°C hotter than the average, and nearly 80°C hotter than the lower region of the central portion 
of the melt. (Note that the colder temperatures in curves 2 and 4, below the lower edge of the lower 
electrode pair, are in the refractory material.) The asymmetry in the upper region of the melt in front 
of the electrode faces is a consequence of the asymmetric melt flow distribution in this physically 
unstable condition of cold-over-hot glass. 
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8.3 Computer Modeling of the Reference MeIter 

Upon completion of the engineering-scale melter computer modeling, the reference melter was 
modeled. The analysis methodology and computer submodels developed in modeling the research
scale melter and engineering-scale melter were used. The TEMPEST computer program, computer 
submodels, and the computer model of the HWVP reference melter are described in Appendix B, 
along with physical properties of the glass modeled in the simulations. 

The computer model of the reference melter contained 29,435 computational cells. Material types 
were used to model the glass, Inconel, refractories, and noble metals species. The glass, surrounding 
refractory layers, electrodes, and electrode stems were modeled explicitly. The pour spout was 
approximated as a horizontal outflow path. The discretization was done in Cartesian coordinates, 
which requires stairstepping curved surfaces. Analysis was done to confirm that the stairstepping did 
not appreciably affect conduction heat loss through the side walls. The slight curvature of the refer
ence melter floor was also modeled with a stairstepping of the grid system. The smallest nodes used 
adjacent to the floor were 2.54 cm (1.0 in.). 

The analysis approach, developed during research-scale melter and engineering-scale melter model
ing phases, included simulation of fully coupled flow situations representing pouring, feeding without 
pouring, and idling. Each of these situations were computed to steady conditions using a power con
troller that adjusted electrical current to attain a target temperature in the glass. The target temperature 
was 1150°C at a location in the glass approximately midpoint between the upper pair of electrodes. 
After simulating the fully coupled steady situations, the flow fields were used in a recycle configuration 
to represent pouring and feeding portions of long-term operation. Noble metals were transported in 
these simulations as dispersed particle fields approximated as a continuum field transported according 
to a species concentration transport equation. Each of the three species modeled (Ru02, Pd, and Rh) 
were assigned settling velocities determined from micrograph analyses of particle shapes and sizes. 
The Ru02 particles were very porous, exhibiting a "hairball" character. They have also been described 
as looking like Tinker Toys and Jacks. The Pd and Rh components were largely associated with the 
Ru~, but with a smaller, more solid particle character. Deposition of these settling particle fields was 
according to a deposition model based on settling velocity and concentration. 

Computer submodels implemented for this work included a hindered settling model, enhanced . 
conductivity (electrical and thermal) models, and particle concentration-dependent viscosity models. 
Coefficients in these models were determined largely from test data taken during various phases of the 
melter performance assessment program. 

The long-term species transport used a recycled option. This approach was based on the observa
tion that the thermal response time of the melter system (as temperature controlled in this work) was 
several hours, whereas the sludge layer accumulated on the melter floor very slowly, on the order of 
0.5 mmJd. Thus, simulations of sludge layer accumulation over the long term (on the order of 
60 days) were conducted in an uncoupled mode. These simulations provided several pieces of impor
tant information. One was that the concentration distribution throughout the melt was relatively 
uniform, leading to the conclusion that a well-mixed assumption could be used in a lumped-parameter 
analysis to more efficiently perform parameterizations. This approach is described in Chapter 7. 
Another important result was that because the accumulation rate of the particulate material in the sludge 
layer became very linear after an equilibrium concentration was reached in the glass, accumulation 
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rates could well be extrapolated to times beyond the end of the simulations. Another important feature 
of the deposition was that deposition flux (kg/m2) was also very uniform, leading to a prediction of a 
uniformly thick sludge layer. 

The effect of the sludge layer accumulation with time on the electrical operation parameters is best 
represented as a function of sludge layer depth. Because the accumulation rate is slow relative to other 
system time constants, the rate of particle deposition (from either TEMPEST modeling or lumped
parameter modeling) can be converted to a sludge depth with time, and the effect of the sludge layer on 
electrical operation parameters can be determined as steady-state points for a given sludge depth. 

The rest of this section presents results of the computer modeling for the reference melter. A 
matrix of simulation cases completed is given. Results of fully coupled scenarios for pouring, feeding, 
and idling are presented to examine average power conditions and flow and thermal field characteris
tics. Mass balance and retention results are presented for several operation scenarios. Using the mass 
balance results, the effect of the sludge layer is analyzed in terms of electrical and thermal operational 
limitations to estimate melter lifetime based on hypothesized limiting failure conditions. 

The modeling results for sludge layer buildup and the effect of that buildup on the reference 
melter's operating parameters are used to estimate the melter's lifetime. Scenarios hypotheisized as 
limiting are listed below: 

I. Assume the design condition upper-to-Iower electrode power ratio is 55/45: 

A. The noble metals layer blocks the path to the discharge section, preventing the glass from 
being poured. 

B.1 T glass < 1050°C as measured by the lower thermocouples in the thermowell, or 
B.2 the current requirement to either of the electrode pairs reaches the limit of the silicon

controlled rectifier (SCR), or 
B.3 T max > 1350°C 

II. Assume skewing of power to the two electrode sets so the upper thermocouples stay between 
1125°C and 1175°C: 

A. The noble metals layer blocks the path to the discharge section, preventing the glass from 
being poured. 

B.1 T glass < 1050°C as measured by the lower thermocouples in the thermowell, or 
B.2 the current requirement to either of the electrode pairs reaches the limit of the SCR, or 
B.3 Tmax > 1350°C 

The first scenario (I) assumes the design condition that the ratio of power to the upper and lower 
pairs of electrodes is to be maintained at 55/45 (= 1.22). In this scenario, if shorting occurs across the 
lower electrode pair because of the sludge layer, leading to a decrease in power dissipation, then power 
to the upper pair would be decreased proportionally. In the second scenario (II), if shorting occurs 
across the lower electrode pair, it is assumed that the 55/45 power ratio is abandoned in favor of 
maintaining the glass temperature within desired operational limits. In this scenario, a reduction in 
power dissipated by the lower electrode pairs would be compensated with increased power dissipation 
in the upper pair. 
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Within each of these two scenarios, limiting conditions are hypothesized. If the sludge layer accu
mulated to block the pour spout entry, then the melter would no longer be operational (A). If the tem
perature in the glass dropped so the glass could no longer flow, then the melter would no longer be 
operational (B. 1). The region near the pour spout opening would be most affected by this condition. 
This region is in the upper third area of the lower electrode pair. If the current limitation of the trans
formers supplying either electrode pair is exceeded, then an upper limit of operation would be reached 
(B.2). This limitation could be extended or modified, although alterations would require a more exact 
definition of expected operational procedures as they apply to the electrical diagram(a) for the trans
formers. The transformers have 300 kVA limits (3000 A on 1oo-V taps; 2000 A on 150-V taps; and 
1000 A on 3OO-V taps). For the present, it is assumed that the 3000 A and 3OO-kVA limitations apply. 
If a local temperature exceeds 1350°C, the temperature at which the Inconel electrodes may begin to 
significantly degrade, then an operational limitation would be reached (B.3). 

The following list summarizes of the estimated times to reach hypothesized failure limits: 

I. Assume the design condition upper-to-Iower electrode power ratio is 55/45: 

A. 
B.1 
B.2 
B.3 

Discharge blocked: 
T glass < 1050°C: 
Transformer limits exceeded: 
T max > 1350°C: 

Not limiting; in excess of 816 days 
Estimate: Does not occur if no other limits applied 
Estimate: 192 days 
Not limiting: Local temperatures approach 1340°C 

II. Assuming skewing of power to the two electrode sets so the upper thermocouples stay between 
1125°C and 1175°C: 

A. 
B.1 
B.2 
B.3 

Discharge blocked: 
T glass < 1050°C: 
Transformer limits exceeded: 
T max > 1350°C: 

Not limiting; in excess of 816 days 
Estimate: 447 days 
Estimate: 192 days 
Not limiting: Local temperatures approach 1340°C 

The time estimates above assume a 70% operating efficiency, which includes 63 days of operation 
followed by 30 days of continuous idling. 

There are uncertainties in these estimates. The analysis procedure was developed and validated 
against the engineering-scale melter retention data. Thus, assuming the engineering-scale melter reten
tion data are accurate, the model's retention results for the reference melter should be reasonably accu
rate. If the retention is accurate, then the amount of material on the floor should be similarly accurate. 
Uncertainties in the accumulation rate for the sludge layer can then be assumed to be a function of 
parameters affecting sludge layer depth. Those parameters are not directly involved in retention. Of 
these, the parameters with the greatest uncertainty is the maximum packing fraction, Cy,max. A value 
of 0.06 (= 6 vol %) was used here. This value was determined by visual examination and analysis of 
transmitted and reflected light micrographs of research-scale melter and engineering-scale melter 
glass samples. For this work, 6 vol % corresponds to 17.5 wt % of 6970 kg-Ru02/m3 material in 
2386 kg/m3 glass. This value is reasonably consistent with noble metals data in Krause and 
Luckscheiter (1991). They list a maximum of 16.5 wt% of platinum metals (not only Ru02) obtained 

(a) Reference Fluor Daniel drawing. SK-8457-E-001. 
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from a melter floor sample. Their micrographs of glass samples exhibit shapes not dissimilar to the 
"hairball" shapes in research-scale melter and engineering-scale melter glass samples. The correspond
ing volume fraction for their data cannot be determined accurately from the data presented in the paper, 
but it should be about 5 vol %. Alternately, engineering-scale melter floor samples showed a maximum 
of about 6 wt% total noble metals and just over 5 wt% maximum for Ru02. This latter value can be 
converted to 5 wt% = (0.05 kg-Ru~/kg-glass) * (2386 kg-glass/m3)/(6970 kg-Ru~/m3) = 1.7 vol % 
(based on density numbers consistent with the reference melter model computer analysis). Note that in 
Eq. (8.4), the sludge layer depth is inversely proportional to Cv,max. If the engineering-scale melter 
data point (1.7 vol %) was assumed to be representative of the maximum packing factor and was used 
in Eq. (8.4), the sludge layer depth as a function of time would be a factor of (0.06/0.017 = 3.5) times 
greater than shown. This would directly decrease the estimated time to reach a postulated failure by 
approximately a factor of four. 

Material properties, especially electrical conductivity, affect the electrical characteristics upon 
which estimated times-to-failure are based. The electrical conductivity used here is based on measured 
data (Appendix B, Section B.4.1). Other measured electrical conductivity data show variations by as 
much as a factor of two from that used here. The variations suggest that the estimated time to failure 
given above may be underestimated by a corresponding factor of two. 

Another factor also affects the above time estimates-the "shape" of the sludge layer. That factor 
is more difficult to evaluate. In the analysis presented above, it was assumed that the maximum-packed 
sludge layer exists as a uniform material with a horizontal, flat interface. This assumption was made 
for several reasons, one being that it was convenient to fill the stairstepped, Cartesian computational 
grid system used in the model to approximate the curved nature of the reference melter floor. When 
the sludge layer completely bridges the lower electrodes (at the 7.6-cm depth in the model), filling the 
stairstepped computational cells is consistent with what actually happens in the melter, as if the hemi
spherical segment of the curved floor of the melter were also filled in. The volume of a hemispherical 
segment with the dimensions of the melter floor (0/2 = 91.44 cm, h = 7.62 cm) is 0.1138 m . The 
volume of the stairstepped approximated computer model for the same depth (h = 7.62 cm) is 
0.1186 m3, less than a 5% difference. The worst condition (shortest time) for exceeding the hypothe
sized limitations is first predicted when the sludge layer nearly bridges the lower electrode. Thus, the 
results discussed above (and those given in Section 8.3.6) are most applicable for sludge layer depths 
greater than or equal to the reference depression depth at the center of the melter, 7.6 cm in the com
puter model and 8.6 cm (3.4 in.) in the reference melter. The difference in the effect of the 
7.6- versus 8.6-cm depth is insignificant relative to the uncertainty in Cv,max and electrical conductivity 
discussed above. 

The geometry of the melter floor and electrodes presents an even more significant effect of the 
chosen sludge layer depth. In the central, vertical plane of the electrode sterns, the reference depres
sion at the center of the melter floor is 3.4 in. (8.6 cm) below the lower lip of the lower electrode. In 
this plane, the distance from the lower electrode to the refractory is only 1.35 in. (3.43 cm). Further
more, at the end of the electrode (lower corner), the distance from the electrode to the refractory is 
only 0.3 in. (0.75 cm). If the sludge layer were uniformly 0.75-cm thick over the 2.33-m2 floor area, 
its volume would be 2.33 * 0.0075 = 0.0175 m3. This volume is seven times less than the 0.1138 m3 

occupied by the hemispherical segment of the floor. This volume difference would lead to the same 
factor reduction in settled noble metals, and hence, the same factor reduction in estimated time for the 
sludge layer to bridge the electrode and potentially cause shorting problems. The time for a shorting 
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problem to develop may be even less if the flow field fostered the accumulation of material in a ring 
around the floor at the intersection of the floor and wall. 

Based on the above discussion, the time estimates to reach the hypothesized limitations are 
expected to be between a factor of seven too long and a factor of two too short. 

8.3.1 Simulation Matrix 

Several simulations of the reference melter were completed using the computer model described 
in Appendix B, Section B.3.3. During the course of the modeling, new and/or revised information 
became available, requiring that calculations be repeated. Principally, four cases were completed, as 
noted in Table 8.3. Within each case, several fully coupled calculations were completed for particular 
conditions. These included conditions of pouring (with feeding), feeding (without pouring, e.g., 
during canister changeout), and idling (without feeding and without pouring). The fully coupled simu
lations were typically computed to steady conditions of a target-controlled temperature of 1150°C. 
Subsequently, uncoupled species transport conditions over the long term were computed. These 
simulations were used to analyze the noble metals material balance (retention and sludge layer 
accumulation). The results for sludge layer accumulation were then used to analyze the equilibrium 
operation parameters (power, voltage, current, resistance, and maximum glass temperature). These 
results were then used to estimate the melter lifetime by combining the rate of sludge accumulation 
with reference melter. design operation limits and/or hypothesized failure modes. 

The sequence of the four fully coupled simulations cases follows: 

Case 1 - This case was the preliminary case computed following the engineering-scale melter 
computer modeling. The calculation method developed during the engineering-scale 
melter phase of the computer modeling was used. Property correlations identified in 
Table 8.1 were used. Noble metals characteristics (principally settling rate) determined 
from the engineering-scale melter modeling were used for the three noble metals Ru02, 
Pd, and Rh. While analyzing the results, it was determined that the lower lip of the 
pour spout opening had been situated 7.6 cm above the melter floor, so the location 
was corrected and the model was re-computed. 

Case 2 - This case repeated Case 1, but with the lower lip of the pour spout opening situated 
25.9 cm above the melter floor. This distance compares to a design distance of 25.2 cm. 
The results of this case were reported prior to the melter performance assessment [Eyler 
et al. (1993), unpublished, endnote 4]. At this point the distance between electrode faces 
was noted to be only 1.28 m (50.6 in.). Subsequently, it was decided to modify the 
computer model for the final melter performance assessment to reflect the reference melter 
design distance between electrode faces of 1.42 m (56 in.). 
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Table 8.3. Cases and Major Parameters for the Reference Melter Simulation 
Case Number 

1 2 3 4 

Target Bulk Glass Temperature (0C) 1150 1150 1150 1150 

Glass Pour Rate (kg/hr) 100 100 100 100 

Melt Volume (m3) 1.72 1.72 2.05 2.05 

Melt Depth (m) 0.81 0.81 0.81 0.81 

Floor Area (m2) 1.77 1.77 2.33 2.33 

Electrode Separation (m) 1.27 1.27 1.42 1.42 

Distance to Pour Spout, Lower Up (cm) 7.6 25.9 25.9 25.9 

Glass Density: 

Reference @ 1150°C (kg/m3) 2170 2170 2500 2386 

Gradient dp/dT (kg/m3_0C) ..{).6 ..{).6 ..{).6 "{).2 

Correlation (See App. B, Figure B.8) HW39-1 HW39-1 TEMPEST/ LFCM-8/ 
2500 Monarch 

Glass Viscosity: 

Reference @ 1150°C (Pa-s) 5.87 5.87 5.87 5.87 

Correlation (See App. B, Figure B.9) 

Glass Electrical Conductivity: 

Reference @ 1150°C (Oemr l 28.75 28.75 28.75 28.75 

Correlation (See App. B, Figure B.6) 

Scenarios: 

Pour Y Y Y Y 

Feed Y Y N Y 

Idle Y Y Y Y 

Uncoupled N Y Y Y 

Resist N Y Y Y 

Noble Metal Source Rates: 

Ru02 (kg/hr) 0.1076 0.1076 0.113 0.113 

Pd (kg/hr) 0.0278 0.0278 0.0292 0.0292 

Rh (kg/hr) 0.0225 0.0225 0.0236 0.0236 
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Case 3 - This case repeated Case 2, but with two differences in the computer model. The first 
was an expansion of the distance between electrode faces to 1.42 m (56 in.). The second 
was modification of the temperature-dependent density correlation of glass so the reference 
value at 1150°C was 2500 kg/m3, compared to the data used in all earlier calculations in 
which the reference value at 1150°C was 2170 kg/m3 (unpublished, endnote 6). 

Case 4 - This case repeated Case 3, with one change. The temperature-dependent density cor
relation used was based on the glass density measured for LFCM-8 glass (unpublished, 
endnote 6). The measured reference density at 1154°C was 2386 kg/m3, but the tem
perature dependence, dp/dT, was significantly less than the previously used correlation 
reported by Larson (1989) (unpublished, endnote 5). The effect was significant decrease in 
the maximum convection velocity of the glass melt. 

For each of these cases, steady state conditions were computed for conditions of feeding with pouring, 
feeding without pouring, and idling. To identify these conditions within each case, the case number is 
appended to "pour," "feed," and "idle." For example, the three conditions for Case 4 would be identi
fied as follows: 

pour.4 Pouring condition with feeding for Case 4 

feed.4 Feeding condition without pouring (Le., canister change-out) for Case 4 

idle.4 Idling conditions without feeding or pouring for Case 4. 

Two additional calculation conditions are also identified: 

uncup.4 

resist.4 

Uncoupled, long-term noble metals transport for melt pool flow and thermal 
conditions of Case 4 

Equilibrated sludge layer calculations in which the operation parameters 
(power, voltage, current, and resistance) are determined as a function of 
sludge layer depth. 

Cases 1 through 4 were computed sequentially in time as new and/or revised information became 
available. Within each case, the "pour," "feed," and "idle" conditions were computed as transitions 
from one of the other conditions. This was done as restart calculations subjected to modified boundary 
conditions. Each situation was computed to steady thermal conditions using the power controller tar
geted to a control-point temperature of 1150°C. The power controller is discussed in Appendix B, 
Section B.2.4. For each case where glass pouring occurs, the pour rate was 100 kg-glasslhr (at the 
reference density at 1150°C). 
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8.3.2 Average Power, Voltage, Current, and Resistance 

The average operating parameters (power, voltage, current, and resistance) were calculated for 
the steady-state conditions in the fully coupled mode for each of the cases and conditions. Results 
are presented in Table 8.4. Included in the table are results for Cases 2, 3, and 4. Case 1 is omitted 
because it is nearly identical to Case 2; the location of the pour spout has minimal influence on these 
parameters. The "feed" condition for Case 3 was not computed. Note that the most significant dif
ference between Case 2 and Case 3 is the electrode spacing, and hence the melt volume. The only 
difference between Case 3 and Case 4 is the density correlation. Case 4 represents the most compre
hensive analysis for the reference melter; most of the results presented subsequently (results for noble 
metals material balance, melt pool characteristics, and sludge layer effects) are for this case. Other 
cases are discussed when they produce a result or an effect that is significant. 

Table 8.4. Average Power, Voltage, Current, and Resistance Predictions for Upper and Lower 
Electrodes, Reference Melter 

Parameters 

Upper Pair Electrodes 

Current (12' amps) 

Voltage (V 2' volts) 

Resistance (R2' 0) 

Power (P2, kW) 

Resistance-True (R2*' 0) 

Lower Pair Electrodes 

Current (1 I , amps) 

Voltage (V I' volts) 

Resistance (RI' 0) 

Power (PI' kW) 

Resistance-True (RI*' 0) 

Total Power (PT' kW) 

Power Ratio (P2/PI) 

Average Glass Temperature (0C) 

Thennocouple Temperature (0C) 

Pour.2 

1485.1 

131.3 

0.088 

195.1 

0.063 

1485.1 

120.0 

0.081 

178.2 

0.056 

373.3 

1.09 

1149.0 

1150.2 

Case 2 

Feed.2 Idle.2 

1480.5 779.4 

131.0 69.2 

0.088 0.089 

194.0 54.0 

0.063 0.063 

1485.1 779.4 

119.7 63.6 

0.081 0.082 

177.2 49.6 

0.056 0.056 

371.2 103.6 

1.09 1.09 

1148.8 1148.0 

1500.0 149.3 
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Case 3 Case 4 

Pour.3 Idle.3 Pour.4 Feed.4 Idle.4 

1599.2 1026.7 1559.4 1559.5 1025.1 

146.9 93.7 143.9 143.8 94.4 

0.092 0.091 0.092 0.092 0.092 

235.1 95.5 224.5 224.6 96.8 

0.066 0.066 0.067 0.067 0.060 

1462.7 979.0 1427.1 1427.9 938.5 

130.8 85.0 128.3 128.3 84.9 

0.089 0.087 0.090 0.090 0.091 

191.4 82.5 183.1 183.2 79.7 

0.059 0.060 0.059 0.059 0.060 

426.5 178.0 407.5 407.8 176.5 

1.23 1.16 1.25 1.26 1.21 

1148.9 1149.2 1148.3 1148.3 1148.1 

1149.8 1149.0 1149.7 1150.3 1149.7 



In each of these calculations, the target glass temperature is 1150°C, the temperature at which the 
power was controlled. In the glass pouring cases, the pouring rate is 100 kg-glasslhr where the glass 
density is calculated at the reference temperature of 1150°C. Note that the reference glass density 
varies from 2170 kg/m3 in Case 2 to 2500 kg/m3 in Case 3 to 2386 kg/m3 in Case 4. Also note that 
the volume of the modeled melter increased from 1.72 to 2.05 m3 in moving from Case 2 to Cases 3 
and 4 because of the greater distance between electrodes (1.27 to 1.42 m). 

The power required to maintain the control temperature is the same for conditions of pouring and 
feeding. This is consistent with the boundary conditions applied. Note that there are certain differ
ences worth noting between Cases 3 and 4. The only difference in the computer model for these two 
cases is the density correlation (see Appendix B, Section B.4.3). In Case 3, the reference density is 
2500 kg/m3 and the change in density, dp/dT, is -0.6 kg/m3-oC at the reference temperature of 
1150°C. In Case 4, the reference density is 2386 kg/m3 and the change in density, dp/dT, is 
-0.2 kg/m3_oC at the reference temperature of 1150°C. The change in density that occurs with 
temperature variations results in predicted maximum convection velocities decreasing from about 
3.3 cmls to about 2.0 cmls for the pouring conditions in Cases 3 and 4. This effect also decreases the 
power required to maintain the melt temperature of 1150°C, from 425 to 407 kW. The decrease in 
power with a decrease in convection velocity is consistent. For the idle conditions, the lack of a cold 
cap significantly reduces the total temperature difference, which induces the buoyancy. The power 
requirement decreases only modestly (178 kW compared to 176.5 kW), even though the maximum 
convection velocity has decreased from about 1 cmls to about 0.4 cmls between Cases 3 and 4. 

The power ratio between the upper pair and lower pair of electrodes is 1.26 for the pouring condi
tion. This ratio is approximately equal to the design ratio of 55/45 = 1.22. The voltage, current, and 
resistance values presented in Table 8.2 are rms values. The true (open circuit) resistance across the 
glass between each electrode pair is also included in the table. (The true resistance is the value an ohm 
meter would read across an electrode pair if the back side of the electrodes is open circuited. The true 
resistance will always be less than the rms value in a multi-electrode system when the electrodes are 
powered in-phase.) No data presently exist for comparing the predicted power, voltage, current, and 
resistance for the reference melter. The first data that will be available for comparing these predictions 
will be from the DWPF at Savannah River. 

For Case 4 pouring, 14 kW of the total 407.5 kW of power supplied is predicted to be lost through 
the floor of the melter, and 50 kW is predicted to be lost through the side walls (below the level of the 
melt surface). A hand calculation was done based on the assumption that the melter is a cylinder, and 
using the material properties for the refractory layers. An inner refractory surface temperature of 
1150°C and a cooling coil/jacket temperature of 40°C was assumed. The predicted power loss through 
the side walls based on this calculation was 41 kW, compared to 50 kW predicted by the computer 
model. The difference, 9 kW, probably can be attributed to neglecting the electrodes in the hand cal
culation and the use of a Cartesian stair-stepped boundary in the model. The 9 kW difference is only 
2% of the total 407.5 kW. The result of a hand calculation for the bottom heat loss is 12 kW, which 
compares favorably to the 14 kW predicted by the computer model. 
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8.3.3 Melt Pool Flow and Thennal Characteristics 

The melt pool flow and thermal characteristics are examined based on the time-dependent response 
for temperature and power in the bulk melt, the steady convection pattern (flow vectors), the steady 
thermal field (isotherms), and temperature profiles. The results of these analyses are presented for the 
pouring and idling. Except very near the vicinity of the pour spout, the feeding (without pouring) 
condition is indistinguishable from the pouring scenario. 

The time-dependent response for the bulk melt temperature and power indicates the characteristic 
response by the reference melter model using the temperature controller. The flow vectors indicate 
characteristic steady convection pattern existing in the melt pool, while the isotherms indicate the dis
tribution of temperature gradients existing in the melter. The latter is complemented by temperature 
profile predictions. Similar characteristic data are presented elsewhere for the research-scale melter 
[Cooper et al. (1993), unpublished, endnote 1] and the engineering-scale melter [Grunewald et al. 
(1993), unpublished, endnote 2]. 

Figure 8.21 compares the bulk melt temperature and the power curves as a function of time for 
the Case 3 and Case 4 conditions. These two cases are compared because their individual results 
indicate the modeled response of these two important parameters to the difference in the glass density 
correlation: Case 3 was computed with density correlation Ref/2500 and Case 4 used density correla
tion MeasILFCM-8, as identified in Appendix B, Section B.4.3 (Figure B.5). Both of these cases were 
simulations restarted from the Case 2 results. The thermocouple control temperature follows the bulk 
temperature very closely. Upon equilibrating, the bulk temperature is very near the target-controlled 
temperature of 1150°C. The power response curve for Case 4 is very similar to that for Case 3, but it 
exhibits a slightly different peak-to-peak time scale. This is a consequence of the convection in the 
system responding differently because of the differences in density correlations. These differences 
affect the buoyancy-induced driving force for convection. The power for Case 3 comes to a steady 
value of 426.5 kW and for Case 4, to a steady value of 407.5 kW. 

The flow and thermal field is presented in Figure 8.22 as vector and isotherm plots for Case 4 for 
the pouring condition. The corresponding results for Case 4, idling condition, were presented previ
ously in Figure 8.6. The data in both of these figures are from near the end of the fully coupled com
puter simulation time, where power, bulk, and controlled temperature response is approximately 
steady. 

In each of Figures 8.22 and 8.23, the convection pattern is represented by flow vectors in the cen
tral, vertical plane. This is indicated by the presence of the electrode stems. The convection pattern 
in the central plane parallel to the faces of the electrodes is also presented. These two central planes, 
which are normal to each other, indicate the overall convection and thermal pattern in the melt and sur
rounding refractory. The primary difference in the boundary conditions for these two conditions is that 
in the pouring condition, a cold cap is present, whereas it is not in the idling condition. 

The convection pattern shown in Figure 8.22 for the pouring condition indicates downflow in the 
center of the melter, downflow along the face of the upper electrode pair, and down flow along the 
front and back walls. These downflows are consistent with the presence of the cold cap's thermal 
boundary condition, heat loss through the front and back walls, and enhanced heat loss through the 
upper electrode pair because of the electrodes' exposure to the upper plenum. Interestingly enough, 
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flow in front of the lower electrode face moves upward, but at a much reduced convection velocity. 
This upward flow separates from the electrode face as it "meets" the downflow from the upper elec
trode faces. The separated flow path then joins the dominant upward convections. These upflows 
and downflows indicate a complex convection pattern in the melter during pouring. 

During idling, the steady convection pattern is quite different because of the absence of the domi
nant cooling effect of the cold cap. Downflow still occurs along the front and back walls and in front 
of the upper electrode pair. There is largely a counter-rotating flow pattern, with upflow dominating in 
the central plane through the electrode stems. There are two predominant differences in the pouring 
and idling conditions. During idling, a large, downward plume does not exist in the core of the melt 
pool, as it does in the pouring case. There is an indication during idling that the lesser cooling to the 
upper plenum relative to pouring when the cold cap exists is still a physically unstable condition. This 
condition is a result of the internal heating of the glass and the glass temperature being hotter than the 
glass surface-still a "cold-over-hot" situation. The other predominant difference is near the melter 
floor. In the idling condition, there appears to be a much thicker quiescent layer along the floor than 
there is in the pouring scenario. Isotherms indicate that glass temperatures near the floor are as much 
as 50°C colder than the bulk average temperature of 1150°C. This thicker, colder layer has several 
effects-increased viscosity, increased density, and decreased electrical conductivity. All three of these 
physical effects would tend to foster the development of a sludge layer if extended periods of idling 
occur. 

The flow characteristics in the melt pool are not truly steady. Because of the physically unstable 
situation of internal heating and a "cold-over-hot" boundary condition, the local flow and thermal 
fields tend to fluctuate. Figure 8.24 shows the type of fluctuations that occur in the temperature field. 
Included in the figure is the temperature predicted at a single location in the glass melt over 5 hours of 
operation for a fully coupled, pouring condition (Case 4). The data over the time of 10 to 11 hours is 
expanded in the inset. Because the data are only monitored every 50 computational time steps, the 
inset data appear to have flat spots and peaks. The time-dependent nature of the local temperature is 
indicative of a quasi-periodic flow responding to the physically unstable boundary conditions. 

The vertical temperature profile at several locations around the melt pool is presented in Fig-
ure 8.25. Five curves Oabeled number 1 to 5) are vertical temperature profiles in the glass at a 
selected location on a line between the electrodes and in the plane of the electrode stems. The other 
two vertical profiles Oabeled number 6 and 7) are in the center plane parallel to the electrode faces, at 
a position approximately equal to the ends of the electrodes. The vertical distance on the axis is the 
distance above the bottom center of the melter floor. The temperature profiles presented are for the 
Case 4 pouring condition at 11 hours (see Figure 8.21). Temperatures in the glass vary. Near the 
floor at the base of the electrodes (curves 1 and 5), temperatures are about 1100°C, nearly 50°C less 
than the target control temperature of 1150°C. It is interesting to note that the temperature profiles 
directly in front of the electrodes are nearly coincident (curves 1 and 5), indicative of symmetric 
cooling through the electrodes. The glass temperature in front of the lower electrode face is hotter 
than in front of the upper electrode. This is consistent with the flow pattern of glass upflow in front 
of the lower electrode and downflow in front of the upper electrodes (see Figure 8.22). 
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Figure 8.26 presents similar temperature results for Case 4, idling condition. The most significant 
thermal difference in the glass is the colder temperatures adjacent to the floor. In particular, the tem
perature at the bottom center of the glass is very cold because of the largely metal drain assembly in 
the bottom of the melter. The reduced buoyancy driving force during idling allows a thicker quiescent 
zone to develop near the melter floor. This is evident by comparing the temperatures for the pouring 
and idling conditions below 0.2 m above the melter floor. 

Figure 8.27 presents the temperature profile across the melter through the line of the electrode 
stems. Results for Case 4, pouring and idling conditions, are included in the figure. Noticeably 
significant is the much cooler upper electrode in the pouring case. This is a consequence of the very 
near presence of the boiling section (T= 100°C) of the modeled cold cap boundary. 

8.3.4 Noble Metals Material Balance and Retention 

The computer model, analysis methodology, and computer submodels described in Appendix B 
were used to compute noble metals material balance and retention in the reference HWVP melter. 
The same methodology was used with the engineering-scale melter results, and the results from the 
analysis were found to agree quite well with data (see Figure 8.7, for example). The methodology is 
summarized here. Subsequent to computation of the fully coupled conditions of pouring, feeding 
(without pouring), and idling, transport of three noble metals species was modeled using the continuum 
species transport approach. The three species modeled included Ru02' Pd, and Rh. Each of these 
species were treated as separate particle phases with associated intrinsic density and settling velocity. 
Using the pre-computed flow fields from the fully coupled analysis, transport of the species was 
simulated to a time of approximately 60 days using three scenarios. Results of the transport and 
retention are presented as a function of kg-glass poured and include the total mass of each noble metal 
species fed to the melt, the total mass in the glass, the total mass leaving the system through the pour 
spout, and the total mass accumulating on the floor. Retention is calculated two ways and reported as 
a function of kg-glass poured during the pouring/feeding cycle and as a function of time for idling 
situations. 

Scenarios for uncoupled long-time noble metals transport were computed for Case 4 conditions 
and are reported in this section. The noble metal source rates were defined as 0.113 kg-Ru02Ihr, 
0.0293 kg-Pdlhr, and 0.0236 kg-Rhlhr for 100 kg-glasslhr. These sources were defined in the com
putational volume directly under the modeled cold cap boundary. These source rates were deter
mined based on reference melter feed (Elliott et al., unpublished, endnote 7), which would result in 
0.113 wt%, 0.0293 wt%, and 0.0236 wt% of Ru02, Pd, and Rh in glass, respectively, if there were 
no accumulation in the melter (e.g., settling to the floor). Prior to obtaining Case 4 results, which are 
reported here, calculations for Case 2 were computed and reported (Eyler et al.; unpublished, endnote 
4). In those calculations, preliminary information indicated that the reference melter would operate in 
a pouring mode for 20 hours and a feeding mode (without pouring) for 1 hour while a canister is 
changed, resulting in a 21-hour cycle. Thus, the source rates were adjusted by a factor of (20/21) = 
0.952. When Case 3 calculations were conducted, the (20/21) factor was neglected)n defining the 
source rates, and long-time period calculations were again conducted at a continuous pour rate of 
100 kg-glasslhr. 
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When Case 4 calculations were done, information became available that indicated the reference 
melter would operate in a 16.5 hour-cycle-mode, with 14.5 hours of feeding and pouring and 2 hours 
of feeding without pouring per cycle. At this time it became apparent that the expression" 100 kg
glasslhr" was not being used consistently. It was interpreted in the computer modeling as a pour rate, 
when it apparently should have been interpreted as a production rate. For a production rate of 100 kg
glasslhr, the pour rate during the 16.5-hour cycle would be (16.5114.5)*100 kg-glasslhr = 113.7 kg
glass-producedlhr. Consequently, the computer model calculations completed for the 16.5-hour cycle 
were done for a glass pour rate of 100 kg-glass-pouredlhr, corresponding to a production rate of 
(14.5116.5)*100 kg-glass-pouredlhr = 87.9 kg-glass-producedlhr-operation. 

Three long-time ( - 60 days) noble metals transport and retention calculations were conducted. 
Table 8.5 presents the principal parameters of each case. In all three situations, the noble metals 
source rates were 0.113 kg-Ru02lhr, 0.0293 kg-Pdlhr, and 0.0236 kg-Rhlhr. These rates are 
continuous. 

Note that the case "uncup.4" was computed first. The relatively short time required to replace a 
canister (1 hour) was neglected relative to the cycle time of 21 hours (a similar assumption was made in 
Case 2). Thus, this case was a continuous pouring case in which the glass pour rate was equal to the 
production rate. Case "uncup.4a" was an identical case in which the pour rate and production rate 
were 114 kglhr. This case was computed to see if any significant change in retention during pouring 
could be identified. Case "cycle.4" was computed with the actual cycle times of 14.5- and 2-hour 
segments per cycle, but in a mode using the 100 kglhr pour rate (87.9 kglhr production rate). 

It should be noted that one of the principal conclusions of the fully coupled simulations was that the 
concentration distribution of noble metals in the glass deviated from the average (at a given time) by 
only a couple percent. This is important because it supports the conclusion that the melt is a well
mixed volume and the lumped parameter model can well be used to perform parameterizations. The 
agreement between the lumped parameter approach and TEMPEST results for noble metals material 
balance and retention was shown with the engineering-scale melter modeling (see Figure 8.17). Being 
a well-mixed volume and the deposition model predicting uniform layer buildup on the floor, coupled 
with the relatively slow time rate for the layer thickness to accumulate, supports the assumption that 

Table 8.5. Simulation Cases for Noble Metals Material Balance and Retention 

Glass Pour Cycle Time 
Case Rate Production 

Identification (kglhr) Rate (kglhr) Pouring (hr) Feeding (hr) Total (hr) 

uncup.4 100 100 21 0 21 

uncup.4a 114 114 21 0 21 

cycle.4 100 87.9 '14.5 2.0 16.5 
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the TEMPEST analysis approach using an uncoupled approach for the 60-day time period of the calcu
lations is valid. The approach would probably be less valid as the layer bridged, or nearly bridged, the 
lower electrodes. 

Figures 8.28 through 8.30 present the noble metals material balance and retention results for case 
"cycle.4" for Ru02' Pd, and Rh, respectively. The cycle time for these results is 16.5 hours, with 
14.5 hours of feeding and pouring and 2 hours of feeding without pouring. Included in the figures are 
the total mass of each species fed to the melter (Min)' the total mass discharged from the melter 
through the pour spout, and the total mass remaining in the melter (M), including that in the glass and 
on the floor (MfD. From these two quantities, two retentions are calculated. The first retention is the 
total remaining in the melter on the floor divided by the total feed to the melter, or R1 = Mti/Min . 
The second, R2, is the total remaining in the melter divided by the total fed to the melter, or R2 = 
~ot/Min' The first definition assumes that the inventory of noble metals distributed in the glass is 
considered as material retained in the melter. The second definition assumes that only material which 
has settled to a sludge layer is retained in the melter. This definition is most consistent with predictions 
of a sludge layer thickness during pouring and feeding, while the first definition has most significance 
if pouring, feeding, and extended periods of idling are to be considered in estimating sludge layer 
depth. 

A third definition of retention is also possible: the difference in wt % of noble metals in the pour
ing glass and the theoretical wt % based on feed concentration. This difference would be zero if noble 
metals did not accumulate on the melter floor. In practice, this definition is not reliable because finite
time samples could be largely dependent on variations in feed rate and pour rate. Samples taken imme
diately after a canister change also could be very biased if any significant settling occurred in the pour 
spout, as was seen with samples taken immediately after no-pouring interruptions during engineering
scale melter testing. This method was not used here. 

Figure 8.28 presents the mass balance results for Ru02' During the 63 days of simulation, the 
total amount of glass poured is (63 days * 14.5 hr-pouring/16.5 hr-cycle * 100 kg-glass/hr * 24 hr/day) 
= 1.33*105 kg-glass. The total amount of Ru02 fed is (0.113 kg-Ru02/hr * 63 days * 24 hr/day) = 
170.8 kg-Ru02' The total equilibrium amount in the glass varies between about 4.9 and 5.1 kg-Ru~. 
The amount on the floor is 32.3 kg-Ru~. The retention R1 is 21.8% and the retention R2 is 18.9%. 
Figures 8.29 and 8.30 present similar results for mass balance and retention of Pd and Rh components. 

For comparison, similar results for the two continuous pouring cases are presented in Figures 8.31 
through 8.33 for 100-kg of glass poured/hr and in Figures 8.34 through 8.36 for 114-kg of glass 
poured/hr. Table 8.6 summarizes the results of these three cases. For the Icycle,4" case, the retention 
R2 computed by TEMPEST is 18.9%, with a total of 32.3 kg-Ru02 deposited on the floor. For a sim
ilar situation computed with the lumped-parameter model at a production rate of 87.9 kg of glass 
produced/hr, the retention R2 is 18.3 %, with a total of 31.3 kg-Ru02 retained on the floor. This 
difference is of the same order of magnitude observed in comparative engineering-scale melter calcula
tions conducted between TEMPEST and the lumped parameter model (see Figure 8.17). The differ
ence is due to the difference in accounting for the volume change at the melt surface during feeding 
(without pouring) in the lumped parameter model, and assuming in the TEMPEST modeling that the 
melt surface remains rigid. 
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Figure 8.34. Ru02 Mass Balance and Retention in the Reference Melter for 60 Days of Continuous 
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Table 8.6. Summary of Noble Metals Material Balance and Retention Results for 
60 Days of Operation 

Case Identification 
Parameters cycle.4 uncup.4 uncup.4a 

Total glass poured (kg-glass) 1.33 x 105 1.46 x 105 1.63 x 105 
Time (days) 63 60 60 
Pour rate (kglhr) 100 100 114 
Production rate (kglhr) 87.9 100 114 

Ru02 

Total fed (kg) 170.8 163.2 163.2 
Total in glass (kg) 5.0 4.5 4.1 
Total on floor (kg) 32.3 27.9 25.5 

Retention - Rl (%) 21.8 19.9 18.2 
Retention - R2 (%) 18.9 17.2 15.7 

Pd 

Total fed (kg) 44.1 42.2 42.2 
Total in glass (kg) 1.25 1.14 1.04 
Total on floor (kg) 8.97 7.76 7.12 

Retention - Rl (%) 23.3 21.2 19.4 
Retention - R2 (%) 20.4 19.0 16.9 

Rh 

Total fed (kg) 35.7 34.1 34.1 
Total in glass (kg) 1.06 0.96 0.87 
Total on floor (kg) 6.21 5.36 4.90 

Retention - R 1 (%) 20.3 18.4 16.3 
Retention - R2 (%) 17.3 15.5 13.7 

8.3.5 Sludge Layer Depth 

The noble metals transport and retention results presented in the previous section provide informa
tion on the amount of noble metals deposited in a sludge layer. The particle deposition model, which is 
used to determine the deposition flux, is discussed in Appendix B, Section B.2.5. The results of the 
material balance determination for the amount of material deposited on the floor are used to estimate 
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sludge layer thickness as a function of time (or glass poured). This is done by relating the total amount 
of material on the floor to an effective thickness of the sludge layer as 

(8.5) 

where ~ = thickness of sludge layer, m 

Mfioor = mass on the floor, kg 

p = intrinsic density of particulate material, kg/m3 

Afioor = area of the floor in the reference melter computer model = 2.33 m2 (25.1 tt2) 

Cv,max = maximum packing volume fraction 

The sludge layer thickness can be estimated using either TEMPEST model results or lumped
parameter model results to obtain estimates of the total mass on the floor as a function of time. The 
results can be represented as a function of the amount of glass poured if the pour/feed cycle time is 
known. Intrinsic density is used in Eq. (8.5). From the particle characteristic information 
(Appendix C), it is apparent that the Ru02 particles exhibit "hairball" characteristics, whereas the Pd 
and Rh particles largely exist in a metallic form, shaped as a sphere or nearly a sphere. Furthermore, 
the Pd and Rh particles generally tend to be associated with the Ru~ particle. Therefore, it is 
reasonable to assume that the effective sludge layer depth can largely be associated directly with the 
mass of Ru02 on the floor. Thus, the intrinsic density used in Eq. (8.5) is 6970 kg/m3 for Ru02' 

The other variable required in Eq. (8.5) is the maximum packing volume fraction, Cv max' A value 
of 0.06 (= 6 vol%) is used in the present analysis. This value was determined by visual examination 
and analysis of transmitted and reflected light micrographs of research-scale melter and engineering
scale melter glass samples. The value 6 vol % corresponds to 17.5 wt% of 6970 kg-Ru02/m3 material 
in 2386 kg/m3 glass. This value is reasonably consistent with Krause and Luckscheiter (1991) noble 
metals data, which were at a maximum of 16.5 wt% of platinum metals (not just Ru02) obtained from 
a melter floor sample. Their micrographs of glass samples exhibited shapes similar to the "hairball" 
shapes found in research-scale melter and engineering-scaIe melter glass samples. The corresponding 
volume fraction for their data cannot be determined accurately from the data presented in the paper, 
but it should be about 5 vol %. Alternately, engineering-scale melter floor samples [Griinewald et al. 
(1993), unpublished, endnote 2] showed a maximum of about 6 wt% total noble metals and just over 
5 wt% maximum for Ru02' This latter value can be converted to [5 wt% = (0.05 kg-Ru02/kg-glass) 
* (2386 kg-glass/m3)/(6970 kg-Ru02/m3)] = 1.7 vol % (based on density numbers consistent with the 
reference melter model computer analysis). Note that in Eq. (8.5), the sludge layer depth is inversely 
proportional to Cv,max' Thus, the effective sludge layer depth estimates may include as much as a 
fourfold variability based on C v max' , 
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Figure 8.37 presents the estimated sludge layer depth as a function of glass poured for the 63-day 
"cycle.4" case based on the Ru02 content, which is assumed to account for the largest percentage of 
material volume in the sludge because of its "hairball" character. This case assumes 14.5 hours of 
pouring at l00-kg glass pouredlhr in a 16.5-hour cycle. The total mass on the floor is shown and is the 
same quantity of mass on the floor as shown in Figure 8.28. Effective sludge layer depths are shown 
for maximum volume fractions of 0.02, 0.04, 0.06, and 0.08 as an indication of the sensitivity to the 
maximum volume fraction, Cv max. The value of 0.06 is the value determined as most characteristic of 
the Ru02 particles as discussed in Appendix C. At this value, the effective sludge layer depth is 
3.3 cm after 63 days of operation in the 16.5-hours cycle mode (14.5 hours of pouring and feeding at 
100 kg-glasslhr and 2 hours of feeding without pouring). 

Figure 8.38 presents similar results for the idling situation. During idling, no feeding source of 
material is present, however the inventory of noble metals in the glass can continue to settle. In the 
figure, the results are presented as a function of time. Curves are shown for four assumed maximum 
volume fractions. As initial conditions, the equilibrium inventory of Ru02 present in the glass at the 
end of the 63-day simulation is used. This is the same inventory shown as mass in the glass in Fig-
ure 8.28. Note that as particulate material settles, the mass in the glass decreases asymptotically 
towards zero while the excess mass added to the layer increases accordingly. Here, excess mass on the 
floor is shown. Thus, the layer thickness in the figure is the excess layer thickness that results from the 
amount of time at idle. 

The results in Figures 8.37 and 8.38 can be used as follows. Noting that after approximately 
5 days, the content of glass has reached an equilibrium noble metals concentration (Figure 8.28). 
Results in Figure 8.37 are used to determine a sludge layer thickness at some time (or amount of glass 
poured). If the melter then goes into an extended idle period, results in Figure 8.38 provide the excess 
(additional) sludge layer thickness for the period of idling. Then, if the melter goes back into the 
pouring cycle, results in Figure 8.37 are used again to estimate additional sludge layer thickness for the 
amount of glass poured. This process can then be repeated as necessary, to estimate the sludge layer 
thickness as a function of production time and idle time. 
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8.3.6 Sludge Layer Effect on Operation Parameters 

The sludge layer depth estimates in the previous section were used to determine how enhanced 
conductivity in the layer affects electrical operation parameters. The time rate of buildup of the sludge 
layer can be determined by differentiating Eq. (8.10) with respect to time. In the case of cycle.4, with 
Ru02 being the dominant volume occupier in the sludge layer, an accumulation rate of 0.52 kg/d cor
responds to a change in sludge depth of dH(t)/dt = 0.054 cm/d. The change in sludge layer depth with 
time is slow relative to two time constants of the system. As seen in Section 8.3.3, the thermal 
response of the system becomes steady in a 5-hour time span (as temperature controlled in these calcu
lations), and the equilibrium concentration in the glass is reached in the 5-day time frame (Sec-
tion 8.3.4). For that reason, the electric operation parameters for assumed sludge layer depths are 
investigated as steady-state solutions to the system. 

Figures 8.39 through 8.41 present the results as a function of sludge layer depth. Two sets of 
results are presented for comparison purposes. In one case (open symbols), a 3OOO-amp current limit 
is imposed on the lower electrode pair while the upper electrode pair supplies as much power as needed 
to maintain the average temperature at approximately 1150°C, which in this case exceeds the design 
specification limit of 300 KVA. The second set of results (solid symbols) are obtained when the 
300-KVA limit is applied to the upper electrode pair and the lower pair is limited to 3000 amps. Power 
supplied to the melter is now insufficient to maintain the target temperature of 1150°C and the melter 
starts to cool. Table 8.7 lists the data points presented graphically in Figures 8.39 through 8.41 and 
predictions when neither limit is applied. In these situations, the upper-to-Iower power ratio is main
tained approximately equal to 55/45 = 1.22; these results are not plotted. 

In Figure 8.39, the power supplied to the melter is presented as a function of sludge layer depth 
measured from the bottom center of the melter. The electric current in each pair for the same situation 
is presented in Figure 8.40, in which the sludge layer is assumed to have a flat, horizontal interface. 
The most dramatic effect occurs as the sludge layer interface reaches the lower lip of the lower elec
trode. At this point, electrical shorting occurs, sufficient to reach the 3OOO-amp limit on the lower 
pair. At a maximum volume fraction of 0.06, the electrical conductivity of the sludge layer 
(Appendix B, Figure B.4) is 132 times that of glass at 1150°C. With no limits applied to the upper 
electrode pair (when the lower pair is limited to 3000 amps), the power to the upper pair to maintain 
the glass at 1150°C exceeds 300 KVA as the lower lip is reached. When the upper pair is limited to 
300 KVA, total available power is insufficient to maintain the glass temperature and the melt cools. 

System temperatures for these two situations are presented in Figure 8.41, with the same symbols 
as in the preceding related figures. The figure includes two sets of dashed-line data, which represent 
the temperatures at four vertical locations on the thermocouple stalk in the two situations. Also 
included in the figure are maximum temperatures in the glass melt, T max,A and T max B. Their locations 
are indicated in the inset: one in the glass at the lower lip of the lower electrode, T max B; the other in 
the glass between the upper and lower electrodes, Tmax,A- Tmax B reaches nearly 1300°C as the sludge 
layer reaches the lower lip of the electrode. Tmax,A reaches nearly 1340°C; as the lower electrodes are 
shorted by the sludge layer, a larger fraction of current from the upper electrode pair takes the path of 
least resistance, downward to the lower electrode and through the sludge layer. Thus, the high local 
temperatures are a result of the high localized joule heating due to the increased downward electric 
current component. The highest temperatures, T max,A and T max B' are near the end-corners of the 
electrodes, not in the centerplane of the electrode stems. 
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Table 8.7. Effect of Sludge Layer Depth on Operation Parameters 

Maximum 
Sludge Current Current Power Power Power Power Thermocouple Stalk Temperature 

Depth Upper Lower Total Upper Lower Ratio Floor LOWer M.cldle Upper Tmax,B Tmax,A 
(cm) (A) (A) (kW) (kW) (kW) (UIL) (OC) (OC) (0C) (OC) (OC) (OC) 

---
Ul!I!er Electrode: No Limits, Lower Electrode: 3000 Aml!s Limit 

0.00 1575 1425 411.1 228.0 183.1 1.245 1133.7 1145.8 1152.4 1153.5 1012 1142 
2.54 1606 1606 405.2 217.4 187.8 . 1.158 1133.7 1145.8 1152.4 1153.5 1012 1142 
5.08 1755 1995 409.4 227.1 182.3 1.246 1133.8 1145.8 1152.4 1153.5 1012 1142 
7.62 2324 3000 404.8 315.4 89.4 3.528 1149.8 1135.8 1144.5 1146.8 1280 1248 

13.71 2627 3000 408.3 375.6 32.6 11.52 1133.4 1137.7 1146.2 1148.4 1130 1322 
19.81 2687 3000 406.7 385.7 21.0 18.37 1131.4 1136.6 1145.5 1147.5 1123 1336 
25.91 2724 3000 405.0 389.5 15.5 25.13 1130.4 1133.2 1144.3 1146.3 1121 1336 

Ul!I!erElectrode: 300 KVA Limit, Lower Electrode: 3000 Aml!s Limit 

0.00 1575 1425 411.1 228.0 183.1 1.245 1133.7 1145.8 1152.4 1153.5 1012 1142 
2.54 1606 1606 405.2 217.4 187.8 1.158 1133.7 1145.8 1152.4 1153.5 1012 1142 
5.08 1755 1995 409.4 227.1 182.3 1.246 1133.8 1145.8 1152.4 1153.5 1012 1142 
7.62 2258 3000 388.9 299.3 89.6 3.340 1137.3 1123.0 1131.3 1133.5 1270 1227 

13.71 2345 3000 331.9 300.3 31.6 9.503 1075.0 1077.4 1084.4 1086.3 1071 1225 
19.81 2373 3000 321.6 301.4 20.2 14.92 1045.4 1049.6 1056.6 1058.2 1037 1209 
25.91 2394 3000 315.5 300.6 14.9 20.17 1038.0 1041.4 1049.8 1051.3 1029 1202 

Ul!l!er Electrode: No Limits, Lower Electrode: No Limits 

0.00 1575 1425 411.1 228.0 183.1 1.245 1133.7 1145.8 1152.4 1153.5 1012 1142 
2.54 1606 1606 405.2 217.4 187.8 1.158 1133.7 1145.8 1152.4 1153.5 1012 1142 
5.08 1755 1995 409.4 227.1 182.3 1.246 1133.8 1145.8 1152.4 1153.5 1012 1142 
7.62 1884 4604 408.2 221.5 186.7 1.186 1133.8 1145.8 1152.4 1153.5 1013 1142 

13.71 1949 8062 406.2 220.7 185.5 1.190 1133.9 1145.8 1152.4 1153.5 1013 1142 

These results indicate that as the sludge layer thickness approaches the lower lip of the lower electrode, 
the operational conditions are limiting; the electric current limit of 3000 amps is reached in the lower 
electrode pair, the 300-KVA limit of the upper electrode pair is reached, temperatures may locally 
reach 1340°C, and total power is insufficient to maintain glass at the target temperature of ll50°C. 
Everything seems to happen at once as the layer bridges the lower electrode. 

8.3.7 Fstimate of Melter Lifetime from Computer Modeling 

The computer model results of sludge layer accumulation and the effect of accumulation on 
operation parameters can be used to estimate the melter lifetime. To do so first requires that scenarios 
be hypothesized as limiting the lifetime of the HWVP melter. These scenarios are postulated as 
follows: 

I. Assuming the design condition upper-to-Iower electrode power ratio is 55/45: 

A. The noble metals layer blocks the path to the discharge section such that glass cannot be 
poured from the melter. 

B.l T glass < l050°C as measured by the lower TCs in the thermowell, or 
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B.2 the current requirement to either of the electrode pairs reaches the limit of the SCR, or 
B.3 T max > 1350°C 

II. Assuming skewing of power to the two electrode sets such that the upper TCs stay between 1125°C 
and 1175°C: 

A. The noble metals layer blocks the path to the discharge section such that glass cannot be 
poured from the melter. 

B.1 T glass < 1050°C as measured by the lower TCs in the thermowell, or 
B.2 the current requirement to either of the electrode pairs reaches the limit of the SCR, or 
B.3 T max > 1350°C 

Scenario I assumes the design condition that the ratio of power to the upper pair of electrodes to the 
power to the lower pair is to be maintained at 55/45 ( = 1.22). If the sludge layer were to cause 
shorting across the lower pair and thereby decrease power dissipation, then the power to the upper pair 
would be decreased proportionally. In scenario II, if shorting were to occur across the lower pair, then 
the 55/45 power ratio would be abandoned in favor of maintaining the glass temperature within desired 
operational limits. A reduction in power dissipated by the lower electrode would be accounted for by 
an increase by the upper pair. 

Within each scenarios, limiting condition~ are hypothesized. If the sludge layer were to reach a 
depth sufficient to inhibit pouring by blocking the entrance to the pour spout, then the melter would no 
longer be operational (A). If the temperature in the glass became sufficiently low that glass could no 
longer flow, the melter would no longer be operational (B. 1). The condition would be most significant 
if it occurred near the level of the pour spout opening-that is, in the upper third of the lower electrode 
pair. If the current limitation of the transformers to either of the electrode pairs were exceeded, an 
upper limit of operation would be reached (B.2). Extension or modification of that limit would require 
a more definitive definition of expected operational procedures as they apply to the electrical 
diagram(a) of the transformers; which have 3OO-KVA limits (3000 Amps on 100-V taps; 2000 Amps 
on 150-V taps; and 1000 Amps on 3OO-V taps). For the present, it is assumed that the 3OOO-Amp and 
3OO-KVA limitations apply. If a local temperature exceeds 1350°C, the temperature at which the 
Inconel electrodes may begin to significantly degrade, an operational limit would be reached (B.3). 

The time to reach these hypothesized limitations can be estimated from the results presented in the 
previous section. Following is a narrative discussion of how these estimates are reached. Case 4 
results from the previous section (Section 8.3.6) for the 16.5-hour cycle time with 14.5 hours of 
pouring were used as the basis for these estimates. 

LA and ILA. The noble metals layer blocks the path to the discharge section such that glass cannot 
be poured from the melter. This condition is not expected to be limiting. The distance from the 
bottom center of the melter to the centerline of the pour spout is (3.4 in. + 8.75 in.)*2.54 cm/in. = 
30.8 cm. At a sludge layer accumulation rate of 0.054 cm/d, it would take [30.8 cm / (0.054 cm/d)] 
= 571.5 days of continuous production for the sludge layer to reach the centerline of the pour spout if 
the layer accumulated uniformly. If the target on-line time of 70% is accounted for, this limit would 
be reached in 571.5/0.70 = 816 calendar days, not accounting for the effect of extended idling periods. 

(a) Reference Fluor Daniel drawing SK-8457-E-OOl. 
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The 816 calendar days would include approximately 816*0.3 = 244 idling days. If these occurred in 
30-day periods, about 8 idle periods would occur in the 816 days. During each idle period, the sludge 
layer depth would increase approximately 0.5 cm (Figure 8.38). Even without accounting for the 
increases in sludge layer depth during idling periods, the estimated time required to reach this 
limitation, relative to the other conditions, is long. 

LB.1. T glass < 1050°C as measured by the lower TCs in the thermowell. This condition does not 
occur (see Table 8.7 - Upper Electrode: No Limits; Lower Electrode: No Limits) if the power ratio 
is maintained at 55/45 and no other limits are placed on the transformers. 

II.B.1. T glass < 1050°C as measured by the lower TCs in the thermowell. Relative to the 
thermocouple temperatures in Figure 8.41, this condition occurs when the sludge layer depth 
approaches 20 cm, but only if limitation B.2 is employed. If the B.2 limitation is not applied, power to 
the upper electrode pair is increased unbounded to maintain the thermocouple stalk temperatures 
around 1150°C. When the B.2 limitation is applied, for a 0.054 cm/d accumulation rate, the 20-cm 
depth would be reached after 370 continuous production days. Assuming the 70% target on-line time, 
the sludge layer depth would increase about 0.5 cm during each of approximately 3.7 30-day idle 
periods (see Figure 8.38), to a total increase during idling of 3.7 * 0.5 cm = 1.85 cm. Thus, the 
estimated time to reach the limiting 20-cm depth would be (20 cm - 1.85 cm)/(0.054 cm/d) = 336 days 
+ 3.7 * 30 days-idling = 447 calendar days. Relative to the other limitations, this is a long time. 

LB.2. The current reQuirement to either of the electrode pairs reaches the limits of the SCR. This 
condition occurs in the lower electrode pair when the sludge layer reaches the lower lip of the lower 
electrode (7.6 cm from the bottom center of the computer model; 8.6 cm from the bottom center of the 
HWVP melter). If the power ratio of upper-to-Iower electrodes is maintained at about 55/45 (see 
Table 8.7 - Upper Electrode: No Limits; Lower Electrode: No Limits), the current in the lower 
electrode pair greatly exceeds the 3000-amp limit. The time for the sludge layer to reach 8.6 cm is 
(8.6 cm)/(0.054 cm/d) = 159 continuous production days. Assuming the target 70% on-line time, 
159*0.3/ 30 = 1.6 30-day idle periods would be associated with the 159 production days, leading to a 
sludge depth increase of about 1.6*0.5 cm = 0.8 cm during idling. Thus, the time estimate for this 
limitation is (8.6 cm - 0.8 cm)/(0.054 cm/d) = 144.4 days + 1.6 * 30-days-idling = 192 calendar 
days to reach the 8.6-cm depth. 

II.B.2. The current reQuirement to either of the electrode pairs reaches the limits of the SCR. This 
limitation is reached in the same time frame as for condition I.B.2. In addition to the lower electrode 
pair exceeding the 3000-amp limit, the upper pair also exceeds the 300-KVA limit if it is allowed to 
supply as much power as necessary to maintain the glass temperature near 1150°C. 

LB.3 and I1.B.3. Tmax > 1350°C. This condition is not exceeded in the scenarios simulated (see 
Figure 8.41). However, local temperatures approaching 1300°C are predicted adjacent to the lower 
lip of the lower electrode as the sludge layer depth approaches the lip. This results as the concentration 
of electric current at this location causes increased local joule heating. Furthermore, temperatures 
approaching the 1350°C limit are predicted adjacent to the upper surface of the lower electrode as 
sludge layer depths approach 20 cm, again as a consequence of locally high joule heating that results 
from downward diversion of the electric current in the upper pair through the lower electrode and 
sludge layer. 
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There are uncertainties in these estimates. The analysis procedure was developed and validated 
against the engineering-scale melter retention data. Thus, if the engineering-scale melter data are 
accurate, the HWVP computer model retention results should be reasonably accurate. If the retention 
is accurate, the amount of material on the floor should be similarly accurate. Uncertainties in the 
sludge layer accumulation rate can then be assumed to be a function of parameters affecting sludge 
layer depth that are not directly involved in retention. Of these, as discussed in Section 8.3.5, the one 
with the greatest uncertainty is the maximum packing fraction, Cy,max' A value of 0.06 (= 6 vol %) 
was used in the present analysis. This value was determined by visual examination and analysis of 
transmitted and reflected light micrographs of research-scale melter and engineering-scale melter glass 
samples. The value 6 vol % corresponds to 17.5 wt% of 6970 kg-Ru02/m3 material in 2386 kg/m3 
glass, and is reasonably consistent with Krause and Luckscheiter (1991) noble metals data. Their data 
were at a maximum of 16.5 wt% of platinum metals (not just Ru02) obtained from a melter floor 
sample. Their micrographs of glass samples exhibited shapes similar to the "hairball" shapes found in 
research-scale and engineering-scale melter glass samples. The corresponding volume fraction for their 
data cannot be determined accurately from the data presented in the paper, but it should be about 5 
vol %. Alternately, engineering-scale melter floor samples showed a maximum of about 6 wt % total 
noble metals and just over 5 wt% maximum for Ru02' This latter value can be converted to 5 wt% = 
[(0.05 kg-Ru02/kg-glass) * (2386 kg-glass/m3)/(6970 kg-Ru02/m3)] = 1.7 vol % (based on density 
numbers consistent with the HWVP melter model computer analysis). Note that in Eq. (8.10), the 
sludge layer depth is inversely proportional to Cv,max' If the engineering-scale melter data point 
(1.7 vol %) were assumed to be representative of the maximum packing factor and used in Eq. (8.10), 
the sludge layer depth as a function of time would be (0.06/0.017 = 3.5) times greater than shown. 
This would translate directly to a decrease in the estimated time to reach a postulated failure by the 
same factor of four. 

Material properties, especially electrical conductivity, affect the electrical characteristics upon 
which estimated times-to-failure are based. The conductivity used in the present work is based on 
measured data (Appendix B, Section B.4.1). Other measured conductivity data vary by as much as a 
factor of two from those figures, in a direction that would tend to suggest that the time-to-failure may 
be underestimated by the same factor. 

Another factor affecting the estimates is more difficult to evaluate: The "shape" of the sludge 
layer. In the analysis presented, it was assumed that the maximum-packed sludge layer exists as a 
uniform material with a horizontal, flat interface. This assumption was made for several reasons, one 
of which was that it was convenient to fill in the stairstepped Cartesian computational grid system used 
in the computer model to approximate the curved floor of the HWVP. When the sludge layer com
pletely bridged the lower electrodes (7.6-cm depth in the computer model), filling the stairstepped 
computational cells was consistent with the actual situation in the melter, as if the hemispherical seg
ment of the curved floor of the melter were also filled. The volume of a hemispherical segment with 
the dimensions of the melter floor (0/2 = 91.44 cm, h = 7.62 cm) is 0.1138 m3. The volume of the 
stairstepped approximated computer model for the same depth (h = 7.62 cm) is 0.1186 m3, less than a 
5 % difference. It is when the sludge layer nearly bridges the lower electrode that the worst condition 
(shortest time) for exceeding the hypothesized limitations is first predicted. Thus, the results discussed 
above (and those given in Figures 8.39 to 8.41) are most applicable for sludge layer depths greater than 
or equal to the reference depression depth at the center of the melter, 7.6 cm in the computer model 
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and 8.6 cm (3.4 in.) in the HWVP. The difference in the effect of the 7.6 versus 8.6-cm depth is 
insignificant relative to the noted uncertainties in Cy,max and electrical conductivity. 

A different factor associated with the shape of the sludge layer is perhaps far more significant. 
In the central, vertical, plane of the electrode stems, the reference depression at the center of the 
melter floor is 3.4 in. (8.6 cm) below the lower lip of the lower electrode. In this plane, the directly 
downward distance from the lower electrode to the refractory is 1.35 in. (3.43 cm). Furthermore, at 
the end of the electrode Oower corner), the directly downward distance from the electrode to the 
refractory is 0.3 in. (0.75 cm). If the sludge layer were uniformly thick at 0.75 cm over the 2.33 m2 

floor area, its volume would be 2.33 * 0.0075 = 0.0175 m3. This volume is seven times less than the 
0.1138 m3 occupied by the hemispherical segment of the floor. This volume difference would lead to 
the same factor reduction in settled noble metals and, hence, the same factor reduction in estimated 
time for the sludge layer to bridge the electrode and cause shorting problems. The time required for a 
shorting problem to develop might be even less if the flow field resulted in a propensity for material to 
accumulate in a circumferential ring configuration at the intersection of the floor and wall. 

Based on the above discussion, the time estimates to reach the hypothesized limitations are 
expected to be between a factor of seven too long and a factor of two too short, such that the range 
of the melter life is 27 days to 384 days. 

8.3.8 Summary and Discussion of Results of HWVP Computer Modeling 

Four cases were computed with the model of the HWVP melter. Case 1 was a preliminary set of 
calculations, not reported here. Case 2 was a set of calculations reported previously (Eyler et al.; 
endnote 4). Results are not repeated here because the computer modeled the electrodes with a 
separation distance (1.27 m) different from that of the reference HWVP melter (1.42 m). Case 3 was a 
recomputation of Case 2 with the correct separation distance. Only a representative few of Case 3 
results are included; subsequent to their computation, measured data for the density of LFCM-8 glass 
was obtained. The new glass density was used in the Case 4 simulation. Most of the results presented 
are for Case 4, which was computed assuming a glass pour rate of 100 kglhr during 14.5 hours of a 
16.5-hour cycle. The remaining 2 hours is to approximate estimated canister changeout times. For 
these conditions, the production rate is 87.9 kglhr. The continuous noble metals source rates used in 
the computer modeling for Case 4 are 0.113 kg-Ru02' 0.0293 kg-Pdlhr, and 0.0236 kg-Rhlhr. 

The analysis methodology and computer submodels developed during research-scale melter and 
engineering-scale melter phases of this work were used. Comparison of the engineering-scale melter 
predictions to measured data provided the best basis available for concluding that valid procedures and 
submodels were used. At nominally steady conditions, power to the engineering-scale melter was 
over-predicted by 10% to 15 %. Using a definition that noble metals in the glass are part of material 
retained, retention in the engineering-scale melter was predicted at 38 %, 34 %, and 34 % compared to 
measured values of 35 %, 38 % and 32 % for Ru, Pd, and Rh, respectively. Not including noble metals 
in the glass as part of the material retained decreases the predicted retention by about 3 percentage 
points (e.g., 35%, 31 %, and 31 %). In post-experiment data analysis, inconsistencies in the measured 
data were found and explained (see Chapter 7). The engineering-scale melter modeling showed that 
agreement between the lumped-parameter model and TEMPEST is good and is consistent with 
TEMPEST predicting the melt volume to be well mixed. After accounting for effects of particle 
settling in the pour spout, engineering-scale melter data of the measured concentration of noble metals 
in the poured glass also indicate that the melt pool is well mixed. 
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In the HWVP model, the measured LFCM-8 glass density as a function of temperature exhibits a 
temperature slope about 1/3 of that used in earlier calculations with a density function from the HWVP 
Technical Reference Manual (Larson, 1989; endnote 5). At 1150°C, LFCM-8 measured density has a 
value of 2386 kg/m3 and a slope of dp/dT = -0.2 kg/m3_ 0 c. The HWVP Technical Reference Manual 
reports the glass density at 1150°C as 2170 kg/m3 and a slope of dp/dT = -0.6 kg/m3_ 0 c. No data are 
available for the engineering-scale melter glass to confirm consistency of the density. The difference in 
density slope affects the convection velocity in the glass. The maximum velocity in the glass decreased 
from about 3.3 cmls to 2.0 cmls for the change from reference density to LFCM-8 measured density. 
The power required to maintain glass temperature at 1150°C decreased correspondingly from 425 kW 
to 407 kW at steady conditions during pouring. The decrease in power with decrease in convection 
velocity is consistent. 

The flow and thermal field characteristics indicate significant differences between the pouring and 
idling situation. During extended idling, maximum convection velocities are about 0.4 cmls as com
pared to about 2 cmls during pouring. Differences between the feeding situation without pouring (e.g., 
canister changeout) and the pouring situation are relatively minor, as is consistent with the boundary 
conditions of these two scenarios. During pouring of 100 kg/hr, the average lateral drift velocity 
through a vertical centerplane normal to the plane of the pour spout opening is only 3.9*10-4 cm/s, 
insufficient to noticeably affect the flow or thermal field during feeding and pouring situations. At the 
entrance to the pour spout, the average convection velocity (normal to the pour spout axis) for 
100 kg/hr of glass pouring through the 4.0-in. (10. 16-cm) pour spout is 0.14 cmls. This is not 
insignificant relative to the maximum convection velocities during pouring (- 2.0 cmls). However, 
since the centerline of the 25.5° sloped pour spout is 8.75 in. (22.2 cm) and the lower lip of the pour 
spout entrance is 6.5 in. (16.6 cm) above the floor, the average convection velocity does not provide a 
lateral flow component of significant magnitude to noticeably affect the deposition flux distribution of 
noble metals at the floor. 

Concentration distribution of the noble metals in the glass exhibits a uniform distribution around 
the melt after equilibrium conditions are reached. Concentration variation is less than 2% in the glass. 
Achieving equilibrium average concentration in the glass requires on the order of 3 to 5 days. The 
uniform distribution is significant for two principal reasons: 1) Uniform distribution of the noble 
metals in the glass allows more (computationally) efficient parameterizations to be conducted with a 
lumped-parameter method because the melt pool can be assumed to be well mixed; and 2) A uniform 
distribution of concentration in the glass results in a prediction of a uniform deposition flux of particles 
on the floor. A uniform deposition flux indicates that the sludge layer should develop with a uniform 
thickness over the nearly flat melter floor. Flat bottom melters that have experienced noble metals 
problems (see Chapter 3) provide some support for the uniform deposition prediction. 

Noble metal mass balance and retention in the melter were determined by first computing fully 
coupled flow situations for pouring, feeding, and idling. These calculations were conducted to 
temperature-controlled steady conditions-typically 2 to 5 hours of real time. The target temperature 
was 1150°C at a thermocouple in the thermowell at about the level of the upper electrode stems. The 
steady flow conditions were then used in a recycle procedure to simulate long-time noble metals 
transport-typically 60 days-by cycling the flow fields to approximate the 14.5-hour pouring and 
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2-hour feeding periods in each cycle. This procedure is justified because the time scale for the thermal 
response of the system (as temperature controlled in this work) and for sludge layer development are 
on the order of hours and days, respectively. 

The noble metals mass balance was analyzed to determine an integrated retention of noble metals in 
the melter. Retentions were computed two ways: Assuming that noble metals in the glass are part of 
the retained material, and assuming that only material settled to the floor in a sludge layer is retained 
material. These two retentions typically differ by 3 percentage points after 60 days of operation at 
HWVP conditions. Equilibrium concentration of noble metals in the glass is reached in 3 to 5 days, 
depending on the definition of equilibrium. The concentration in the glass then remains constant, and 
the rate of increase of total mass of noble metals in the sludge layer on the floor increases linearly 
(average over the 16.5-hour cycle). The linear rate of increase in noble metals on the floor is in terms 
of mass per unit time, which can be converted to an effective layer thickness as a function of time or as 
a function of glass poured. For Case 4 results, the rate of change in sludge layer thickness was 0.054 
cm/d for a pour rate of 100 kg/hr (87.9 kg/hr production rate for 14.5-hour pouring in a 16.5-hour 
cycle). For the idling situation, the total inventory of noble metals at equilibrium concentration settles 
to the floor at a predicted 0.5-cm increase in sludge layer thickness per 30 days of continuous idle. 

The effects of the sludge layer on the operational parameters of the HWVP melter were analyzed 
by first hypothesizing limiting conditions, which were then evaluated in relation to steady-state 
response of the melter to imposed sludge layer depths. The most significant feature of this approach is 
that as the sludge layer approached the lower lip of the lower electrode pair, local temperature 
approached 1340°C, the current supplied to the lower electrode pair exceeded a transformer limit of 
3000 amps, and the upper electrode pair exceeded a transformer limit of 300 KVA. At longer term 
operation (thicker sludge), the melt would cool significantly under the design condition of a power split 
of 55/45 (upper/lower). Following is a summary of the estimated times to reach hypothesized failure 
limits. 

1. Assuming the design condition upper-to-Iower electrode power ratio is 55/45: 

A. Discharge blocked: Not limiting; In excess of 816 days. 
B.l T glass < 1050°C: Estimate: Does not occur if no other limits applied 
B.2 Transformer Limits Exceeded: Estimate: 192 days 
B.3 Tmax > 1350°C: Not limiting: Local temperatures approach 1340°C 

II. Assuming skewing of power to the two electrode sets such that the upper TCs stay between 1125°C 
and 1175°C: 

A. Discharge blocked: Not limiting; in excess of 816 days. 
B.l T glass < 1050°C: Estimate: 447 days 
B.2 Transformer Limits Exceeded: Estimate: 192 days 
B.3 Tmax > 1350°C: Not limiting: Local temperatures approach 1340°C 
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The time estimates assume a 70% operating efficiency, which includes 63 days of operation 
followed by 30 days of continuous idling. If there is a change in the periods of operation [14.5 hours 
of pouring and 2 hours of feeding in a 16.5-hour cycle with glass pouring at 100 kglhr (87.9 kglhr 
production rate)], the estimates must be changed. 

There are uncertainties in the above estimates, as discussed in detail in Section 8.3.7. The time 
estimates are concluded to be within the range of a factor of seven too long to two too short-that is, 
the 192-day estimate to reach limiting condition B.2 may be either 27 days on the low end or 384 days 
on the high end. These uncertainties are in parameters that are largely independent of the TEMPEST 
computer model. Rather, they are in electrical properties of the glass and sludge, physical 
characteristics of the settled sludge (maximum volume fraction of the noble metals, in particular), and 
the sludge layer thickness at which predominant shorting first occurs. 
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9.0 Discussion of Melter Performance Assessment Results 

This section integrates the results discussed in previous chapters to give a better understanding of 
how the results of each part of the melter performance assessment compare to each other as well as to 
work conducted elsewhere. 

9.1 Comparison of Results Within the Melter Performance Assessment 

Three sets of results for noble metals retention have resulted from the melter performance assess
ment the engineering-scale melter results, the lumped-parameter model results, and the TEMPEST 
modeling results. The gradient furnace testing and research-scale melter testing were not intended to 
yield comparable retention data. The retention of Ru02 in the engineering-scale melter was 35 %. The 
TEMPEST model predicted results very similar to those measured experimentally in the engineering
scale melter. The lumped-parameter model predicted a 28% retention of Ru02 in the engineering-scale 
melter. The difference between the lumped-parameter model results and the engineering-scale melter 
results was thoroughly discussed in Section 7.1.3. The conclusion was that the amount of noble metals 
fed to the engineering-scale melter was overestimated when calculating the experimental results, which 
led to an overestimation of the Ru02 retention. The results reported in the engineering-scale melter 
section of this report were not changed for two reasons: 1) the engineering-scale melter results 
reported here were taken directly from a report written jointly with KfK such that the authors of this 
document did not feel comfortable changing the results, and 2) the reasons used to explain the differ
ence were only hypotheses. Regardless, a range of 28 % to 35 % retention of Ru02 is considered to be 
good agreement because of the uncertainty of the mass balances. 

Although there are no experimental results for noble metals retention for the plant reference melter, 
the modeling efforts for the full-scale melter can be compared. The results of the lumped-parameter 
model closely match the TEMPEST model predictions. When the retentions reported by the two 
models are calculated in the same way, the two models both predict a Ru retention of approximately 
20% for the plant melter. Using the lumped-parameter model, it was estimated that the plant melter 
will fail in 238 days of operation, including idle periods. As stated in Chapter 7, this is probably a 
liberal estimate because the sludge accumulation assumed for failure (9 cm) is much higher than will 
probably be needed. The melter lifetime predicted by the lumped-parameter model is very similar to 
the prediction of 192 days made by the TEMPEST model for the sludge layer to grow to 8.6 cm (see 
Chapter 8). 

9.2 Comparison of Results with Results from Other Sites 

Although the experimental and modeling results for the engineering-scale melter are not directly 
comparable to those obtained for the HWVP runs on the IDMS melter, the results should be contrasted. 
The Ru retention for the IDMS runs was 13% at steady state and 17% overall. This is less than the 
28% to 35% retention determined for the engineering-scale melter. The concentration of noble metals 
in the feed for both sets of runs was the same. The differences between the runs was the melter 
geometries and the modes of operation. Both melters were operated between 1150°C and 1200°C. 
The IDMS melter has more plenum heat capacity than the engineering-scale melter; thus, the plenum 
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temperature was higher. Also, the feeding to the IDMS melter was much more intermittent than the 
feeding to the engineering-scale melter. However, the intermittent feeding should increase the reten
tion for the IDMS melter. The main difference between the two melters is the aspect ratio of the melt 
cavity. The diameter-to-depth ratio of the IDMS melter is larger than that of the engineering-scale 
melter. This results in a shorter residence time for the IDMS melter, which should decrease the noble 
metals retention. The difference in aspect ratios is felt to be significant enough to explain the differ
ences in noble metals retentions. 

As discussed in Chapter 3, the IDMS melter has processed a much larger quantity of noble metals 
than the engineering-scale melter. In contrast, the two melters have shown about the same electrical 
disturbance. After processing only 11 melter tank volumes of glass, the engineering-scale melter had a 
10% to 15% reduction in resistance between the lower set of electrodes. A similar electrical disturb
ance has been observed for the IDMS melter, but over five times more tank volumes of glass had to be 
processed. Tank samples taken from the floor of the IDMS melter have a high concentration of noble 
metals, but the layer does not seem to have a large electrical effect. There appear to be two possibili
ties for the lack of electrical effect of the IDMS melter sludge layer. One possibility is that the layer is 
not continuous. It has been reported that there is a higher concentration of noble metals near the elec
trodes in the IDMS melter (Hutson 1992). This may indicate the center of the melter floor is depleted 
in noble metals so that the electrical path through the sludge layer is not complete. The other possible 
explanation for the lower electrical disturbance in the IDMS melter is that its sludge layer is not as con
ductive as that of the engineering-scale melter. High concentrations of spinels and RuS2 have been 
reported in sludge samples (Hutson 1992). These compounds may be less conductive than the Ru~, 
Pd, and Rh found on the bottom of the engineering-scale melter. 

In general, the models developed for the melter performance assessment predict a Ru02 retention 
of 20% for the plant melter and an operating lifetime of approximately 200 days. The predicted 
retention is much lower than those experienced by most melters operated in foreign countries (see 
Chapter 3 for a complete literature review). During the development of the PAMELA melter in 
Germany, Ru retentions as high as 67% were experienced in melters with flat or shallow sloped bot
toms using glasses with noble metals concentrations comparable to the HWVP glass. The Ru retention 
was reduced to 38% when using a melter with a 45 0 sloped bottom (K-W2 melter) and a glass with 
approximately 1 wt% Ru02. In either case the Ru retention was much higher than those predicted by 
the melter performance assessment models or experienced during HWVP melter testing. The differ
ence here does not appear to be residence time. The residence time for the PAMELA melter was 
approximately 25 hours and the residence time of the K-W2 melter was 60 to 70 hours. The residence 
time of the HWVP melter will be 50 to 70 hours. The difference in Ru retention is most likely related 
to particle morphology and melter convection. Ru~ particles in simulated glass from the K-W2 
melter were long needles up to 100 I'm. Similar needles up to 500 I'm were found in the samples taken 
from the bottom of the melter. These particles are much different than the Ru02 agglomerates found 
during the research-scale me Iter and engineering-scale melter testing. The agglomerates were similar 
in size (up to 100 I'm) but were made up of small (llLm) particles connected randomly so that they had 
a "fluffy" appearance. If these agglomerates settle more slowly than the needles in the German glasses, 
then that would be an explanation for the different retention. 

It is more difficult to compare the results of the Japanese vitrification work with the results of the 
modeling work conducted here. Only the first two melters developed by the Japanese had flat bottoms, 
and there is very little information on these early runs. Later runs on the small-scale melter using the 
bottom drain resulted in an 80 % Ru02 retention when the slope of the melter floor was 30 0 and 30 % 
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when the slope of the melter floor was 45°. Runs on the Advanced-B melter (45° sloped bottom and 
bottom drain) resulted in Ru02 retentions of 12% to 28% for glasses containing 0.74 wt% Ru02. 
These retentions are much closer to those predicted for the HWVP melter, but the geometries (sloped 
bottom and use of bottom drain) of the two melters are substantially different and the noble metals con
tent of the Japanese glass is much higher. A later run conducted on the Mock-up III melter (45° sloped 
bottom and bottom drain) resulted in a 43 % Ru02 retention. This retention was reduced to 17 % in a 
later run when the bottom section of the melter was kept at 800°C to minimize particle settling. Again, 
comparison of these results with those of the HWVP modeling is difficult at best. 

As discussed above, comparison of most other melter runs with the melter performance assessment 
models is difficult because of the difference in the melter geometries and operating conditions. One 
observation that can be made is that nearly all of the retentions reported from other experiments were 
higher than those predicted by the melter performance assessment models (or experienced during the 
melter performance assessment experiments). This indicates that, if anything, the melter performance 
assessment models err on the low side for predicting retentions. It would also indicate that the lifetime 
predicted by the melter performance assessment models may be high and that the melter may fail 
sooner than predicted, as discussed in Chapter 8. The one thing that these comparisons do not take 
into account is the noble metals content of the accumulated sludge. The packing of the settled sludge 
was assumed to be 6 vol %. This is similar to the value determined during experiments in Germany 
(see Chapter 8 for further detail). If the assumed packing were low, the sludge layer growth would be 
slower and the melter lifetime would be extended. The assumed noble metals packing used in the 
melter performance assessment models was based on the best available data. This packing may be used 
to the advantage of the plant melter, as discussed in the following section. 

9.3 Candidate Methods of Prolonging HWVP Melter Life 

The results of the melter performance assessment indicate that the reference plant melter will fail 
before the minimum required lifetime of two years. Several changes could be made to the HWVP 
melter design and operation to improve its compatibility with feeds containing noble metals. The most 
obvious, and most difficult, change to the melter system would be to design a melter that is compatible 
with noble metals. One option would be to redesign the melter cavity to incorporate a sloped bottom 
greater than 45° and a bottom drain for removal of noble metals sludges. This design has been suc
cessfully demonstrated in Germany on the K-6' melter. Another design change option would be to 
stair-step the refractory floor of the melter in a terraced configuration. This configuration is hypothe
sized to allow a sludge layer to develop, but in a discontinuous fashion that would have less electric 
shorting effect. 

An operational change that could be made to the HWVP facility would be to operate in a batch 
pour mode with the lower half of the melter at a lower temperature (-1050°C). The cool glass at the 
bottom of the melter would hinder the settling of noble metals. Just before each pour, the glass at the 
bottom would be heated back up to 1150°C to reduce the glass viscosity and allow pouring. The noble 
metals would then be flushed out of the melter during each pour. This method of operation has been 
successfully demonstrated in Japan using a different melter design. It is not clear whether this mode of 
operation could be used on the reference plant melter. This is only a hypothesis and would require 
testing before being adopted as an operating mode. 
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Another option that may prolong the life of the HWVP melter would be to alter the chemistry of 
the glass. The main problem with the settled sludge layer in the HWVP glasses is the morphology of 
the Ru02 phase. The Ru02 forms agglomerates made up of randomly oriented needles that have a 
"fluffy" appearance. This sponge-like network has the combination of properties most likely to cause 
melter problems: a high electrical conductivity and a low volumetric concentration of Ru02. The low 
volumetric concentration allows a small mass of Ru02 to form a thick sludge layer that rapidly grows 
up to the electrodes. During the research-scale melter testing, the Ru~ was reduced to a metallic Ru 
layer. This appeared to reduce the layer thickness. Unfortunately, the metallic Ru was very corrosive 
to the fused cast refractory of the melter floor. If the Ru~ could be converted to another phase that 
did not form a fluffy layer, the sludge layer depth could be reduced. It would also be advantageous if 
the new Ru phase was less conductive than Ru metal or Ru02. One candidate would be RuS2. This 
appears to be a very difficult option, but one that should be brought to the attention of the glass 
chemists for consideration. 
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Appendix A 

Tables of Compositions and Input to Computer Modeling 

A.1 Tables of Compositions 

Table A.1. HWVP Feed Composition 

Melter Feed 
Oxide Compound 

Concentration Concentration 
Oxide (wt%) Feed Compound (gIL feed) 

Ag20 0.034 AgN03 0.25 
Al20 3 2.57 Al (OHh 19.85 
B20 3 2.E-3 H3B03 0.01 
BaO 0.05 Ba(OHh + 8H2O 0.52 
CaO 0.23 Ca(OHh 1.49 
CdO 0.87 Cd (OHh 4.94 
Ce02 0.18 Ce(OHh 1.02 
Cr203 0.07 Cr(N°3h+9H2O 1.97 
C~O 0.17 CsN03 1.19 
CuO 0.07 Cu(S04)+5H2O 1.10 
F~03 8.06 Fe(OHh 54.23 
Ge02 4.E-5 Ge°2 2.E-4 
K20 0.06 KOH 0.34 
La203 0.19 LaF3 0.23 

La(OHh 0.86 
MgO 0.10 Mg(N03h +6H2O 3.32 
Mn02 0.61 Mn02 3.07 
Mo03 0.16 Mo03 0.80 
Na20 6.10 NaCI 0.70 
CI 0.08 Na2C03 14.91 
po 0.03 Na2~04 1.05 

Nal 0.03 
NaN°2 33.76 
NaN°3 4.01 

S03 0.19 Na2S04 1.04 
NaOH 3.34 

Nb20 3 0.03 Nb20 S 0.02 
Nd20 3 0.99 NdF3 0.25 
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Table A.1. (contd) 

Melter Feed 
Oxide Compound 

Concentration Concentration 
Oxide (wt%) Feed Compound (gIL feed) 

Nd(OH)3 5.56 
NiO 0.66 Ni(OHh 4.09 
P20 5 0.25 Na3P04 2.88 
Pd~ 0.034 Pd(N°3h 0.32 
Pb02 0.20 Pb(N°3h 1.39 
Pr20 3 0.04 Pr(OHh 0.26 
Rb20 3 0.02 0.11 
Rh20 3 0.029 Rh(N03h + 2H2O 0.30 
RU203 0.106 Ru(NO)(N°3)3 1.34 
Sb20 3 2.E-3 Sb20 3 0.01 
Se02 4.5E-3 se02 0.02 
Si02 1.14 Si02 5.77 
Sm20 3 0.02 Sm(N03)3 +6H2O 0.28 
SnO 3.E-3 Sn(N°3h 0.03 
SrO 0.03 Sr(N°3h 0.35 
T~05 I.E-3 Ta205 5.E-3 
Te02 0.028 Te02 0.14 
Ti02 0.19 Ti02 0.93 
Y203 0.02 Y(OHh 0.14 
ZnO 0.10 Zn(OHh 0.58 
Zr02 4.31 Zr(OH)4 28.00 

Total: 28.0% Total: 204.8 gIL 
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Table A.2. HWVP Feed Requirements for Frit, Recycle, and Formic Acid 

Frit Composition 
(343 g-fntfL-melter feed) 

Si02 
B20 3 
Li2~ 
Total 

88 wt % Formic Acid Additions 

HWVP Feed 
Recycle Feed 
Frit Addition 

Recycle Composition 
(17 g-eqUlv.oxldesfL-melter feed) 

Zeolite (IE-96)(b) 
Diatomaceous Earth 
KMn04 
HN03 
NaOH 
CdO 
Na2~04 
Na3P04 
NaCI 
NaN°3 

Wt% 

72.26 
20.45 

7.29 
100.0 

gIL Melter Feed 

30.68 
3.26 
3.53 

gIL Melter Feed(a) 

2.8 
5.6 
0.31 
0.65 
(c) 
0.56 
2.11 
1.29 
0.02 

14.48 

(a) Concentration in final feed. Recycle can either be added as dry 
chemicals or as concentrated slurry. 

(b) Particle size < 120 mesh. 
(c) As required to achieve target pH. 
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Table A.3. HWVP Target Glass Composition 

Plant Feed Recycle Feed 
Oxide Oxide Frit Oxide 

Concentration Concentration Concentration 
Oxide (wt%) (wt%) (wt%) 

Ag20 0.034 
AI20 3 2.57 0.14 
B20 3 2.E-3 14.03 
BaO 0.05 
CaO 0.23 0.01 
CdO 0.87 0.11 
Ce02 0.18 
Cl 0.08 
Cr203 0.07 
C~O 0.17 
CuO 0.07 
F 0.03 
F~03 8.06 0.04 
Ge02 4.E-5 
K20 0.06 0.01 
L~03 0.19 
Li02 5.00 
MgO 0.10 0.01 
Mn02 0.61 0.03 
Mo03 0.16 
N~O 6.10 1.45 
Nb20 3 3.E-3 
Nd20 3 0.99 
NiO 0.66 
P20 5 0.25 0.11 
Pd~ 0.034 
Pb02 0.20 
Pr203 0.04 
Rb20 3 0.02 
Rh20 3 0.029 
RU203 0.106 
Sb20 3 2.E-3 
Se02 4.5E-3 
Si02 1.14 1.49 49.57 
Sm203 0.02 
SnO 3.E-3 
S03 0.19 
SrO 0.03 
T~05 I.E-3 
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Table A.3. (contd) 

Plant Feed Recycle Feed 
Oxide Oxide Frit Oxide 

Concentration Concentration Concentration 
Oxide (wt%) (wt%) (wt%) 

Te02 0.028 
Ti02 0.19 4.E-3 
Y203 0.02 
ZnO 0.10 
Zr02 4.31 

Total: 28.0% 3.4% 68.6% 
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Table A.4. Composition of KfK Waste Simulant 

Compound 

H2Se03 
Sr(N°3h 
Y(N°3he6H20 
Z~ 
H2Mo04 
H2 Te04

e2H20 
CsN03 
Ba(N°3h 
La(N°3he6H20 
Ce(N°3he6H20 
Pr(N°3)3e6H20 
Nd20 3 
Sm(N°3he6H20 
Gd(N°3he6H20 
Cr(N°3he9H20 
Mn(N°3he6H20 
Fe(N03h e6H20 
Ni(N°3he6H20 
Cu(N°3he3H20 
Zn(N°3he6H20 
Pb(N°3h 
NaN°3 
Mg(N03h e6H20 
Al(N°3he9H20 
K(N°3)3e6H20 
Ca(N°3he4H20 
H3P04 
HN03 
Ru 
Pd 

A.6 

g ElementlL 

0.08 
0.9 
0.7 
6.2 
4.6 
0.8 
3.0 
2.3 
2.0 
3.1 
2.0 
5.45 
1.4 
0.8 
1.3 
0.17 
5.2 
1.2 
0.8 
0.1 
0.1 

16.0 
0.2 
0.2 
0.61 
0.4 
0.106 
5.342 
3.0 
1.8 



Table A.S. Composition of DWPF Waste Simulant 

Compound 

Ag20 
Al (OHh 
BaS04 
Ca3(P°4)z 
CaC03 
CaS04 
Cr203 
CsN03 
Cuo 
Fe(OHh 
Group B (principally Nd) 
HgO 
KOH 
MgO 
Mn02 
NazC03 
Na2S04 
Na3P04 
NaCI 
NaF 
Nal 
NaN°2 
NaN°3 
NaOH 
Ni(OH)2 
PbS04 
Pd~ 

RhOz 
Ru02 
Si02 
SrC03 
Te02 
Zeolite 
ZnO 
Zr02 

A.7 

g ElementlL 

0.02 
26.14 
0.64 
0.31 
5.93 
0.46 
0.54 
0.02 
0.23 

66.23 
1.70 
2.91 
0.70 
0.51 

11.71 
0.21 
0.45 
0.04 
1.80 
0.43 
0.03 

19.40 
0.64 
2.01 
5.25 
0.63 
0.09 
0.04 
0.22 
7.18 
0.29 
0.05 
7.34 
0.36 
4.91 



Table A.6. Composition of PHA 

Compound 

CsCOOH 
Cu(COOHh 
H3B03 
HCOOH 
KCOOH 
Na2Cr04 
NazS04 
NazSi03 
NaCOOH 
NaN°3 
NaTi20 5H 

g ElementiL 

0.31 
1.05 

12.15 
1.61 

16.07 
0.01 
0.21 
0.01 
5.25 

10.96 
2.22 

Table A.7. Nominal Composition of HWVP Glass 

Oxide 

Frit(a) 

Waste + Recycle(b) 

(a) As per Table A.2. 

Weight % 

68.6 
31.4 

(b) Recycle oxides = 0.122 * Waste Oxides with a 
reference waste oxide glass loading of 28 % . 
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Table A.S. Nominal Composition of KtK Glass (GPWAK1) 

Si02 
~03 
Al20 3 

Oxide 

LiiO 
Na20 
MgO 
CaO 
Ti02 
Waste (TABLE 2) + Recycle(a) 

Weight % 

58.2 
17.1 
2.9 
2.3 
5.8 
2.2 
5.1 
1.2 

14.0 

(a) Recycle Oxides = 0.036 * Waste Oxides. 

Table A.9. Nominal Composition of DWPF Glass 

Oxide 

Frit-202 (as per Table A.lO) 
Waste (as per Table A.5) 
PHA (as per Table A.6) 

Weight % 

64.0 
28.0 

8.0 

Table A.tO. DWPF Frit-202 Composition 

Oxide Weight % 

Si02 77.0 
B20 3 8.0 
Na20 6.0 
Li20 7.0 
MgO 2.0 
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A.2 Input to Computer Modeling 

Attached are the results of the gradient furnace tests for the HWVP-2 melt. Selected areas from 
the hot end of the gradient furnace melt were examined for particle size, shape, and composition. 

These particles were classified into three groups by particle size, as shown in the attached spread
sheet. Particles were listed in increasing order by size, and then divided into categories by size. Each 
particle's size was approximated by a rectangle enclosing the entire particle. The rectangle's smaller 
and larger dimensions were recorded in the spreadsheet as well as the total area, which equals the area 
of the rectangle. The total area in most cases includes area that was not noble metal, but glass, due to 
the irregular shape of many of the particles and the fact that most particles were not rectangular, but 
spherical, elliptical, or some other shape. An estimate was made of the portion of the area occupied by 
noble metal. This is labeled "Volume %. I. The composition of the particles was determined by EDS 
and is listed. Almost all particles were ruthenium, and are assumed to be Ru02' However, this 
assumption has not been confirmed analytically. 

In addition, the ratio of the larger dimension to the smaller dimension is given to provide an 
estimate of the particle shape. Lastly, a term called "equivalent area" is calculated. This is equal to 
the particle area multiplied by the estimated volume% of the particle that is noble metal, as described 
above. 

The particles are then classified into three groups. Under each group are figured the average 
particle area, average volume% noble metal, average ratio of larger dimension to smaller dimension, 
and average equivalent area. (The specific gravity of the product glass = 2.5. This can be used along 
with the average volume% noble metal when determining particle density.) Below this the number of 
particles per melt area and the area fraction of noble metal particles is given. The area fraction should 
approximately equal the volume fraction. 

The first group of particles are small « 2 micron) particles that appear fairly dense and compact. 
Their shape in most cases is approximately spherical. 

The second group of particles consists of those that were larger and much more irregularly shaped 
("sponge-like"). 

The third group actually consists of a single large particle (also "sponge"-shaped). Because of its 
size it was separated from the second group. 
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Table A.H. Group 1 Noble Metal Particles 

Small Large Particle Ratio -
Dimension Dimension Area Volume compo (Large Dim! Equiv. Area 

(Pm) (Pm) (sq I'm) (%) Element(s) Small Dim) (sq I'm) 

0.4 0.4 0.16 0.5 Ru 0.08 
0.4 0.4 0.16 0.9 Ru 0.14 
0.5 0.5 0.25 0.8 Ru 0.20 
0.5 0.5 0.25 0.9 Ru 0.23 
0.5 0.5 0.25 0.85 Ru 0.21 
0.5 0.5 0.25 0.9 Ru 0.23 
0.5 0.5 0.25 0.95 Ru 0.24 
0.5 0.5 0.25 1 Ru 0.25 
0.3 0.3 0.9 Ru 3.33 0.27 
0.3 0.3 0.7 Ru 3.33 0.21 
0.3 0.3 0.9 Ru 3.33 0.27 
0.3 0.3 0.95 Ru 3.33 0.29 
0.3 0.3 0.8 Ru 3.33 0.24 
0.6 0.6 0.36 0.85 Ru 0.31 
0.6 0.6 0.36 0.85 Ru 1 0.31 
0.4 1 0.4 0.5 Ru 2.5 0.20 
0.7 0.7 0.49 1 Ru 1 0.49 
0.5 0.5 0.8 Ru 2 0.40 
0.5 0.5 0.8 Ru 2 0.40 
0.5 0.5 0.75 Ru 2 0.38 
0.5 0.5 0.9 Ru 2 0.45 
0.5 0.5 0.7 Ru 2 0.35 
0.5 0.5 0.7 Ru 2 0.35 
0.5 0.5 0.9 Ru 2 0.45 
0.5 0.5 0.75 Ru 2 0.38 
0.5 0.5 . 0.85 Ru 2 0.43 
0.5 0.5 0.7 Ru 2 0.35 
0.5 1 0.5 0.8 Ru 2 0.40 
0.3 2 0.6 0.6 Ru 6.67 0.36 
0.6 0.6 0.9 Ru 1.67 0.54 
0.6 1 0.6 0.9 Ru 1.67 0.54 
0.8 0.8 0.64 1 Ru 0.64 
0.8 0.8 0.64 0.95 Ru 0.61 
0.8 0.8 0.64 0.95 Ru 1 0.61 
0.5 1.5 0.75 0.95 Ru 3 0.71 
0.8 1 0.8 0.9 Ru 1.25 0.72 
0.7 1.3 0.91 0.9 Ru 1.86 0.82 

0.75 Ru 1 0.75 
0.6 Ru 0.60 
0.95 Ru 0.95 
1 Ru 1.00 

1 1 0.9 Ru 0.90 
0.5 2 0.6 Ru 4 0.60 
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Table A.H. (contd) 

Small Large Particle Ratio -
Dimension Dimension Area Volume compo (Large Dim! Equiv. Area 

(}.tm) (}.tm) (sq Ilm) (%) Element(s) Small Dim) (sq Ilm) 

0.7 Ru 0.70 
0.95 Ru 0.95 

1 1 0.85 Ru 1 0.85 
0.5 2 0.3 Ru 4 0.30 

0.6 Ru 0.60 
0.85 Ru 0.85 
0.75 Ru 0.75 
0.5 Ru 0.50 
0.6 Ru 0.60 
0.9 Ru 0.90 
0.9 Ru 0.90 
0.95 Ru 0.95 
0.65 Ru 0.65 

1.2 1.2 1.44 0.8 Ru 1.15 
1.5 1.5 0.6 Ru 1.5 0.90 
1.5 1.5 0.65 Ru 1.5 0.98 
1.5 1.5 0.85 Ru 1.5 1.28 
1.5 1.5 0.7 Ru 1.5 1.05 
1.5 1.5 0.9 Ru 1.5 1.35 
1.5 1.5 0.7 Ru 1.5 1.05 
1.5 1.5 0.7 Ru 1.5 1.05 
1.5 1.5 0.85 Ru 1.5 1.28 
1.5 1.5 0.8 Ru 1.5 1.20 

1 1.5 1.5 0.6 Ru 1.5 0.90 
0.75 2 1.5 0.6 Ru 2.67 0.90 

1.5 1.5 0.65 Ru 1.5 0.98 
1.5 1.5 0.9 Ru 1.5 1.35 

1 1.5 1.5 0.8 Ru 1.5 1.20 
0.5 3 1.5 0.9 Ru 6 1.35 

1.5 1.5 0.8 Ru 1.5 1.20 
1.3 1.5 1.95 0.85 Rh 1.15 1.66 

2 2 0.25 Ru 2 0.50 
2 2 0.35 Ru 2 0.70 
2 2 0.5 Ru 2 1.00 
2 2 0.6 Ru 2 1.20 
2 2 0.8 Ru 2 1.60 
2 2 0.7 Ru 2 1.40 
2 2 0.8 Ru 2 1.60 
2 2 0.3 Ru 2 0.60 
2 2 0.2 Ru . 2 0.40 
2 2 0.55 Ru 2 1.10 
2 2 0.9 Ru 2 1.80 
2 2 0.95 Ru 2 1.90 
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Table A.H. (contd) 

Small Large Particle Ratio -
Dimension Dimension Area Volume Compo (Large Dim! Equiv. Area 

(pm) (pm) (sq ~m) (%) Element(s) Small Dim) (sq ~m) 

1.5 1.5 2.25 0.7 Ru 1.58 
1.5 1.5 2.25 0.5 Ru 1.13 
1.5 1.5 2.25 0.8 Ru 1.80 
1.5 1.5 2.25 0.85 Ru 1.91 
1.5 1.5 2.25 0.85 Ru 1.91 
1.5 1.5 2.25 0.8 Ru 1.80 
1.5 1.5 2.25 0.35 Ru 0.79 
1.5 1.5 2.25 0.6 Ru 1.35 
1.5 1.5 2.25 0.6 Ru 1 1.35 
1.2 2 2.4 0.95 Ru 1.67 2.28 
1 3 3 0.5 Ru 3 1.50 
1.5 2 3 0.5 Ru 1.33 1.50 

3 3 0.9 Rh 3 2.70 
1.5 2 3 0.95 Ru 1.33 2.85 
1.5 2 3 0.6 Ru 1.33 1.80 

3 3 0.95 Ru 3 2.85 
1.2 3 3.6 0.85 Ru 2.5 3.06 

Total 131.25 95.09 
Ave. 1.27 0.76 1.73 0.92 
Std Dev. 0.82 0.18 0.99 0.64 

Total Melt Area 3.00E+06 sq microns 
Number of particles/Melt area 3.40E-05 particles/sq micron 
Area of particles/Melt area 0.00004375 sq microns/sq microns 
Equivalent area of particles/M elt area 3.16952E-05 sq microns/sq microns 
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Table A.12. Group 2 Noble Metal Particles 

Small Large Particle Ratio -
Dimension Dimension Area Volume compo (Large Dim! Equiv. Area 

(pm) (pm) (sq I-&m) (%) Element(s) Small Dim) (sq I-&m) 

2 2 4 0.5 Ru 2.00 
2 2 4 0.6 Ru 2.40 
2 2 4 0.7 Ru 2.80 
2 2 4 0.35 Ru 1.40 
2 2 4 0.6 Ru 2.40 
2 2 4 0.3 Ru 1.20 
2 2 4 0.55 Ru 2.20 
2 2 4 1 Ru 1 4.00 
1.5 3 4.5 0.7 Ru 2 3.15 
1.5 3 4.5 0.75 Ru 2 3.38 
2 2.5 5 0.4 Ru 1.25 2.00 
2 3 6 0.6 Ru 1.5 3.60 
2 3 6 0.5 Ru 1.5 3.00 
2 3 6 0.65 Ru 1.5 3.90 
2 3 6 0.5 Ru 1.5 3.00 
2 3 6 0.2 Ru 1.5 1.20 
2 3 6 0.85 Ru 1.5 5.10 
2 3 6 0.85 Ru 1.5 5.10 
2 3 6 0.75 Ru 1.5 4.50 
2 4 8 0.8 Ru 2 6.40 
3 3 9 0.6 Ru 5.40 
3 3 9 0.8 Ru 7.20 
3 3 9 0.5 Ru 4.50 
3 3 9 0.65 Ru 5.85 
3 3 9 0.7 Ru 1 6.30 
2 5 10 0.6 Ru 2.5 6.00 
3 4 12 0.7 Ru 1.33 8.40 
3 4 12 0.35 Ru 1.33 4.20 
3 4 12 0.8 Ru 1.33 9.60 
3 4 12 0.75 Ru 1.33 9.00 
2 6 12 0.2 Ru 3 2.40 
3 4 12 0.65 Ru 1.33 7.80 
3 4 12 0.2 Ru 1.33 2.40 
2 6 12 0.6 Ru 3 7.20 
3 4 12 0.5 Ru 1.33 6.00 
3 4 12 0.7 Ru 1.33 8.40 
3 5 15 0.7 Ru 1.67 10.50 
3 5 15 0.35 Ru 1.67 5.25 
3 5 15 0.55 Ru 1.67 8.25 
3 5 15 0.6 Ru 1.67 9.00 
3 5 15 0.8 Ru 1.67 12.00 
3 5 15 0.65 Ru 1.67 9.75 
2.5 6 15 0.8 Ru 2.4 12.00 
3 5 15 0.8 Ru 1.67 12.00 
3 6 18 0.4 Ru 2 7.20 
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Table A.12. (contd) 

Small Large Particle Ratio -
Dimension Dimension Area Volume Compo (Large Dim! Equiv. Area 

(pm) (pm) (sq Ilm) (%) Element(s) Small Dim) (sq Ilm) 

4 6 24 0.8 Ru 1.5 19.20 
3 10 30 0.6 Ru 3.33 18.00 
2 15 30 0.8 Ru/Rh (40/60) 7.5 24.00 
5 6 30 0.5 Ru 1.2 15.00 
6 6 36 0.45 Ru 1 16.20 

Total 565 341.73 
Ave. 11.30 0.61 1.64 6.83 
Std Dev. 7.56 0.18 1.01 5.00 

Total Melt Area 3.00E+06 sq microns 
Number of particles/Melt area 1.63333E-05 particles/sq micron 
Area of particles/Melt area 1.88E-04 sq microns/sq microns 
Equivalent area of particles/Melt area 1.14E-04 sq microns/sq microns 

Table A.13. Group 3 Noble Metal Particles 

Small Large Particle Ratio -
Dimension Dimension Area Volume compo (Large Dim! Equiv. Area 

(pm) (pm) (sq Ilm) (%) Element(s) Small Dim) (sq Ilm) 

8 15 120 0.6 Ru 1.88 72.00 

Total Melt Area 3.ooE+06 sq microns 
N umber of particles/Melt area 3.33333E-07 particles/sq micron 
Area of particles/Melt area 4.ooE-05 sq microns/sq microns 
Equivalent area of particles/Melt area 2.40E-05 sq microns/sq microns 
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Appendix B 

TEMPEST Modeling 

This appendix presents a description of the TEMPEST computer program [frent and Eyler (1993), 
endnote 1]. The governing transport equations for continuity, momentum, energy, and species are 
described. The alternating current electric field solution procedure is presented, and computer sub
models for particle settling and concentration-dependent properties are described. The properties and 
correlations used in the computer modeling are presented, as are data upon which the correlations are 
based (Le., for density, electrical conductivity, and viscosity). Specific heat and thermal conductivity 
properties are from the HWVP Technical Reference Manual [Larson (1989), unpublished, endnote 2). 

B.I TEMPEST Computer Program Description 

The TEMPEST computer program numerically solves a base set of governing transport equations 
for continuity, momentum, and thermal energy. A separate TEMPEST documentation and evaluation 
task to the melter performance assessment was conducted; only a brief overview of TEMPEST is 
presented here. 

The equations solved by TEMPEST are 

Continuit)- : 

Momentum: 

Energy: 

.. 

[
au. 

Po _1 + at 

[
aT a(Uj T)] _ a [ aT 1 Poc - + - - K-at ax· ax· ax· 

J J J 

(B. 1) 

(B.2) 

+Q (B.3) 

A combination of numerical solution algorithms is used in TEMPEST, depending upon the problem 
under consideration. These include explicit, semi-implicit, and implicit algorithms. -The choice of 
solution algorithm is dependent upon numerical stability and accuracy considerations and upon the need 
for computational efficiency [minimizing Central Processing Unit (CPU) time]. 

The transport equations presented above are coupled through material properties. The primary 
couplings are through temperature-dependent density, thermal conductivity, and viscosity relationships. 
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Coupling also occurs through a resistance heating thermal energy source term arising from the electric 
field solution in an electrically conducting material. During species transport, additional coupling can 
occur through concentration-dependent density, viscosity, and thermal and electric conductivity. In the 
case of melter operation with a noble metals buildup on the melter floor, all these couplings are present 
and must be considered in the modeling analysis. This is referred to as fully coupled analysis. 

B.1.1 Species Transport - Continuum Approach 

The continuum approach to modeling species transport involves solving the transport equation for 
the concentration of a species, 

(k = 1, 2, 3 .... ) (B.4) 

where k is a species number. Transport of several species can be done. 

In the continuum approximation, the species concentration may represent a single discrete phase 
with characteristic particle size. Multiple particle size distributions may be approximated by solving 
Eq. (B.4) for each of several discrete particle sizes representative of a range within a distribution. 
Eq. (B.4) may also be solved for discrete species materials, such as Rh, Ru, Pd, Te, or Au or an alloy 
or compound of these. It can also be used to represent dissolved species if precipitation kinetics were 
identified as of significance. Thus, the continuum approximation approach offers the advantage of 
being applicable to a wide variety of cases, assuming appropriate boundary and source/sink information 
is available from either data or physical models. Also, the entire model is contained in TEMPEST, 
unlike the particle tracker approach. 

B.1.2 Species Transport - Particle Tracker Approach 

The particle tracker approach involves solving a Lagrangian equation for the path of individual 
particles within a convecting melt pool. The general equation is based on a force balance on a single 
particle, 

EF = m du/dt = B + W + F 
- - - - -D 

(B.5) 

where m is the particle mass, !! is the particle velocity, t is time, !! is buoyancy force, W is weight, 
and ED is drag force. Each of the terms on the right-hand side are relatable to the particle density, a 
drag coefficient which is in turn a function of particle shape and size, and the flow field the particle 
experiences. The position of the particle with time is obtained by integrating Eq. (B.5) and noting that 
the position of the particle is obtainable from 
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d!fdt = !! (B.6) 

In this approach, the fluid velocity moves the particles subject to gravitational and drag forces acting 
on the particle. The flow field upon which the particles are transported has to be precomputed. If the 
flow field is steady, this is a rather straightforward process, except that correct treatment of particles 
within the very near wall region requires special treatment. If the flow field is unsteady, a rather com
plicated procedure has to be implemented which involves the use of "recycling" a sequence of flow 
fields that represent a quasi-periodic flow field, or it requires direct solution of particle tracking within 
the flow field solution procedures. Submodels for forces on particles are based on data for particle 
characteristics such as size and shape. Data for these submodels come from glass sample analysis from 
the gradient furnace tests, research-scale melter, and engineering-scale melter. 

The particle tracker approach offers advantages in treating specifics of larger particles where inertia 
or particle-to-particle interactions, such as agglomeration, may be important. The approach suffers 
from a disadvantage of being computational intensive when sufficient numbers of discrete particles are 
included so as to be statistically representative. The approach also has the disadvantage of being 
decoupled from the hydrodynamics of the melt pool. Thus, a procedure must be developed for cou
pling the predicted effects of particle settling and sludge buildup back into calculation of operation 
characteristics of the melt pool. 

The particle tracker approach was extensively investigated for its application to transport of simu
lated noble metals particles. The conclusion of these investigations was that the method could not be 
used in the present work. The computer time required to compute a sufficient number of particles to 
be significantly representative was excessive. Also, the integration of the circulation path of a single 
particle in a recirculating flow field could not be calculated accurately enough to distinguish the path 
position numerical error from path position variation that occurs because of particle settling under the 
influence of gravity. The particle tracker approach was abandoned in favor of the continuum species 
transport approach for noble metals transport in the melter performance assessment. 

B.1.3 Electric Field Equations - AC Model 

louIe heat Q, as a source in the energy equation is generated by electric currents resulting from 
potentials applied to a system of electrodes. To compute joule heat efficiently, the potential field I/>(r,t) 
and the associated electric current flux ICr,t) are factored into a sum of space and time factors as 

(B.7) 

(B.8) 
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where the spatial current flux is determined from a spatial potential field as 

(B.9) 

The spatial potential field is determined from solution of a Poisson equation of the form 

v'[ -u</> (£)] = 1°(£} n v,n 
(B.10) 

where IOv n(r) is a reference current source (or sink where negative) per unit volume, chosen to be non
zero only 'within the n-th electrode pair. The cycle-averaged joule heat-per-unit volume is calculated as 

QJ(£} = <!(r,t)· !{r,t)/u> 

= En n=lEN m=l mn!m(£}' !n(£}/u 
(B.ll) 

where 

Fmn (B. 12) 

The symbol < > indicates a time average of the enclosed quantity and an underscore U represents a 
vector quantity. In a glass melter, the electric conductivity, u, will be spatially varying with tempera
ture and may be spatially varying with noble metals concentration. As a sludge layer develops, the 
electric conductivity may also be temporally varying. 

Use of this model requires specification of a set of F mn values or a combination of time-averaged 
voltage products, partial powers, and Fmn' This formulation allows for phase differences and for non
sinusoidal waveforms in driving a multi-electrode, multi-phase electric system. The number N of spa
tial potential field solutions required in this representation depends on the number of electrode pairs, 
the number of electromotive force sources, and their connections. 

A more detailed explanation of the electric field solution and analytical basis can be found in 
Lessor et al. (1991). 
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B.2 Computer Submodel Connections 

Computation of noble metals transport through, and holdup within, the melt pool requires boundary 
source information at the cold cap/melt pool interface. Particle data from the gradient furnace test 
experiments and slurry feed makeup can be used as the bases for characteristic particle size, shape, and 
content and material quantity at the cold cap. These data have been reported by Anderson et al. (1992) 
(unpublished, endnote 3). Once in the melt pool, the noble metals material is transported around the 
melt pool by the buoyancy-induced convection currents. Glass sample data from the research-scale 
melter and engineering-scale melter during pouring and from melter post-test examinations provide 
data for particle characteristics needed for computational analysis. The noble metals particles may 
undergo physical and/or chemical changes while in the glass melt, which may lead to improvements 
to the modeling at some future date as information on these changes becomes available. One such 
improvement may be the need to model the reduction process of Ru~ particles to Ru metal, an effect 
concluded to have occurred in the research-scale melter tests. Another may be the need to model the 
time-rate of growth of particles (agglomeration). 

As a noble metals-enriched sludge layer develops on the floor of the melter, several effects can 
occur that affect melter operations. The primary one is the potential to cause shorting of the electric 
current between the lower electrode pair. During development of the sludge layer, properties of the 
sludge layer may vary with time. These properties include viscosity, thermal conductivity, and elec
trical conductivity. Computer submodels are required to represent the concentration-dependent 
properties. Additionally, because the simulated noble metals particles are heavier than the glass melt, 
they are subject to gravitational settling. Thus, a particle settling model must be used to describe this 
effect in the computational analysis. 

In the following sections, the mathematical and physical bases for submodels of concentration
dependant properties and particle settling are described. The particle characteristics obtained from 
research-scale melter and engineering-scale melter glass samples are presented in Appendix C. 

B.2.1 Enhanced Electrical and Thermal Conductivities 

In a melter, noble metals occur as a discrete particle phase in a continuum (glass). The presence 
of the dispersed noble metals particles can enhance the effective electric and thermal conductivities. 
Gorring and Churchild (1961) provide an excellent review of empirical modeling approaches in a 
review of literature back to work done in 1891. In the absence of polarization effects, the electro-static 
and thermo-static problems are identical. 

Both the thermal and electric conductivity of an assumed cubic packed, noncontacting, monodis
persed discrete spherical particle phase in a continuous fluid field can be related analytically to the con
ductivity of the continuous phase, subject to assumptions. Mathematically, Rayleigh's model can be 
expressed as 

1_~~ ________ 3~v~p~ ________ _ 
2+I; I-I; 10/3 

I-I; + vp - (4/3)+I; avp 

(B. 13) 
+ 
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where JI is the volume fraction, a is a constant dependent on assumed packing arrangement, and 
l:; = a/Jaf is the ratio of the electric (or thermal) conductivity of the discrete particle phase to the 
electric (or thermal) conductivity of the continuous fluid phase. The constant a in Eq. (B. 13) takes 
on different values depending upon the packing arrangement: simple cubic (a = 1.131), body 
centered cubic (a = 0.129), or face centered cubic (a = 0.0752). The basis for this model is 
applicable to largely round, solid particles such as Pd particles observed in some glass samples. 

Figure B.1 presents the theoretical ratio of the enhanced conductivity for infinitel:; for the simple 
cubic assumption that is the most conservative. Note the large increase in the relative conductivities 
that results, but that the largest effect according to Eq. (B. 13) is at concentrations approaching maxi
mum packing factors. Eq. (B. 13) has been implemented into TEMPEST for use with determining the 
electric conductivity of a developing sludge that consists primarily of round, solid particles. This pro
vides one basis for investigating temporal changes in sludge layer conductivities as particles settle and 
an enhapced conductivity layer develops. 
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Figure B.1. Theoretical Ratio of Electrical Conductivity for a High Conductivity Discrete 
Particles Distributed in a Continuous Medium 
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Data from German melter operation experience indicate a factor of 10 to 100 increase in electrical 
conductivities of a settled sludge layer of noble metals [unpublished, endnote 4; also see Choi (1992)]. 
A ten-fold increase is at least in qualitative agreement with the upper limit of the curves in Figure B.1. 
The concentration at which the ten-fold increase occurs, however, is only about 5 to 6% by volume. 
Thus, a more empirically based model has also been implemented in TEMPEST. This model is 
referred to as a shape function that provides similar variational dependency with concentration as that 
depicted in Figure B.1, but offers the computer modeler more flexibility in curve-fitting data as a func
tion of volumetric concentration. The mathematical approach is to separate the temperature depend
ence from the concentration dependence as 

where o(T) = temperature-dependent glass conductivity 
f(Cr) = functional concentration dependence 

Cr = ratio of volumetric concentration to maximum volumetric 
concentration, (Cv/Cv,max) 

(B. 14) 

The functional form of Eq. (B. 14) allows for expressing the ratio of the maximum conductivity to the 
reference conductivity as the settled volumetric concentration approaches the maximum settled packing 
fraction. Note that both the temperature and concentration dependence of the conductivity are modeled 
in this approach. Concentration-dependent conductivity data for engineering-scale melter glass has 
been measured [Grunewald et al. (1993), unpublished, endnote 5]. Independent measurements with 
engineering-scale melter glass samples have also been done at PNL. 

B.2.2 Glass Viscosity 

Viscosity of molten glass in melters is known to be strongly temperature dependent. The presence 
of noble metals particles may also lead to a particle concentration dependence. Indications of German 
melter operation experience (Weisenburger, unpublished, endnote 6), published data (Krause and 
Luckscheiter 1991), and HWVP data (Cobb and Hrma 1991) are that the glass with noble metals parti
cles may behave more like a non-Newtonian fluid than a Newtonian fluid as the volumetric concentra
tion of noble metal particles increases. Plodinec (1986) also presents a summarization of Defense 
Waste Processing Facility (DWPF) data on crystalline-containing glass which exhibit both Newtonian 
and non-Newtonian character. For the present work, and for several other waste processing problems, 
several concentration-dependent Newtonian and non-Newtonian fluid properties models have been 
implemented into TEMPEST. These offer a wide range of options for treatment of concentration
dependent viscosity properties. 

In general, effective viscosity in TEMPEST is 

ILeff = f(p.,B)i'g(B) (B.15) 
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where If = /L(t), temperature-dependent dynamic viscosity, 
"y = strain rate, 
6 = ratio of volumetric concentration to maximum volumetric concentration (Cy/Cy,max), 

f(p.,6) and g(6) = functional forms. 

For concentration-dependent Newtonian models, the following functional forms are available in 
TEMPEST: 

f(p.,6) 

/L(1 + a36a4) 
/Lal 
/L(1 + a1 6 + a262 + a363) 

g(6) 

o 
o 
o 

Description 

Power shape 
Exponential shape 
Cubic power shape 

In each of these, /L is treated as temperature dependent. 

For non-Newtonian fluids, the following functional forms are available: 

f(p.,6) g(6) Description 

K m Power law: Ostwald-DeWaele 
K(l + a36a4) m Power law: Ostwald-DeWaele, power 

Kal m 
shape consistency 
Power law: Ostwald-DeWaele, 
exponential shape consistency 

1 m(1 + -8 -8) a5 - a6 Power law: Concentration-dependent 
behavior index-double exponential form 

In these expressions, K is consistency index, m is behavior index, and a1 to ~ are constants supplied 
by the user. To use any of these models effectively, data for the fluid is needed. 

B.2.3 Particle Settling 

Particles in the melter settle in the Stokes flow (or viscous creeping flow) regime with a particle 
Reynolds number far less than unity. Although Stokes flow for simple solid particles is well character
ized in the literature, calculations of the melter particle settling velocity are complicated by the porosity 
and nonsphericity of the noble metals particles. Furthermore, it is necessary to choose a model for 
"hindered settling." This is the decreased particle settling velocity observed at higher solid volume frac
tions (such as those expected in the sludge at the bottom of the melter). Settling velocity must go to 
zero when the particles become packed so that no further settling can occur. 
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The particle settling submodels in the TEMPEST computer code accept reference settling velocities 
as input. The modeler calculates the reference velocities, accounting for nonsphericity and porosity of 
the particles. These reference velocities are then scaled by TEMPEST to account for the variation of 
local particle concentration, fluid viscosity, and density in the melter. The basic equation for the 
Stokes regime particle settling velocity is 

(B. 16) 

Here the diameter d is that of an equivalent spherical particle; the densities, Pp and Pf' are those of 
the particle and the fluid, respectively. The local dynamic viscosity is /L. Strictly speaking, Eq. (B. IS) 
holds only for a solid spherical particle which is isolated from other particles. The effects of non
sphericity, porosity, and hindered settling, which are all relevant to the noble metals particle behavior, 
are discussed in following sections. 

Nonsphericity 

Many of the particles observed in the gradient furnace testing, research-scale melter, and 
engineering-scale melter tests were not spherical. Observations from the tests generally indicate an 
LID ratio of 3 or less. A settling velocity correction for nonspherical particles can be made. The 
important variables can be determined by reviewing the derivation of Eq. (B. IS). Settling occurs when 
gravity acts on a particle. A terminal settling velocity is reached when gravitational and drag force on 
a particle are equal. 

2 
Drag force = Co APPf V S /2 

Gravitational force = g(Pp - Pf)v p 

(B. 17) 

(B. 18) 

Here CD is the drag coefficient, ~ the projected (cross-sectional) area of the particle, and vp the 
particle volume. In Stokes flow, the drag coefficient is an inverse function of Reynolds number: 

(B. 19) 

To determine the equivalent spherical diameter d of a nonspherical particle, the important variables 
are the volume vp and the surface area sjl of the particle (McCabe and Smith 1976, p. 149). First, the 
equivalent diameter of the particle is detined as that of a sphere with equal volume. Second, a 
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dimensionless parameter ~ s (the sphericity) is defined as the ratio of the surface area of the sphere of 
equal volume to the surface area of the actual particle. With these corrections in place, the equivalent 
spherical diameter d is defined as 

(B.20) 

The drag coefficient is 

(B.21) 

and the settling velocity is derived as 

(B.22) 

Porosity 

The noble metal clusters observed in the research-scale melter and engineering-scale melter sam'
pIes were not simple solid shapes, as tacitly assumed in Eq. (B.21), but highly porous agglomerates of 
randomly oriented needles. Flow through the pores of these particles must be accounted for in calcu
lating the settling velocity. The literature contains closed-form methods to estimate the settling velocity 
of high-porosity particles in the Stokes flow regime. Because these methods do not require any adjust
able parameters, they are immediately usable in the current study. 

The important variables are the cluster's solid volume fraction and the thickness of the needles or 
rods comprising the particle. From these, the particle permeability (analogous to the permeability of a 
packed bed) can be estimated. Flow through the cluster can be treated as a case of flow normal to a 
fiber mat or an array of cylinders, as noted by Masliyah et al. (1987, p. 252). The equation for per
meability k is Eq. (41) (op. cit.): 

(B.23) 

where a is the thickness of the needles making up the agglomerate and c is the volume fraction of the 
cluster that is solid, equal to (1 - the void fraction). 
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Given the particle permeability, the drag force for a permeable sphere (relative to that for a solid 
sphere) can be calculated. A nonspherical particle is treated by using the equivalent diameter d. The 
parameter 6, a dimensionless particle radius, is defined in Eq. (4) of Matsumoto and Suganuma (1977) 
as 

6 = d/[2 * J(k)] (B.24) 

The ratio F of the drag force for the impermeable sphere to that for the permeable sphere can be calcu
lated from Eq. (6) of Matsumoto and Suganuma (1977): 

F = 13 /[13 -tanh(13)] + 1.5/(6 2) 

where F = (drag force on solid particle) / (drag on porous particle of same 
equivalent diameter d and bulk density pp) 

and F = (settling velocity of porous particle) / (settling velocity of solid 
particle of same d and pp) 

(B.25) 

The bulk density Pp is the linear average of the density Pf of the fluid in the particle pores and the 
intrinsic density of the solid PS ' or 

(B.26) 

Use of this formula gives the correct result that when the particle porosity (1-c) is zero, the particle 
density is that of the solid, and when the porosity is unity, the particle density is that of the fluid. 

It follows that the particle settling velocity, including the effect of porosity, can be expressed as 

(B.27) 

Eq. (B.27) is the Stokes settling velocity expression [Eq. (B. 16)], modified to account for sphericity 
and porosity. 

Hindered Settling 

Should particles settle to the bottom of the melter in significant quantities, their concentration will 
be great enough to cause their settling velocity to decrease. At some maximum packing factor, the set
tling velocity becomes zero because no further movement is possible. 
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The TEMPEST computer code uses three different options to calculate hindered settling and 
packing effects. In the first option, a constant settling velocity unaltered by particle concentration 
is used. This option is primarily designed for nonaccumulating, low-concentration species. It could 
lead to overpacking the cells at the bottom of the melter, raising their solid volume fraction to phys
ically impossible values higher than unity. This option has not been used in the present work. In the 
second option, a "table" of settling velocities is specified by the user. The input may specify up to 
five values of particle concentration and the corresponding settling velocity to describe the variation 
of velocity with concentration. This permits specifying a maximum packing fraction, thus preventing 
overpacking. Finally, the th~rd option uses a formula relating settling velocity to concentration, 
providing a continuum of velocities. 

The formula used in the third option is taken from Perry and Chilton (1973, pp. 5-64). The hin
dered settling velocity for particles in the Stokes regime is 

(B.28) 

Here V s is the terminal settling velocity at negligible concentration, Cv is the solid (volume) fraction 
in the suspension, and n is an exponent that depends on the particle flow regime. For Stokes flow, 
n = 4.65, according to Perry and Chilton (1973). TEMPEST allows an exponent n to be chosen by 
the user. TEMPEST also takes input of Vs and of the maximum packing fraction Cv,ITI8JP at which 
settling velocity becomes zero. 

B.2.4 Power Controller 

The power controller used in TEMPEST to control melter glass temperature is based on the PID 
concept used in the operation of the research-scale melter. The basis for this method is presented by 
Westsik (1986). The mathematical expression implemented in TEMPEST is 

where Ptot 

Ptot,old 
a 

Top 
Tave 

Tref 

= the estimated total power 
= the old time power estimate 
= a relaxation factor . 
= the desired operation temperature 
= the average temperature desired 
= a reference temperature 

(B.29) 

The assumption is made that the steady-state bulk average temperature of the melt scales linearly 
with the joule heat power generation. In practice, a representation of this bulk melt temperature is 
obtained by either an arithmetic average of point-wise temperatures (replicating point-wise control 
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thermocouples) or as a volume integrated average temperature; both have been programmed into 
TEMPEST. Both methods have been used successfully in modeling the research-scale melter, 
engineering-scale melter, and HWVP melter. 

B.2.5 Deposition Model 

A model has been developed to predict deposition on the floor of a simulation model. For applica
tion to the melter modeling, this is a subset of the more general turbulent deposition and erosion model 
in TEMPEST. The model was modified for application to laminar flow in melters. The two primary 
assumptions of the model are that particle sizes are small enough for Stokes settling to apply and that 
the accumulated layer on the floor is thin. This is referred to as the floor model. A second deposition 
model, referred to as the floor-layer model, is available and described subsequently. 

The floor model assumes small particle sizes and thin stationary particle sizes and thin, stationary 
particle bed forms. A stationary bed implies that particle rolling, sliding and saltation are not consid
ered as a means of particle transport. This implies that the deposition problem is always quasi-static, 
depending only on the local flow field parameters and the availability of particles for deposition. 

The species transport equation, at the floor boundary, takes the form 

(B.30) 

where V sh is the settling velocity (accounting for any hindered settling), C is the mass concentration, 
and m is the mass flux at the fluid interface. 

The floor model links this boundary condition by modeling the net mass flux at the floor as a func
tion of local flow conditions and local solid phase mass fraction. This is a commonly used model for 
calculating the settling of fine particles (Onishi et a1. 1989, Onishi and Trent 1985, 1982). It is gen
erally accepted that for meaningful particle erosion to occur, the boundary layer at the sediment bed 
must be turbulent since turbulent bursting is the primary mechanism for small particle resuspension 
(Fromentin 1989). For melter application, erosion from a settled sludge layer is not considered. 
Accumulation of the floor in terms of a surface mass density follows by integrating the mass flux at 
each position on the floor, 

t 

m(x,t) = Illo(x) + ! m(x,t) dt (B.31) 

where x is a position vector on the floor. The total mass on the floor is the surface mass density 
summed over the floor area. This model was used in predicting deposition and retention mass balances 
presented in Section 8.0. 
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One of the disadvantages of the floor model is that material which settles to the floor, while main
tained in the total system mass balance, is external to the fluid domain. As such, it is de-coupled from 
the fluid dynamics. 

A second, related model has also been implemented for use in melter application. This is referred 
to as the floor-layer model. This model overcomes the primary disadvantage of the floor model and 
couples the stationary presence of the sludge layer. The floor-layer model uses the floor deposition 
model as a basis for determining the amount of material which settles to the floor. The total amount of 
material is then installed back into floor-adjacent fluid cells for use in determining all concentration
dependent properties in flow, heat transfer, and electric field solutions. In this way, density, viscosity, 
and electric conductivity are affected by the mass concentration of material that has settled to a station
ary sludge layer. Then, prior to solution of the species transport equation, the material is removed 
from the floor-adjacent fluid cells. The advantage of this method is that the thin layer approximation 
is the floor deposition model can be circumvented. 

To improve upon the floor-layer model, it would be necessary to implement and test a fully cou
pled yield stress model. A preliminary version of such a model exists in TEMPEST. Data other 
than that presented by Krause and Luckscheiter (1991) are not available upon which to base the non
Newtonian rheology and yield character of the noble metals-enriched sludge layer. 

B.3 Melter Model Descriptions 

This section contains a summary description of the computer models used in the research-scale 
melter, engineering-scale melter, and HWVP melter models. Additional details of the research-scale 
melter are included in the research-scale melter report [Cooper et al. (1993), unpublished, endnote 7]. 
Additional details of the engineering~scale melter are included in the engineering-scale melter report 
[Griinewald et al. (1993), unpublished, endnote 5]. 

For the research-scale melter and engineering-scale melter models, pre- and post- test simulations 
were conducted. The pre-test simulations were completed using information available from experiment 
test plans and other planning documents. Post-test simulations were conducted using information gen
erated either during the experiment or available in draft reports being prepared subsequent to comple
tion of experiments. 

B.3.1 Research-Scale Melter Computer Model and Simulation Considerations 

The research-scale melter geometry is presented in detail elsewhere [Cooper et al. (1993), unpub
lished, endnote 7]. Principally, it consists of a small, cylindrical cavity (6 in. ID) containing a single 
pair of Inconel paddle electrodes separated a distance of 4-3/8 in. The electrodes, by design, rest on 
the flat melter bottom. The nominal glass depth is 3 in. Surrounding the cavity is a nominally l-in.
thick shell of K-3 refractory, and a nominally 3/4-in.-thick shell of Alfrax. The complete melter is 
contained in a 1/8-in.-thick Inconel shell. All of these features were included in the computer model. 
The whole apparatus is contained in a kiln which maintains the external temperature at a prescribed value. 
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The discretization of the melter included using a total of 19,364 computational cells. The discreti
zation was done of the full melter (from the modeled cold cap surface down). Because of the location 
of the pour spout, no symmetry conditions could be used. The smallest computational cell in the melt 
pool was 0.3-in. thick. 

The cold cap surface was the upper boundary. Over this surface (assumed flat computationally), 
specified temperatures were applied to simulate a slurry coverage (T = 100°C), a dryout area 
(T = 400°C), and a shining (T = 900°C) in approximately cylindrical rings. The slurry coverage area 
was nominally specified as 66.3% of the total surface area, the dryout was 15.2 %, and the shining was 
18.5%. The slurry and dryout areas were modified to 46.3%, and 35.2% of the total surface area in 
several calculations to investigate the effect of the prescribed coverage area on the simulated melter 
operational parameters. 

The cold cap boundary condition is important to the research-scale melter analysis. Although it is 
not perfect, using a fixed temperature of 100°C to model the slurry coverage area provides the best 
estimate for two reasons. One is that boiling of liquid in the slurry feed is a constant temperature 
process. The other is that the "cold" part of the cold cap boundary provides the correct heat sink 
temperature for heat generated in the melt and hence best replicates the buoyancy-driving-force 
temperature difference. In other melter models and earlier modeling work in other programs, other 
cold cap boundary conditions were experimented with numerically, but none were found to give as 
good a representation as the three-area, fixed temperature condition. 

Use of other fixed temperature cold cap boundary surface conditions have been used in other analy
ses. For example, Choi (1992) used a fixed melt pool surface temperature of llOO°C over 90% of the 
surface area "to model the cold cap." In evaluating this temperature condition, it was concluded herein 
that it is more representative of an idling condition without slurry feed than a cold cap/feeding condi
tion. Furthermore, it was concluded that the ll00°C condition would not represent the correct heat 
sink temperature, and hence the buoyancy driving force, when a cold cap was present. 

The exterior temperature boundary condition on the Inconel melter shell was specified as fixed. 
In pre-test research-scale melter simulations, exterior surface temperatures of 500°C and lOOO°C were 
used. The T = 500°C condition was an early (pre-melter construction) design condition. In part, head 
load analysis from these results led to the conclusion that a l000°C exterior surface temperature would 
have to be maintained by the kiln for joule heat power generated in the melt (and hence electrode sur
face current flux) to remain within bounds. Further pre-test calculations were computed using the 
1000°C condition on the exterior surface. The refractory blocks on which the melter sat in the kiln 
were modeled as adiabatic surfaces at the melter shell/refractory block interface. Measured exterior 
surface temperatures were used in post-test simulations. These were in the range of 1030°C to 
1050°C. 

Figure B.2 presents a schematic of the two principal configurations of the melter and components 
included in the computer models. The upper half of the figure depicts the "as built" _condition in which 
the paddle electrodes are resting on the floor. The lower half of the figure depicts the condition 
observed after completion of the experiment test segments; the melter was cooled down, and subse
quently sacrificed. The location of the single thermocouple used for power control is identified in the 
figure. In the analysis results, the condition of the shortened electrode is referred to as "asymmetric" 
electrodes. 
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Figure B.2. Schematic of the Research-Scale Melter Before and After Testing 
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B.3.2 Engineering-Scale Melter Geometry and Simulation Considerations 

The engineering-scale melter was designed and built for testing at Kernforschungzentrum 
Karlsruhe-Institut fUr Nukleare Entsorgungstechnik (KfK-INE). Detailed drawings and a description 
of this melter are presented elsewhere [Griinewald et al. (1993), unpublished, endnote 5]. In summary, 
the engineering-scale melter has an octagonal melt pool cross-section with a flat-to-flat dimension of 
60 cm and a maximum melt depth of 78 cm. The melt pool is contained with refractory ceramic, 
which is contained within a cylindrical tank. There are two pairs of Inconel electrodes that are fired in
phase from a single electrical source. Operation was a batch pour mode wherein a slurry/frit mixture 
was continuously fed to the melt surface. When the glass reached a certain level, it was poured from 
the overflow section of the melter for a period of time. 

The TEMPEST computer program is used in several ways in the analysis. A model of the melter 
is setup and described by data. The model setup process involves defining boundary conditions, 
defining material properties, initializing variables, and setting computational control parameters. Once 
a model is setup, it is debugged. Debugging a model involves confirming that the model represents 
what is being modeled, checking dimensions, and generally comparing what the computer generates 
with what is known about the problem. Debugging a model also involves performing reality checks. 
These include checking net heat transfer rates, glass pour rates, and material volumes. 

Once checked out, a computer model can be modified to particular needs. For example, a com
puter model of a melter can be used to investigate thermal characteristics of the refractory by turning 
off the fluid flow solution. Another example would be to use the model to investigate parameter 
dependencies, such as sensitivity of results to variations in assumed material properties. This also 
makes the model useful in the design of new melters. 

The goal of computer modeling of the engineering-scale melter is to compute ~e convection flow 
pattern in the melt pool, use this flow field as a species (noble metals) transport medium, and predict 
the noble metals accumulation on the floor of the melter. The prediction of the transport of species 
(noble metals particulates) is by continuum modeling. In continuum modeling, a governing differential 
(conservation) equation for the advection and diffusion of the species is solved. The effect on melter 
operation of such a sludge layer is then analyzed using the set of flow, thermal energy, and electric 
fields in TEMPEST. This is done with a combination of fully CQupled and decoupled analysis 
techniques. Fully coupled means that all of the equations interact through the properties and source 
terms. Fully coupled calculations in melters are very computer time intensive and are normally limited 
to typically hours of simulations time. The decoupled analysis approach assumes that the time varia
tion of a process within the glass melt is very slow, such as the build up of a noble metals sludge layer. 
The decoupled approach assumes that the flow field is "frozen" in time as the simulated noble metals 
particles are transported around the glass melt. These calculations typically are of the order of days 
and weeks. Periodically, the noble metals are re-coupled to the calculation to account for any coupling 
effects that may have occurred as a result of the transport. 

Pre-test calculations of the engineering-scale melter were conducted using several sources of 
information. These included: 
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1. Test plan (PHTD-KtK 1, Rev. 0) for the vitrification of noble metal-containing NCAW sim
ulant with the engineering-scale melter in the mockup facility VA-WAK, November 1991 
(PHTD-91-04.01-K903). This test plan provided "target" parameters for pre-test numerical 
computations. 

2. Physical properties of the engineering-scale melter ceramic. CW. Grunewald, 6.12.91, 
modata.txt.) A transmittal received from KtK containing (primarily) thermal conductivities, 
densities, and electrical properties of the engineering-scale melter refractory ceramics. These 
data were used to define the thermal and electric properties of the melter model. 

3. Blueprint-type drawings of the melter design showing configuration, material placements, and 
dimensions of the melter. 

4. Memo from M. L. Elliott/PNL to W. Grunewald/KtK-INE dated October 23, 1991 containing 
glass properties information. This memo contained glass viscosity, electric conductivity, and 
density correlations. 

Post-test simulations were conducted using data and information contained in the engineering-scale 
melter campaign report [Grunewald et al. (1993), unpublished, endnote 5]. Data in early drafts of the 
report were also used because computations were conducted in the same time frame in which the report 
was being prepared. 

In developing a computer model of the engineering-scale melter, it is first necessary to determine 
a computational grid system. Options considered included Cartesian, cylindrical, and a generalized 
curvilinear grid which conformed to both the octagonal internal as well as the cylindrical exterior 
boundary. While the latter of these is most ideal, its use requires computer model developments 
beyond the scope of the present work. The cylindrical coordinate system has the advantage of more 
closely matching both the octagonal interior and cylindrical outer boundary, but it suffers from being 
difficult to match the electrode/melt interface boundary, which is quite important to the electric field 
solution. Thus, the Cartesian grid system was chosen based on previous experience and shortcomings 
and difficulties associated with each of the other grid systems in application to the present problem. 
The primary deficiency in using the Cartesian grid system for this problem is that certain curved 
boundaries have to be approximated within the rectangular computational system. Figure B.3 presents 
a schematic of the material boundaries in the centerplane cross-sectional view of the three dimensional 
model. 

A total of over 42,000 computational cells (discretised finite volumes) are used in the model. Thir
teen separate material types are used to account for the glass, Inconel, and various refractory ceramics 
surrounding the melt pool. The full melter is modeled because no symmetry assumptions can be made 
when the pour spout and batch pouring operations are considered. The nominal melt pool volume is 
0.237 m3 in the model, compared to 0.229 m3 in the experiment. 

The computer model of the engineering-scale melter requires boundary conditions to the transport 
equations being solved. Boundary conditions to the flow equations are straightforward. No-flow 
boundary conditions are used at the melt pool/refractory interface, and the cold cap surface is assumed 
to be rigid. Boundary conditions to the thermal energy equation are required at both internal and 
external surfaces. A fixed temperature of 40°C is specified on all exterior surfaces. Interior to the 
melter cavity, a temperature boundary condition is required to mimic the cooling effect at the cold cap 
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Figure B.3. Three Dimensional Engineering-Scale Melter Model: Material Boundary Schematic 
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surface. This is done based on previous melter modeling experience and melter experimental observa
tions, which indicate that the top surface of the melt consists of three principal zones: An inner zone 
over which liquid feed is being boiled, a surrounding annular zone consisting primarily of dried feed, 
and an outermost annular zone consisting of molten glass exposed to the upper plenum. This outer 
zone is referred to as "shining." In the computer model, a fixed temperature condition is specified for 
each of these zones. The boiling zone is assigned a temperature of 100°C to mimic the boiling process 
at constant temperature over approximately the central 70 % of the melt surface. The dryout zone is 
assigned a temperature of 400°C over an annular region comprising approximately 15 % of the melt 
surface. The shining is assigned a temperature of 900°C over the remaining outer annular surface 
region. 

Boundary conditions to the electric field solution include specification of surrounding refractory as 
being electrically nonconducting. At the electrodes, a current source term is initialized in one side of 
each electrode pair, and an equal and opposite current sink term is initialized on the other side of the 
corresp,onding pair. Once the calculation commences, the temperature controller (if enabled) adjusts 
the current source/sink terms appropriately to attain the power level requisite with the targeted average 
melt temperature of 1 150°C. 

B.3.3 HWVP Melter Computer Model and Simulation Considerations 

A TEMPEST computer model of the HWVP melter (reference design) was developed using infor
mation from several sources. These included, primarily, blueprints of the melter and the HWVP 
Technical Manual [Larson (1989), unpublished, endnote 2]. Blueprints used were identified as num
bers W801353, W80136l, W801372, W72805l, and W735335, E.I. duPont de Nemours & Co., Inc., 
Savannah River Plant, DWPF Melter. Additional information on design-point operational conditions, 
including glass pour rate and target noble metals concentrations, was obtained from memos from proj
ect personnel. 

The HWVP geometry consists of a cylindrical cavity (6 ft ID) -containing two pairs of Inconel elec
trodes separated horizontally by a distance of 56 in. The bottom pair of electrodes rests on the edge of 
the dished melter bottom, and the top pair of electrodes is 10 in. above the bottom pair. The nominal 
depth of the glass is 34 in. Around the sides of the cavity is a nominally l-ft-thick shell ofK-3 
refractory. On the melter top, the K-3 layer is about 9-in. thick. On the bottom, the K-3 layer is 
nominally l-ft thick backed by a nominal 6-in. thickness of Zirmul. This entire melter assembly is 
within a nominal l-in.-thick shell of Mullfrax-202, which in tum is inside a water jacket at near
ambient temperature. 

In developing a computer model of the HWVP melter, it was necessary to choose a computational 
grid system. The Cartesian grid system was chosen for reasons discussed in the previous section. 

The discretization of the melter employed a total of over 29,435 cells. Seven separate material 
types are used to account for the glass, Inconel, and various refractory ceramics surrounding the melt 
pool. The full melter was discretized, with the most detailed representation reserved for the glass vol
ume (from the modeled cold cap surface down). Because the pour spout was asymmetrically located, 
no symmetry conditions could be used. The smallest computational cell in the melt pool was 1.0-in. 
thick. Figure B.4 presents a schematic of the HWVP melter computer model and showing material 
boundaries in the centerplane. Note that the curved dish shape at the melter bottom is stairstepped con
sistent with the discretization system. 
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Figure B.4. Schematic of the HWVP Melter Computer Model 
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Table B.l provides a comparison of the major features of the physical and modeled HWVP 
melters. 

The computer model of the HWVP requires boundary conditions to the transport equations being 
solved. The boundary conditions to the flow equations are straightforward. No-flow boundary condi
tions are used at the melt pool/refractory interface and the cold cap surface is treated as flat and rigid. 
Boundary conditions to the thermal energy equation are required at both internal and external surfaces. 
The cold cap surface was the upper boundary to the melt pool. Over this surface specified tempera
tures were applied to simulate a central circular area covered by boiling liquid feed (f = 100°C), and 
an outermost annular zone of molten glass "shining" (f = 900°C) to the upper plenum. The liquid 
feed coverage area was nominally specified as 61 % of the total surface area, the dryout was 21 % and 
the shining was 18 % . 

The exterior boundary temperature was specified as a fixed 40°C to represent the effect of the 
water jacket around the melter. Heat transfer was modeled in all directions, including the bottom 
surface of the melter. 

Table B.1. Comparison of the Dimensions of the Actual and Modeled HWVP Melters 

Actual 
Dimension Melter Model 

Glass volume (ft3) 76.9 72.4 
Glass surface area (fi2) 25.1 25.1 
Reference depth of glass (in.) 34.0 32.0 
Depth of dished bottom below reference level 
(in.) 3.4 3.0 
Distance between electrode faces (in.) 56.0 56.0 
Electrode width (in.) 40.0 40.0 
Bottom electrode height (in.) 12.0 12.0 
Height above reference of bottom electrode (in.) 0.0 0.0 
Top electrode height (in.) 10.0 10.0 
Height above reference of top electrode (in.) 22.0 22.0 
Electrode thickness (in.) 3.0 3.0 
Spout flow area (in.2) 3.1 8.6 
Height of spout center above reference (in.) 8.75 8.4 
Thickness of bottom layer of mullfrax (in.) 1.0 1.5 
Thickness of side layer of mullfrax (in.) 1.0 4.0 
Thickness of top layer of mullfrax (in.) 1.0 1.5 
Thickness of bottom layer of zirmul (in.) 6.0 6.0 
Thickness of bottom layer of K-3 (in.) 12.0 .12.0 
Thickness of side layer of K-3 (in.) 12.0 12.0 
Thickness of top layer of K-3 (in.) 9.0 6.0 
Thickness of K-3 around bottom drain (in.) 5.0 4.5 
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The boundary conditions to the electric field solution include specification of surrounding refrac
tory as being electrically non-conducting. At the electrodes, a current source-term is initialized in one 
side of each electrode pair, and an equal and opposite sink term is initialized on the other side of the 
corresponding pair. Once the calculation commences, the temperature controller adjusts the current 
source/sink terms appropriately to attain the power level requisite with the targeted average melt tem
perature of 1150°C. 

The cyclical volume variation of the melter was not modeled. Comparisons of lumped-parameter 
models that do include volume cycling with those that do not have shown that the variation has little 
effect on noble metals concentrations. Glass source terms were specified to obtain a pour rate of 
100 kglhr during the pouring part of the cycle. Noble metals species sources for Ru~, Pd, and Rh 
were specified to target values of 0.113, 0.0292, and 0.0236 wt% of the pour, respectively. 

B.4 Properties Used in Simulations 

Density, viscosity, thermal conductivity, and electric conductivity are required for computational 
modeling. This section presents the temperature- and concentration-dependent variations and the prop
erty model forms used in the computer analyses. 

B.4.1 Electric Conductivity 

Computer simulations of the research-scale melter, engineering-scale melter, and HWVP melter 
have been conducted using several representations of electric conductivity. Simulations were con
ducted with most recent information as the modeling task progressed from the research-scale melter 
to the engineering-scale melter to the HWVP melter. This section presents the data and correlations. 

The electric conductivity used in engineering-scale melter pre-test simulations was determined 
from a correlation (unpublished, endnote 8) based on the target glass. The correlation, identified as 
ESM/pre, is the same correlation used in research-scale melter pre-test simulations [Cooper et al. 
(1993), unpublished, endnote 7). The correlation is given as: 

£ n (a(T)) = A+Brr (B.32) 

where A = 9.31 
B -8469K 
T = temperature (K) 

a(T) = electric conductivity (S/m) 

B.26 



The electric conductivity used in engineering-scale melter post-test calculations is that obtained 
experimentally in the engineering-scale melter experiment [Grunewald et al. (1993), unpublished, end
note 5). For use in the computer modeling, the data in the figures were digitized and then curve fit. 
The digitized data are: 

Temperature 
T (DC) 

950 
1,000 
1,015 
1,055 
1,100 
1,150 
1,200 
1,210 

Electrical 
Conductivity 

(J (S/m) 

6.0 
7.9 
8.6 

10.3 
12.4 
15.2 
18.0 
18.5 

These data were curve fit with Eq. (B.32) to give the following: 

A = 8.092 
B = -7660K 
T = temperature (K) 

(J (T) = electric conductivity (S/m) 

A comparison of the temperature dependence correlations and data is made in Figure B.5. The tabu
lated values that were used by the TEMPEST computer code in simulating the engineering-scale melter 
experiments were as follows: 

Specific TEMPEST Input 
Electrical Electrical 

Temperature Resistance Conductivity 
(DC) (ohm cm) (S/m) 

700 (2.07) 
950 16.6 6.02 

1000 12.6 7.91 
1100 8.1 12.35 
1150 6.6 15.20 
1200 5.55 18.00 
1300 (24.85) 
1401 (32.90) 
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Numbers in parentheses were extrapolated as follows. The specific electrical resistances were meas
ured for the NCAW glass product during the engineering-scale melter campaign [Figure 5.19 of 
Grunewald et al. (1993), unpublished, endnote 5]. The conductivities were derived from these meas
urements. Between 950°C and 1200°C inclusive, the conductivities were found from 

. Conductivity (S/m) = (100 cm / m) / (specific resistance, ohm cm) 

Extrapolation was used to estimate the conductivities outside the measured temperature range. 

Slopes of conductivity with temperature: 

950 - 1000°C: (7.91 - 6.02) / (1000 - 950) = 0.0378 S/rnJ°C 
1000 - 1l00°C: (12.35 - 7.91) / (1100 - 1000) = 0.0444 S/rnJ°C 
1100 - 1200°C: (18.00 - 12.35) / (1200 - 1100) = 0.0565 S/rnJ°C 

Second derivatives of conductivity: 

950 - 1100°C: (0.0444 - 0.0378) / (1050 - 975) = 8.8 x 10-5 

1000 - 1200°C: (0.0565 - 0.0444) / (1150 - 1050) = 1.2 x 10-4 

Conductivity at 700°C: 

= 6.02 + (700 - 950)(0.0378 - (700 - 950)(8.8 x 10-5)) = 2.07 

Conductivity at 1300°C: 

= 18.00 + (1300 - 1200)(0.0565 + (1300 - 1200)(1.2 x 10-4)) = 24.85 

Conductivity at 1401°C: 

= 24.85 + (1401 - 1300)((0.0565 + (100)(1.2 x 10-4)) + 
(1401 - 1300)(1.2 x 10-4)) = 32.9 

In addition to the temperature dependence of electric conductivity, it was necessary to include con
centration dependence also. Section B.2.1 presents model approaches. Engineering-scale melter data 
and the data of Krause and Luckscheiter (1991) were used. It was first assumed that separation of the 
temperature and concentration dependencies could be done to determine constants in the expression 

where (1 (T) = temperature-dependent electric conductivity at Cv = 0 
Cr = ratio of volumetric concentration to maximum concentration (Cv/Cy,max) 

a = maximum conductivity ratio at Cr = 1 
b = curvature shape constant 

B.29 
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First, the shape of the concentration dependence curve was determined. Krause and Lucksheiter 
(1991) collected data for glass electrical conductivity at two different temperatures, 950°C and 
1150°C, over a range of concentrations of platinum metal (PM) particulate material. Their data are 
tabulated as follows. 

Electrical Resistance Conductivity Ratio to Pure Glass 

PM 
PM Content 1150°C 950°C Content 

(wt%) (ohm cm) (ohm cm) (vol %) 1150°C 950°C 
--

0 7.4 22.5 0 1 1 
<0.5 7.2 20.5 0.16 1.03 1.10 
<0.5 7.8 24.0 0.16 0.95 0.94 

0.7 7.8 22.0 0.23 0.95 1.02 
0.7 7.8 24.0 0.23 0.95 0.94 
0.9 7.5 23.5 0.29 0.99 0.96 
1.0 7.3 20.0 0.32 1.01 1.13 
1.3 7.2 21.0 0.42 1.03 1.07 
2.0 5.8 13.5 0.65 1.27 1.67 
2.7 3.1 5.7 0.89 2.38 3.94 
3.1 2.8 5.5 1.0 2.64 4.10 
3.7 2.5 4.6 1.2 2.96 4.89 
5.5 1.5 2.7 1.8 4.94 8.33 
9.6 0.5 1.2 3.3 15 19 

16.5 0.1 0.3 6.0 74 75 

A standard linear regression was used to fit the higher-concentration data (those in boldface above) to 
an equation of the form y = mx + b. 

In [(u/uo -l)/(a -1)] = n * In(C/Cv max) , (B.34) 

In performing the regression, Cv , max was set equal to the maximum measured concentration 
(6.0 vol % PM) and a was set equal to the value of (u/u~ at that concentration. This approach ensured 
that the regression curve would pass directly through the data at the high-concentration end, the region 
of most technical interest. The regression determined only the value of the exponent n. It was found 
to be about 2.6 for a temperature of 1150°C and 2.1 for 950°C. A value of 2.5 was found to reason
ably represent both data temperature sets. 
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With the shape of the curve determined by a known power-law exponent, it was possible to use 
engineering-scale melter data to find the scaling coefficient a that was appropriate. The engineering
scale melter data contained electrical conductivities for two different concentrations, 0% and approxi
mately 2.2 % by volume noble metals, over a range of temperatures. These data as digitized from the 
figure are given below. 

Electrical Conductivity 

Temp @O%PM @2.2% PM Conductivity 
(0C) (S/cm) (S/cm) Ratio (u/uo) 

950 6.02 117.1 19.5 
1000 7.91 133.5 16.9 
1015 8.62 141.8 16.4 
1055 10.31 165.1 16.0 
1100 12.35 175.6 14.2 
1150 15.2 189.5 12.5 
1200 18 171.4 9.52 
1210 18.5 166.1 8.98 

A scaling coefficient of a = 140 is needed to match the engineering-scale meIter value of u/uo at 
1150°C, the temperature that is most relevant to melter modeling. Using this coefficient throughout 
the temperature range will produce errors in the conductivity of less than 40 % over the temperature 
range from 950°C to 121O°C. A better fit to both data temperature sets can be obtained if the 
"constant" a is allowed to be a linear function oftemperature. 

Using the data at 1150°C as a reference, it was determined that a best fit was achieved with 

a = 140 and b = 2.5 at Cv, max = 6 vol % 

However, the ratio of the glass product and the floor sample electric conductivity varies from about 
9 to 19 over the temperature range from 12OO°C to 9500D. Including this leads to 

a = 670 - 0.467 * T(°C) (B.35) 

in Eq. (B.33). In developing the above correlation, a noble metals density of 6970 kg/m3 and a glass 
density of 2170 kg/m3 were used to convert from wt % to vol % and back. Figure B.6 presents the 
results of the correlation with the engineering-scale melter data and the data of Krause and Luckscheiter 
(1991). The correlation is only presented for temperatures of 950°C and 1150°C. While the correla
tion is designed to specifically fit the limited engineering-scale melter data at two concentrations, it 
replicates the distribution of Krause and Luckscheiter's data quite well. 
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The HWVP simulations employed the ESM/pre correlation for variation of electrical conductivity 
with temperature [A = 9.31 and B = -8469 K in Eq. (B. 32)]. As in the engineering-scale melter 
simulations, the concentration dependence was defined as a = 140, b = 2.5, Cy max = 6% noble 
metals by volume in Eq. (B.33). ' 

B.4.2 Thennal Conductivity 

Thermal conductivity as a function of temperature used in research-scale melter, engineering-scale 
melter, and HWVP computer modeling is presented in Figure B. 7. These data, identified as HW 39, 
were obtained from an earlier analysis and are extrapolated from data presented in the HWVP Techni
cal Reference Manual [Larson (1989), unpublished, endnote 2]. 

In fully coupled calculations of research-scale melter, engineering-scale melter, and HWVP 
melters, no concentration-dependent thermal conductivity correlation was implemented. This is 
because the small change due to equilibrium noble metals concentrations in the glass is negligible. 
When sludge layers were analyzed for their effect on electrical operation parameters (Section 8.3.6), 
concentration-dependent thermal conductivity was implemented using the same concentration-dependent 
correlation as for electrical conductivity. This was done because no data exist on concentration
dependent thermal conductivity of noble metals enhanced glass and because, theoretically, in the 
absence of capacitive effects, electrical and thermal analogies are equivalent. 

B.4.3 Density 

Glass density as a function oftemperature is presented in Figure B.8. These data, identified as 
HW 39, were used in research-scale melter, engineering-scale melter, and early HWVP melter com
puter modeling. The data are from the HWVP Technical Reference Manual [Larson (1989), unpub
lished, endnote 2]. For calculations in which noble metal particle transport is done, the density of the 
mixture of glass and noble metals particles is calculated as a volume-weighted sum of the glass fraction 
and the solid fraction. The mixture density is 

= mixture density 
= volumetric concentration of solid particle phase 
= temperature-dependent glass density 

solid particle density 

(B.36) 

The temperature dependence of the intrinsic density of the noble metals particles, PS' is not pres
ently considered. 
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A more recent analysis of LFCM-8 glass (published, endnote 9) gave a different correlation of 
glass density as a function of temperature. A curve fit of the LFCM-8 data is: 

p (T) = 4726T -0.0970 
g 

where temperature is in °C and density in kg/m3. 

(B.37) 

This density function was used in final HWVP simulations. The data are shown in Figure B.8, along 
with the HW 39 data and two correlations used in HWVP modeling. One of the correlations is a fit of 
the HW 39 data, which has a reference value of2170 kg/m3 at 1150°C. The other is a direct transla
tion to a reference value of 2500 kg/m3 at 1150°C. Of particular note is that the temperature depend
ence of density of the glasses exhibits nearly a factor of 3 difference in dpldT. 

B.4.4 Viscosity 

Research-scale melter and engineering-scale melter computer simulations were first conducted with 
data supplied as a correlation (unpublished, endnote 8) given as 

In (JLCf» = A + B/Cf-TO> (B.38) 

where JL(T) = dynamic viscosity (pa-s) 
T = temperature (K) 
A = -7.60 
B = 9,615K 

To = 397K 

This correlation is compared to data measured during engineering-scale melter testing [Figure 3.11 
from Grunewald et al. (1993), unpublished, endnote 5] and to data measured with research-scale melter 
glass samples in Figure B.9. 

For fully coupled calculations in which viscosity of the glass is assumed to be a function of concentra
tion, the functional form used is a power shape function 

(B.39) 

where JL(T) = temperature-dependent viscosity 
Cr = ratio of volumetric concentration to maximum volume concentration (CyfCv max) 

a = maximum viscosity ratio at Cr = 1 ' 
b = curvature shape constant. 
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For engineering-scale melter pre-test calculations, the maximum viscosity ratio, a, was selected 
to be 10. The choice of a maximum viscosity ratio of 10 is based on data for noble metals given by 
Krause and Luckscheiter (1991). They indicate, however, that noble metals-laden glass exhibits a non
Newtonian character in a stress versus strain diagram. In the present work, the glass was assumed to 
be concentration dependent, but Newtonian. This implies that while the viscosity may become large 
as concentration increases, the glass is continuously shearable. Data on engineering-scale melter glass 
samples (both KfK's and PNL's independent determination using engineering-scale melter glass sam
ples) are insufficient to isolate any non-Newtonian character. The KfK data does not span a sufficiently 
wide concentration range to allow for determining the viscosity dependency near the concentrations of 
floor samples, and the viscosity data near the 1150°C temperature does not indicate any discernible 
concentration dependency for the maximum concentration measured at 0.208 wt%. It was noted by the 
experimenters that samples obtained from the floor layer were of insufficient quantity to determine 
viscosity. 

PNL utilized the engineering-scale melter glass samples to measure a concentration-dependent 
viscosity effect. Figure B.lO presents the results of PNL's concentration-dependent viscosity 
(unpublished, endnote lO)<a) as a function of concentration and temperature. Curve fits of each 
concentration as a function of temperature were performed for the expression 

IL(f) = exp(A + B/T(K)) . (B.40) 

The constants in this curve fit are: 

Concentration Constant Constant 
wt% A B 

0 -12.83 20776K 
1 -11.79 19552 
2 -11.44 19361 
3 -11.96 20436 
4 -10.74 19148 
5.5 -10.42 19074 

These curve fits are also presented in Figure B.lO. Attempts to subsequently curve fit each of the 
constants A and B were fruitless. Using the data in the l000°C to 1200°C range, the ratio of the vis
cosity at 5.5 wt% to that of 0 wt% is found to be approximately 3.2, or 

(a) It was noted that there is a possibility that the sample preparation process used in making the 
viscosity measurements caused the Ru02 hairball particles to be destroyed. This is suspected 
because the process ground the glass sample to a fine powder before the sample was melted and 
the viscosity measurements made. 
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Temperature 
T(°C) 

1000 
1100 
1200 

Jl(Cw = 5.5wt%) 
Jl(Cw = 0 wt%) 

3.2 
3.5 
3.0 

This is encouraging because it supports the contention that the temperature and concentration depend
ence can be separated as 

Jl(f,C) = Jl(f) * f(C) (B.41) 

Because the data at 1000°C has a wider spread, they were curve fit. Results of this fit are presented in 
Figure B.11. Included in the figure are the concentration-dependent data at T = 1000°C and three 
curve fits. The data are the black circles. The solid black line is an exponential curve fit. The other 
two curve fits are of the form of Eq. (B.35). Note that the expression which was used in engineering
scale melter pre-test simulations with 

a = 10 and b 10 (B.42) 

is not a good representation of this data. A better representation is given with 

a = 15 and b = 1.5 (B.43) 

in Eq. (B.39). These data are for an assumed maximum packing factor, Cv,max = 6 vol % (Cw,max = 
19.3 wt%). Figure B.12 presents the same data and curve fits assuming Cv,max = 2 vol % (Cw,max = 
5.5 wt%). In this case, the best exponent in the curve fit is still b = 1.5, but the ratio of the maximum 
concentration at maximum packing is a = 3.2. The composite of available data from the engineering-: 
scale melter and research-scale melter experiments is presented in Figure B.13, along with pre- and 
post-experiment correlations. 

The HWVP simulations used the PNL curve-fit for viscosity as a function of temperature, 
Eq. (B.40) with A = -12.83 and B = 20776 K (the measured values for 0% noble metals) provides the 
temperature dependence. The concentration dependence of HWVP viscosities was taken to have the 
functional form in Eq. B.39, using a = 15, b = 1.5, and Cv, max = 6 vol%. 
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B.4.5 Particle Settling 

The particle settling submodels in the TEMPEST computer code accept reference velocities as 
input. The modeler calculates the reference velocities, accounting for nonsphericity and porosity of the 
particles. These reference velocities are then scaled by TEMPEST to account for the variation of local 
particle concentration, fluid viscosity, and density in the melter. The mathematical basis for consider
ing particle character is presented in Section B.2.3. A more complete description of particle character
istics is presented in Appendix C. 

Isolated-particle settling velocities 

Based on the size distribution, porosity, and shape data from gradient furnace testing, research
scale melter, and engineering-scale melter glass samples, the initial TEMPEST input settling velocity 
for the engineering-scale melter was set at 10-6 mls. This estimate represented a median settling 
velocity for the engineering-scale melter particle size distribution. The noble metals retention rates 
were then estimated using the 10-6 mls velocity and were compared with experimentally measured 
retention. The final values of settling velocity were obtained by scaling the initial estimate to match 
predicted with measured retention. These final TEMPEST settling velocity inputs were 1.04 x 
10-6 mls for Ru02, 1.14 x 10 mls for Pd, and 0.94 x 10-6 mls for Rh. These values were used for 
the final engineering-scale melter results and for all HWVP simulations. 

Hindered settling 

When particles settle to the bottom of the melter in significant quantities, their concentration is 
great enough to cause their settling velocity to decrease. At some maximum packing fraction, the 
settling velocity becomes zero because no further movement is possible. Based on the noble metals 
concentrations in the engineering-scale melter sludge, and on particle porosity, the maximum packing 
fraction is in the range of 0.05 to 0.17 volume fraction noble metals. A maximum packing fraction 
of 0.06 was used for engineering-scale melter and HWVP settling·calculations. Section C.5 of 
Appendix C contains a more detailed discussion. 

B.5 Retention 

During TEMPEST calculations, the concentration of noble metals is monitored at the exit of the 
simulated pour spout. This data is combined with monitored pouring velocity and spout cross sectional 
area. Knowing these, the amount of material discharged from the melter can be calculated as: 

where M "."our,i 
Cy,i 

Vpour 

~ 

~our, i J . C y i * Vpour * Ap dt 
tune ' 

= total mass of species i discharged over time interval t, kg 
= concentration of species i, kg/m3 

= velocity of glass in pour spout, mls 
= area of pour spout, m2. 

B.44 
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Mass of species material entering the melter under the cold cap is determined from the source rates 
as: 

M· . = f M· .(t) dt m,1 time m,1 

where Min,i = total mass source of species i entering the melt, kg 
Min,i(t) = mass source rate of species i, kg/s 

(B.45) 

With these two quantities, mass of the species retained in the melter up to time t can be determined as: 

R = M· . - M . m,l "·-p<>ur, 1 
(B.46) . 

Normalizing the retained mass in Eq. (B.46) by the mass of the species entering the melt in the 
feed, the percent retention can be determined as 

R1 Min, i - Mpour, i x 100 
M· . m,1 

(B.47) 

This definition includes the equilibrium mass content of noble metals in the glass as "retained." 
This definition was used in the engineering-scale melter calculations. 

An alternate definition which considers only that portion of a noble metals species which is on the 
floor of the melter is 

R2 Mfloor, i x 100 
M· . m,1 

Min,i - Mpour,i - Mglass,i x 100 
M· . m,1 

(B.4S) 

Where Mfioor, i is the accumulated total mass on the floor of the melter. This quantity is deter
mined by integrating the floor density distribution, as given by Eq. (B.31). This second definition was 
used in HWVP calculations. 

An alternate method of determining retention which is sometime used in experiments is to deter
mine retention as the ratio of the weight percent of noble metals in the discharge glass (from pour sam
ple measurements) to the target weight percent of noble metals determined from the mass content of the 
feed stream. The first method is cumbersome in experiments because it requires that a large number of 
samples be taken and analyzed. The method suffers from the disadvantage of being inaccurate in 
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scenarios where significant numbers of feed stream interruptions occur, thus not allowing the concen
tration in the glass to reach an equilibrium concentration. Experimental retention rates presented in 
Figures 8.7, 8.8, 8.10, and 8.12 were determined with this second method. In the long term, once 
equilibrium is established, the two methods asymptotically approach each other. However, in 
operational scenarios where intermittent feed stoppages occur (extended idle), the two methods of 
determining retention will not necessarily yield the same result. A byproduct of this effect is that 
during melter operation, determining retention based on a very limited number of widely spaced 
samples could lead to erroneous results. 
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Appendix C 

Summary of Particle Characterization Efforts 

Particle characterization data have been gathered from three separate phases of the melter perform
ance assessment program. These data have been used in various ways to support the choice of a parti
cle settling velocity for use as input to the TEMPEST model. 

The settling velocity of a particle is determined by the particle's size, density, shape, and porosity. 
When a group of particles is present, its average settling velocity is a function of the distribution of 
sizes (and so forth) of the individual particles. The ensemble settling velocity is also reduced by the 
interparticle interaction (hindered settling), so the concentration of particles must also be known before 
the velocity can be calculated. These data were gleaned from the melter performance assessment 
experiments. 

Section C.l of this appendix describes the data collected from the gradient furnace testing (GFT) 
phase of research; Sections C.2 and C.3, respectively, describe the data from the research-scale melter 
and the engineering-scale melter. The data are summarized and used for settling velocity estimation in 
Section C.4. Section C.5 shows some results from testing the particle model. 

C.I Particle Data for Gradient Gurnace Testing 

The GFT was designed to simulate the cold-cap conditions at the upper boundary of the melter. 
Feed glass was melted in a gradient furnace to allow particles to be formed at different temperatures. 
The experimental observations included detailed microscopic examination of the particles formed in the 
melt of neutralized current acid waste (NCA W) simulant at about 920 K. Both optical and scanning 
electron microscopy (SEM) were employed. 

Over 99 % of the particles were Ru02. No palladium particles were found and less than 1 % con
tained rhodium. The density of Ru02' 6.97 g/cc, is accordingly the appropriate intrinsic density for 
the GFT particles. However, particles larger than 2 ~m were typically spongy and therefore had a bulk 
density that was lower than the intrinsic density. 

The noble metal particles were classified by size and length/width ratio, with the irregular particle 
shapes approximated by the dimensions of a rectangle enclosing the particle. The fraction of the rec
tangular area that was occupied by noble metal was also estimated to calculate an equivalent area for 
the particle. The effective diameter of the particle was calculated as the diameter of the circle with the 
same area as the rectangle that enclosed the particle. 

Table C.l gives a summary of the particles found in the GFT melt sample. [These data, like the 
preceding observations in this section, were taken from Anderson et al. (1992), unpublished, end
note 1.] Only one particle was found in Group 3. 
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Table C.l. Summary of Gradient Furnace Testing Particle Characterization 

Group 1 Group 2 Group 3 

Shape solid sphere sponge sponge 

Composition Ru02 Ru02 Ru02 

Effective diameter (JLm) 1.3 3.8 12.4 

Length/width ratio 1.7 1.6 1.9 

Particles/melt area 34 16.3 0.33 
(number/mm2) 

The detailed particle description in Appendix B of the reference shows that almost all of the par
ticles had a length/width ratio of 3 or less. The "spongy" larger particles-see Figures 4.7 and 4.9 
of Anderson et al. (1992) (unpublished, endnote I)-were actually porous clusters of much smaller 
particles. The particles comprising the porous clusters were often needles. Based on Figure 4.7 from 
Anderson et al., the needles were typically about 2-JLm long by about 0.3-JLm thick. 

The bulk density of the clusters appeared to be about 70% of the intrinsic density of Ru02. This 
cluster porosity of about 30% is not great enough to allow a significant amount of flow through the 
clusters. 

The particle size distribution can be estimated by taking the total area of each observed particle 
(App. B ibid.), finding the volume of a spherical particle with the same cross-sectional area, and sum
ming the particle volumes. The particle size distribution of volume fraction is probably similar to that 
by mass fraction; the difference would arise from the lower bulk density of larger particles. The 
resulting size distribution is shown in Table C.2. 

Table C.2. Gradient Furnace Testing Particle Size Distribution by Volume 

Effective Diameter Volume Percentage 
(JLm) (%) 

0-1 0.1 

1-3 13.5 

3-5 32.2 

5-7 20.9 

7-9 0 

9-11 0 

11-13 33.4 
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C.2 Particle Data for the Research-Scale Melter 

The research-scale melter was designed to test the effects of plenum and glass temperature and of 
feed properties in an environment similar to that of the HWVP. The melter run was conducted in 11 
different segments with different feed and temperature conditions in each segment. The melter design 
residence time was only about 5 hours, which was expected to preclude the formation of a settled 
region. 

In practice, difficulties with feeding led to a longer residence time. A settled layer of metals was 
produced. It was 2- to 4-mm thick and contained Ru02' Ru/Rh alloys, Pdrre/Ag alloys, Pdrre/Ag/Ru 
alloys, and Fe/Cr/Ni spinels. [This and other observational information in this section comes from 
Cooper et al. (1993), unpublished, endnote 2.] Observations made during and after operation of the 
research-scale melter included scanning electron microscopy/energy dispersive X-ray (SEM/EDX) and 
optical microscopic examination of the product glass and of the settled layer. (The layer was observed 
after the sacrifice of the melter.) 

Quoting from p. 2.1 of Cooper et al., "The process variations which had an effect on noble metal 
particle morphology appear to be limited to glass redox, noble metal concentration and silver and tellu
rium concentration. Under most conditions the only visible noble metal particles the RSM produced 
were Ru02 needles which had agglomerated in particles up to 20 I'm. When the glass in the melter 
was reduced to Fe+2/EFe = 0.019 spherical particles of palladium, tellurium and silver were observed 
along with Ru02. When the glass redox reached Fe+2/EFe = 0.25, all of the visible noble metal parti
cles had been reduced to metallic particles and many included alloys of silver, tellurium and copper. 
When the concentration of noble metals was doubled, the size of the Ru02 agglomerates grew as large 
as 200 I'm. When silver and tellurium concentrations were doubled in conjunction with doubling the 
amount of noble metals metallic palladium spheres were observed in the glass." 

The Ru02 particle agglomerates that characterized most of the research-scale melter run were 
porous clusters similar to those found in the GFT samples, but larger and considerably more porous. 
They can be seen in many of the figures in the reference, notably Figures A.50(b) and A.50(c). In 
those segments, the redox was consistently at or below Fe+21EFe = 0.004. Segments 7 and 11, in 
which redox values were considerably higher (respectively, Fe+2/EFe = 0.019 and 0.25), tended to 
produce spheres or spinels of metals and alloys. These metal particles were nonporous and small, in 
the I-I'm to 5-J.'m range. 

Product glass from Segments 4, 5, 6, 9, and 10 was examined under a microscope using reflected 
and transmitted light. For each segment, several different microphotographic frames (samples) were 
examined. Transmitted light showed the overall cross-sectional area occupied by the particle, and 
reflected light showed the part of the overall particle cross-sectional area that was solid. The data taken 
for each frame included the fraction of the glass area that was occupied by particles, the total area of 
each particle, and the fraction of the area of the particles that was solid. These observations allowed 
the estimation of an effective particle diameter (defined as the diameter of a circle with the same total 
area) and the solid volume fraction within a particle (assumed to be the same as the solid area fraction). 
No observations of length/width ratio (L/D) were made. However, the rule of thumb that length/width 
is usually less than 3 seems to apply for research-scale melter as for GFT clusters, based on the micro
photographs in Appendix A of Cooper et al. Figures C.1 through C.5 show the data forms that were 
assembled for each glass sample. 
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The volumetric solid fractions of the clusters ranged from about 5 % (a porosity of 95 %) to about 
17% (porosity of 83%). In general, the smallest particles were the least porous, but the correlation 
between size and porosity was not a strong one. Based on the photos in Appendix A of Cooper et al., 
particularly Figure A.50(b), the needles that make up the clusters are between 0.5- and 2-lLm thick. 

Particle size distributions were calculated as for the GFT particles. Table C.3 shows the results. 
The samples from research-scale melter segments 9 and 10 show a much higher volume fraction of 
large particles than the earlier samples from Segments 4, 5, and 6. Both of the research-scale melter 
samples tend to larger particles and a wider size distribution than the GFT sample (see Table C.2). 

Table C.3. Particle Size Distributions by Volume for Low-Redox Research-Scale Melter Operation 

Effective Diameter 
ClLm) 

0-1 

1-3 

3-5 

5-7 

7-9 

9-11 

11-13 

13-15 

15-17 

17-19 

19-21 

21-23 

23-25 

25-30 

30-40 

40-50 

50-60 

60-80 

Segments 4, 5, 6 
Volume Percentage 

(%) 

11.7 

19.8 

24.3 

4.9 

27.5 

11.7 

e.9 

Segments 9 and 10 
Volume Percentage 

(%) 

0.1 

0.6 

1.6 

2.9 

2.8 

12.6 

5.2 

5.7 

1.4 

2.7 

2.7 

16.5 

11.7 

21.4 

22.1 



It was also possible to describe the product glass particles from me research-scale melter in terms 
of a size versus porosity distribution. Table C.4 gives this distribution for samples from segments 4, 
5,6,9, and to taken together. The densities used in calculating the particle masses include the effect 
of porosity on the bulk particle density according to 

Here P
P

' PS ' and Pf are, respectively, the particle bulk density, solid intrinsic density, and fluid 
density, and f is the porosity of the particle. 

Table C.4. Particle Size/Porosity Distributions by Mass Fraction for Low-Redox 
Research-Scale Melter Operation 

Percentages of Particle Mass in Each Range 

Porosity Porosity Porosity 
Effective Diameter (J,Lm) 86 - 89% 89 - 92% 92 - 95% 

5-7 0 0 0.1 

7-9 0.2 0.3 0.2 

9-11 0.2 0.7 0.6 

11-13 0 0.9 2.1 

13-15 0 0.6 2.3 

15-17 0 0.8 1.8 

17-19 0.4 2.4 3.0 

19-21 0.6 1.1 3.6 

21-23 0 0 1.3 

23-25 0 0.9 1.8 

25-30 0 0 2.6 

30-40 0 2.9 13.7 

40-50 0 0 11.7 

50-60 0 0 21.3 

60-80 0 0 21.9 

C.lO 
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C.3 Particle Data for the Engineering-Scale Melter 

The engineering-scale melter was designed to test long-term melter operation using a 1I1Oth-scale 
version of the HWVP. The engineering-scale melter run was conducted in two different segments, the 
first segment being free of noble metals in the feed and the second using feed with a noble metals con
tent similar to that proposed for the HWVP. In both segments, the feed was NCA W simulant. The 
melter design residence time was about 58 hours, as for the HWVP. [The reference document for this 
section is Grunewald et al. (1993), unpublished, endnote 3.] 

The actual melter residence time was 80 to 100 hours. At the end of the run the melter was emp
tied through the bottom drain, except for an undrainable layer of 1- to 3-cm that contained a very high 
noble metals concentration (4-6 wt%). On later examination, this layer was found to contain concen
trations of Ru, Rh, and Pd that were, respectively, enriched by factors of as high as 40, 15, and 10 
higher than the nominal concentrations. The observations made during and after melter operation 
included concentration measurements, optical microscopic examination, and SEM/EDX examination 
the product glass and the settled layer. 

The detailed data taken on the bottom layer was originally provided as Appendix I of the 
February 15, 1993, draft of the cited document, but was removed from the final draft. It is included 
as Appendix 0 of the present document in order to provide a complete set of information on particles. 

The particles in the bottom layer varied widely. Some of the particle mass was found in small solid 
blobs and needles, with LID ranging from 1 to about 6 and with the length L between 2 and 10 I'm. 
There also were some large porous clusters of the type already familiar from the GFT and research
scale melter samples. These clusters had LID typically less than 3 and L between 20 and 80 I'm; exam
ples can be seen at the center of Figures 0.4 and 0.14. Another fairly common type of particle was a 
solid or slightly porous near-sphere with diameter of 5 to 50 I'm (Figures 0.5 and 0.6). In some cases 
(Figure 0.10), two or three of the spheres joined into a single, large conglomerate particle. There 
were also large oblong crystals, apparently slightly porous, with LID of about 4 and L from 50 to 
100 I'm, or with LID greater than 10 and L of 200 to 800 I'm (Figures 0.11, 0.24, 0.30, 0.34, 
0.35). 

The main noble metal constituent in the melter bottom sludge was Ru02. No metallic Ru was pre
sent, but some Ru was contained in RhxPrly alloy particles. The largest particles were often RhxPct., or 
Pdx Tey drops, frequently containing Te, or spinel crystals composed of oxides of Cr, Fe, Ni, and tn. 
Small particles or drops were Ru02 or RhxPrly alloy. The density of Ru02 (6.97 g/cc) is appropriate 
for some particles, as before, but others probably had a density like that of Pd or Rh, about 12 g/cc. 
Large spinel crystals probably had a density of about 5 glcc, since the major constituent of the spinels 
was Cr02' whose density is 4.9 g/cc. 

The particles in the engineering-scale melter that were poured out in product glass were not as 
large and varied in shape and composition as those in the melter sludge. The largest, heaviest particles 
may never have reached the product glass. The melter product particles were of two types, as 
described in Section 5.3.1 of Grunewald et al. About 90% of the particles were highly porous clusters 
of the type already seen in GFT and research-scale melter samples, but with a particle diameter about 2 
or 3 times as high. They contained Rh as well as Ru02' suggesting that the density might be somewhat 
higher than the 6.97 glcc found for pure Ru02. The remaining particles were small spheres of RhxPrly 
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alloy, presumably with a density of about 12 g/cc. Their diameter was less than 10 Jl-m. No detailed 
size, shape, or porosity data were gathered, but the clusters in the engineering-scale melter product 
glass gave the impression of being of the same general type as those in the research-scale melter prod
uct glass, except larger. The needle thickness in these clusters was between 0.5 Jl-m and 2 Jl-m, jUdging 
by the photos. 

The noble metals concentrations for melter bottom samples 534 through 540 ranged from 3.4 to 
6.0 (6.0, 4.6, 4.9, 6.0, 5.7, 3.4, 3.9) weight percent noble metals oxides, from Appendix C 
(Grunewald et al.). The concentrations of total metals (omitting Si~ and the noble metals) ranged 
from 24.8 to 26.7 (24.8, 25.2, 24.9, 24.8, 25.0, 25.4, 26.7) weight percent other metals. The bottom 
sludge appeared to be slightly enriched in Al20 3 and Te02 and depleted in CdO, F~03' Nd20 3, NiO, 
and Mo02, compared to the glass that was poured. 

C.4 Settling Velocity Inputs and Modeling 

Elsewhere a set of equations has been derived to describe the settling of a particle in a dilute 
suspension, including the effects of particle porosity and nonspherical shape. These equations are 
repeated below. 

v s = dilute settling velocity (m1s) 
g = acceleration of gravity (m1s2) 

F = factor accounting for particle porosity 
JI- = fluid viscosity (pa s) 
~ s = sphericity of particle 
vp = particle volume (m3) 
sp = particle surface area (m2) 
~ = particle cross-sectional area (m2) 

{j = _d_ 

21k 

1.5 
+-

{j2 

k = _ ( a 
2 

[In (l _ e) + 1 - (1 - e)2 ] 
8(1-e) 1 + (1-e)2 

C.12 

(C.2) 

(C.3) 

(C.4) 

(C.5) 



d = particle equivalent diameter (m) 
{3 = dimensionless equivalent diameter 
k = particle (cluster) permeability to flow (m2) 

a = thickness of needles in cluster (m) 

(_1 Vp VP) = 0.9415(L/D)1I3d 2 

cPs Sp Ap 4(L/D) + 7r 

LID = length/width ratio for a particle (or cluster) 

(C.6) 

The effect of flow through a porous particle can be seen in F, the porous/nonporous settling veloc
ity ratio. Table C.5 shows some example values of F from Equations C.3 through C.5 that were calcu
lated for parameters within the range of those found in the product glass samples from the research
scale melter. It appears that a value of F of between 1.0 and 2.0 is to be expected over much of the 
range of research-scale melter cluster characterization. These values indicate that porosity can make a 
perceptible difference in the settling velocities of noble metals in the melt. 

Table C.S. Values of F (porous/nonporous settling velocity ratio) for Research-Scale Melter Particles 

83 % porosity 95 % porosity 

Particle Diam. (J.tm) a = 0.3 I'm a = 1 I'm a = 0.3 I'm a = 1 I'm 

10 1.05 1.22 1.18 2.08 

60 1.01 1.03 1.02 1.09 

The shape factor in Table C.6 can be estimated to give some analogous idea of the importance of 
shape to settling velocity. 

Table C.6. Shape Factor Versus LID 

L/D 

1.0 
2.0 
3.0 
6.0 

C.13 

0.132 d2 

0.106 d2 

0.0899 d2 

0.0630 d2 



Because the settling velocity is stated in terms of observable quantities, it is possible to estimate 
dilute-suspension (unhindered) settling velocities for the various types of particles observed in the 
GFT, research-scale melter, and engineering-scale melter operations. The reference properties that 
are needed to calculate settling velocities for the GFT particles are the following: 

EPs = 6970 kg/m3 for Ru02 
Pr = 2170 kg/m3 for glass at 1150°C 
p. = 8.0 kg/m s for glass at 1150°C 
g = 9.8 mls2 

GFT Group l:solid Ru02 
E = 0 
F = 1 
LID = 1.7 
d = 1.3 p.m 
Vs = (9.8)(1.0)(6970-2170)/((2)(8.0)) * (0.9415)(1.7)113 * 

(1.3 x 10-6)2/((4)(1.7) + 3.1416) 
= 6 x 10-10 mls 

GFT Group 2: spongy Ru02 
E = 0.3 
F = 1 
LID = 1.6 
d = 3.8 p.m 
Pp = 0.3(2170) + 0.7(6970) 

= 5530 kg/m3 
Vs = (9.8)(1.0)(5530-2170)/((2)(8.0)) * (0.9415)(1.6)113 * 

(3.8 x 1O-6l/((4)(1.6) + 3.1416) 
= 4 x 10-9 mls . 

GFT Group 3: spongy Ru02 
f = 0.3 
F =1 
LID = 1.9 
d = 12.4 p.m 
Pp = 0.3(2170) + 0.7(6970) 

= 5530 kg/m3 
Vs = (9.8)(1.0)(5530-2170)/((2)(8.0)) * (0.9415)(1.9)113 * 

(12.4 x 10-6)2/((4)(1.9) + 3.1416) 
= 4 x 10-8 mls 

The settling velocity calculations are done in the same way for the research-scale melter clusters, 
except that the factor F must be calculated. To do this a value of needle thickness must be assumed. 

Table C. 7 shows the settling velocity distribution (by mass fraction) for the cluster particles of 
research-scale melter Segments 9 and 10, assuming two different values of needle thickness, and for 
the GFT particles. For the research-scale melter calculations, the same type of size/porosity data as 
shown in Table C.4 were used, but for Segments 9 and 10 only. 
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Table C.7. Settling Velocity Distributions for Research-Scale Melter and GFT Particles 

Percentages of Particle Mass in Each Range 

RSM Cluster Particles 

Settling Velocity 
, \ 

GFT 
I. \,\ 

Range (mls) 0.3 I'm 1.0 I'm Particles 

5 x to-9 1.4 0.1 41.2 

5 x to-9 to 1 x to-8 11.6 9.4 24.0 

1 x to-8 to 3 x to-8 14.6 14.9 0 

3 x to-8 to 5 x to-8 14.6 4.2 34.9 

5 x to-8 to 1 x to-7 35.8 49.5 0 

1 x to-7 to 3 x to-7 21.9 21.9 0 

The results are that for the GFT, about 65 % of the particle mass settles at less than 1 x to-8 mis, 
and none has a settling velocity as high as 1 x to-7 mls. For the research-scale melter product clusters, 
less than 12 % of the mass settles at 1 x to-8 mls or less, and 50% or more settles at roughly 
1 x to-7 mls or faster. Assuming different needle thicknesses makes some difference in the velocity 
distribution; nevertheless, the research-scale melter clusters consistently settle more rapidly than the 
GFT particles. 

The results are that for the GFT, about 65 % of the particle mass settles at less than 1 x to-8 mis, 
and none has a settling velocity as high as 1 x to-7 mls. For the research-scale melter product clusters, 
less than 12 % of the mass settles at 1 x to-8 mls or less, and 50 % or more settles at roughly 
1 x to-7 mls or faster. Assuming different needle thicknesses makes some difference in the velocity 
distribution; nevertheless, the research-scale melter clusters consistently settle more rapidly than the 
GFT particles. 

Lacking detailed size and shape data for the engineering-scale melter product glass particles, it 
was not possible to perform the detailed calculations that were done for research-scale melter clusters. 
Assuming a similar distribution of shape and porosity with size, the doubling or tripling of mean diam
eter for engineering-scale melter particles, compared to research-scale melter particles, would mean 
that the median settling velocity would be 5 or 10 times as great for engineering-scale melter particles. 
Thus, the median dilute-suspension settling velocity for engineering-scale melter particles in product 
glass was probably about 1 x to-6 mls. 

Settling velocities can be calculated for the types of particles found in the engineering-scale melter 
melter-bottom sludge. The calculations are analogous to those performed for the GFT particles and are 
only summarized here. 
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Small solid blobs and needles: solid Ru02; f = 0; F = 1; LID = 1 to 6; d = 2 to 5 #Lm 
V = 7 x 10-10 to 1 x 10-8 mls s 

Large porous clusters: Ru02; f = 90 to 95%; F = 1.2 to 1.4; LID = 1 to 3; d = 20 to 100 #Lm; 
a = 1 #Lm; P!9 = 2410 to 2650 kg/m3 

Vs = 7 x 10- to 4 x 10-7 mls 

Spherical metal particles: Rh/Pd; f = 20%; F = 1.0; LID = 1; d = 5 to 50 #Lm; Pp = 10000 kg/m3 

Vs = 2 x 10-8 to 2 x 10-6 mls 

Short oblong crystals: Cr02; f = 20%; F = 1.0; LID = 4; d = 30 to 60 #Lm; Pp = 3630 kg/m3 

Vs = 6 x 10-8 to 2 x 10-7 mls 

Long crystal needles: Cr02; f = 20%; F = 1.0; LID = 10 to 20; d = 50 to 250 #Lm; 
= 3630 kg/m3 

Vs = 1 x 10-7 to 3 x 10-6 mls 

The behavior of particles in concentrated suspensions must also be considered. The hindered
settling relation, which describes the effect of particle concentration upon settling velocity, is as 
follows: 

Vsh = 

Cv = 
Cv,max = 

n = 

hindered settling velocity 
volume fraction of particles 
maximum packed volume fraction of particles 
correlation exponent = 4.65 for Stokes flow 

(C.7) 

The observed noble metals concentrations at the bottom of the engineering-scale melter can be 
interpreted to estimate the concentration at which settling stops. Settling can be taken to have effec
tively ended when the settling velocity is less than 10% of the unhindered value. This point is reached 
when the volume fraction Cv reaches 39% of its maximum value Cv max. The solid volume fraction of 
each particle was between 5% and 17% by volume, so an overall packing fraction in this range would 
be expected. 

The maximum noble metals concentration that was measured in the engineering-scale melter sludge 
was 6.0 wt%. Assuming that mass fraction and volume fraction are mutually proportional, which is 
nearly so at these low concentrations, equation C.7 can be applied to suggest that the maximum pack
ing is about 15 wt% noble metals. This corresponds to a volume fraction of about 5% noble metals. 
These values are probably underestimated. For one thing, 10% of the settling velocity is not necessar
ily a negligible settling rate. For another, some excess glass was probably mixed with packed particles 
in the samples taken from the melter bottom, reducing their measured concentration from the fully 
packed value. Therefore, a maximum packing factor of Cv max = 0.06 was selected. , 
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c.s Tests of the Settling Velocity Model 

C.S.1 Sensitivity to Settling Velocity and Hindered Settling 

One of the uncertainties in the melter modeling is the estimation of the settling velocity. This fun
damental property potentially varies over two orders of magnitude based on measured particle data. 
For a particle with a given effective diameter, the observed amount of variation in shape and porosity 
leads to a factor of two variation either way in settling velocity. The range of diameters for most of the 
particle mass is from 20 to 100 or 200 ~m; the ct2 dependence of settling velocity causes another factor 
of 10 variation either way in settling velocity. Secondarily, there was a question about the maximum 
packing fraction for the settled particulate. The TEMPEST research-scale melter model was used to 
explore the effects of variation in the settling velocity and the maximum packing fraction. 

To test the effects of settling velocity, simulations were completed with settling velocities ranging 
from 1 x 10-8 mls to 1 x 10-4 mls. An option in TEMPEST was used that inhibited any coupling 
between noble metal particle concentration and the glass physical properties (such as viscosity and elec
trical conductivity), and the particle settling and convection was computed. The flow and temperature 
fields for these runs were taken from predictions made for the no-pour symmetric research-scale melter 
configuration with the cold cap, including RSMI Alt electrical conductivity properties. [The TEMPEST 
research-scale melter models are described in Section 6.4.1 of Cooper et al. (1993), unpublished, end
note 2)]. 

These particle settling runs provided a test of the concentration predictions over that range, under 
conditions akin to those of research-scale melter operation but without coupling. This provides part of 
the basis for determining whether it would be possible to "accelerate" simulations by using settling 
velocities much higher than those expected. If the concentrations predicted for a settling velocity of 
1 x 10-4 mls and an elapsed time of 1 day turned out to be about the same as those for a settling 
velocity of 1 x 10-8 mls and an elapsed time of 10,000 days, acceleration might be possible. The 
ability to treat the settling distance (time x velocity) as the single parameter that determines deposition 
would allow a considerable savings in computational time. 

Five runs were completed to supply data to test settling velocity effects and the possibility of 
"acceleration." The runs employed an initial volume fraction Co of 0.0004 and an elapsed time of 
31,055 min (about 3 weeks). Equation C.7 was used to predict hindered settling. A maximum packing 
fraction of 0.6 and an exponent of 4.65 were assumed. The maximum packing was set high to allow a 
wide range within which settling was linear. Only the terminal settling velocity was varied in these 
runs. 

On reviewing the results, it was found that the particle volume fractions did not exhibit continuing 
accumulation over a long period of time. Rather, they remained constant after a relatively short 
period. Table C.8 shows the times required to reach constant concentrations at the floor on a line half
way between the electrodes. 
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Table C.S. Times Required to Reach Constant Concentration 

Initial Settling 
Velocity (mls) 

10-8 

10-7 

10-6 
10-5 

10-4 

Time to Midplane 
Equilibrium (min) 

28 
260 
820 

1100 
2100 

This behavior can be explained as the equilibration of the particle inflow to and outflow from the 
cell. Inflow results from convection and from settling in the column of cells above the one being moni
tored; outflow comes purely from convection. Accumulation can only occur in cells that are 1) at a 
bottom surface; 2) are convergence cells, meaning that all horizontal velocities are into the cell; and 
3) have upward vertical flow velocities less than the particle settling velocity. Meeting these conditions 
means no particle outflow is possible and continuing particle accumulation must occur. Unless all of 
these conditions are met, the cell concentration will increase (or decrease) owing to particle outflow 
until it reaches a constant particle concentration. This was the case in all cells examined in the settling 
velocity tests. The higher the settling velocity, the closer the cell came to meeting the conditions for 
continuing accumulation and the longer the time that was required for equilibrium. 

The possibility that the local concentration was a function of the local settling velocity was explored 
in these uncoupled long-time calculations. If the settling velocity were the controlling parameter, then 
the normalized change in concentration with time would be proportional to the settling velocity. 

[(C - -C~/COl/V 8 = a local concentration constant (e.8) 

Tables e.9, e.1O, and e.ll show the results of the five runs in which the settling velocity was 
varied and the duration of the run held constant. The values shown are the "local concentration con
stants" calculated in several different locations, which were chosen to represent places where concen
tration decreased from or held constant at initial values, as well as places where concentration had 
increased. 
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Table C.9. Local Concentration Constants for the Research-Scale Melter Floor 
in Front of the Electrodes 

Settling Local Concentration Constant x 104 
Velocity Cell Cell Cell Cell 

(m/s) (6,4,16) (6,4,15) (7,4,15) (29,4,15) 

10-8 3.13 3.13 3.13 3.13 
10-7 2.13 2.63 2.13 2.63 
10-6 2.14 2.65 2.09 2.52 
10-5 2.24 2.78 2.19 2.66 
104 2.96 4.03 3.10 3.82 

Table C.IO. Local Concentration Constants for Tops of the Research-Scale Melter Electrodes 

Settling Local Concentration Constant x 104 

Velocity Cell Cell Cell Cell 
(m/s) (4,14,20) (4,14,18) (4,14,9) (30,14,20) 

10-8 9.40 3.13 7.31 3.13 
10-7 8.65 3.38 7.40 2.88 
10-6 8.74 3.40 7.53 2.85 
10-5 9.94 3.21 8.32 2.70 
104 13.8 1.41 9.20 1.39 

Table C.lt. Local Concentration Constants for Areas of Decreased or Initial Concentration 

Settling 
Velocity 

(m/s) 

10-8 

10-7 

10-6 

10-5 

104 

Local Concentration Constant x 104 
Cell Cell Cell 

(15,14,25) (15,9,25) (23,9,14) 

-1.00 
-1.90 
-1.90 
-2.00 
-0.92 

C.19 

-1.00 
-0.88 
-0.94 
-0.93 
-0.62 

1.04 
0.12 
0.01 
0.01 
0.02 



The values of the "local concentration constants" are an indication of whether the cell concentra
tion increased or decreased, and to what extent. The highest increase in the melter was on top of the 
research-scale melter electrodes, at their ends--for example, cell (4,14,20). The greatest decrease was 
in cell (15,14,25), which was at the top of the melter, halfway between the electrodes and next to the 
wall. 

Judging from Tables C. 9 through C.11, the equilibrium concentrations are not just dependent on 
the settling velocity. There are evident trends in these "constants" with changes in settling velocity. 
Whether the "constants" increase or decrease with settling velocity seems to depend on location,
presumably on the local flow field. It should be noted that the run made with a settling velocity of 
10-8 mls differs most from the others. This difference almost certainly appears not because of settling 
velocity dependence, but because the four significant figures which are printed to computer output and 
used in the calculations of the local concentration constants were not accurate enough. Concentration 
itself varies only in the fourth significant figure at this lowest settling velocity. 

It appears that "accelerating the run" is possible for the tested range of conditions, but a more jus
tifiable time scaling parameter needs to be developed to provide a firmer basis for doing so. Such a 
basis could be developed from scaling parameters developed from the governing equations Of motion. 

Several simulations were made to investigate one aspect of the validity of accelerating the coupling 
calculations as it relates to hindered settling. At the low concentrations used in these runs (an initial 
volume fraction 0.0004, which is realistic compared to measured research-scale melter data), the maxi
mum equilibrium concentrations reached in uncoupled test runs are well below those at which signifi
cant coupling can occur. In these computer runs, the maximum volume fractions attained were on top 
of the electrodes. The results are tabulated in Table C.12. 

There are at least two possible explanations for the predicted maximum concentrations being 
lower than observations. First, research-scale melter operation with the cold cap and symmetrical elec
trodes may not be the mode of operation that causes significant sludge accumulation. The lower fluid 
velocities during idling may be much more conducive to deposition. Second, some type of particle 
sticking model may be needed to account for sub-grid-scale velocities that are very low right next to the 
melter floor, allowing some accumulation from that lowest portion of the bottom cells. 

Another set of runs was made to examine the effect of changes in the hindered settling mQdel. The 
three runs used to supply data for Tables C.13 though C.15 employed an initial volume fraction Co of 
0.03, an elapsed time of 1440 min (1 day), and a settling velocity of 10-4 mls (calculated at 0.03 vol
ume fraction). Only the hindered settling models were varied. In Case A, a constant settling velocity 
was used (no hindered settling effect). In Cases B and C, the exponential model for hindered settling 
velocity was used, as given in Equation C.7, and the exponent was 4.65. The difference was that in 
Case B the maximum packing factor was 0.6 and in Case C it was 0.4, giving a greater hindered set
tling effect in Case C. 

Once again, the bases for comparison are the local concentration "constants." It should be noted, 
though, that the Vs used to calculate the constants was the settling velocity at the initial concentration, 
10-4 mis, not the actual decreased local settling velocity. 
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Table C.12. Maximum Volume Fractions Reached in Test Runs 

Initial Settling 
Velocity (m/s) 

10-8 

10-7 

10-6 

10-5 

10-4 

Maximum Volume 
Fraction (Equilibrium) 

0.00040 
0.00040 
0.00043 
0.00080 
0.0059 

It is clear that the decrease in settling velocity produced in hindered settling causes a concentration 
reduction in deposition areas such as the tops of the research-scale melter electrodes. This is no sur
prise, considering that the local volume fractions predicted without hindered settling (Case A) are 30% 
to 50 %. This is a concentration range where hindered settling would be quite prominent and where its 
absence (i.e., the constant velocity model) would not be physically plausible. Cells where the Case A 
volume fraction is less than 8 %, or a local concentration constant of less than 2, show much less effect 
of hindered settling. It is consistently the case that the greater the effect of hindered settling (Case 
C > B > A), the lower is the concentration (Case C < B < A). 

There is little or no difference between the local concentration constants in Tables C.9 through 
C.ll and those given for Case A (no hindered settling) in Tables C.13 through C.15. In all the tabu
lated cells, whether mass has accumulated or been depleted, whether the concentration is high or low 
with respect to the maximum packing fraction, there is next to no difference between the local concen
tration "constant" obtained starting from 0.04% and that from 3 % solids. This is consistent with the 
very low concentrations in the runs tabulated in Tables C.9 though C.ll; the effect of hindered settling 
would not have been manifested there any more than in Case A. Thus, the initial concentration seems 
not to affect ~e particle accumulation/depletion pattern until hindered settling becomes evident. This 
observation provides another limitation to "accelerating runs" that needs to be more fully evaluated. 

C.S.2 Engineering-Scale Melter: Pour Spout Model 

The concentration profiles of noble metals in the engineering-scale melter product glass showed 
lower concentrations in the first glass sample of each pour than for later samples. [fhis effect may be 
seen in Figures 5-9 through 5-14 of Grunewald et al. (1993), unpublished, endnote 3.] In many (but 
not all) cases, the concentration was highest in the second sample and decreased slightly to a level that 
was constant in the third through fifth samples. 
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Table C.13. Local Concentration Constants for the Research-Scale Melter Floor in Front of the 
Electrodes, with Hindered Settling 

Local Concentration Constant x 10-4 

Cell Cell Cell Cell 
Case (6x,4,16) (6,4,15) (7,4,15) (29,4,15) 

A 2.99 4.07 3.13 3.86 
B 2.1 2.63 2.09 2.52 
C 1.93 2.32 1.88 2.23 

Table C.14. Local Concentration Constants for Tops of the Research-Scale Melter Electrodes, with 
Hindered Settl ing 

Local Concentration Constant x 10-4 

Cell Cell Cell Cell 
Case (4,14,20) (4,14,18) (4,14,9) (30,14,20) 

A 14.3 1.41 9.45 1.39 
B 4.81 1.39 3.90 1.30 
C 3.83 1.37 3.18 1.27 

Table C.IS. Local Concentration Constants for Areas of Decreased or Initial Concentration, with 
Hindered Settling 

Local Concentration Constant x 10-4 

Cell Cell Cell 
Case (15,14,25) (15,9,25) (23,9,14) 

A -0.92 -0.62 0.02 
B -0.93 -0.62 0.03 
C -0.94 -0.64 0.03 

The explanation offered by the experimentalists was that the noble metals remaining in the spout 
after each pour might have settled to the bottom of the spout and melter during the 7 to 9 hours of qui
escence between pours. The settled material could then be available for resuspension and removal 
when pouring resumed, leading to temporarily increased concentrations. This hypothesis was exam
ined using the TEMPEST model, and seems to be correct. 
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For purposes of TEMPEST simulation, the spout was represented in a2-D simulation as a plane 
1.I-m long by 4-cm wide. The glass (containing noble metals at 4.04 kg/m3) flowed along the long 
axis of the plane, which was sloped at 30 degrees up from the horizontal. A horizontal free surface 
was placed at the outflow end in order to model the flow immediately after a pour is started, when the 
glass just begins to trickle over the end of the spout and the whole spout volume is not yet filled with 
glass. Settling was modeled in a non-coupled mode--with glass properties independent of noble metals 
concentration--and pouring was modeled in a coupled mode. The noble metals particles were assumed 
to settle for 7 to 10 hours, a typical feed period, before a pour began. The average glass pour velocity 
was set at 0.93 cmls and the temperature at 1088°C, the same values predicted for the outflow in the 
complete TEMPEST runs. The glass and noble metal particle properties were the same as in the melter 
simulations, and a settling velocity of 1 x 10-6 mis, or 3.6 mmlhr, was used. 

The throughflow time constant for the TEMPEST spout was (1.1 mlO.0093 mls), or 118 s. In the 
actual melter, the pour rate of 50 kglhr corresponds to a volumetric flow of about 0.02 m3lhr. Because 
the spout has a length of 1.1 m and a dianleter of 4 cm, its volume is about 0.0014 m3 and the through
flow time constant is about 0.07 hr or 252 s. In order to make the TEMPEST results comparable to 
the engineering-scale melter observations--on the basis of having equal amounts of glass flow-through, 
expressed as fraction of spout volume--the TEMPEST time scale must be multiplied by a factor of 
(2521118). The time-scaled TEMPEST results can be compared to the first three samples of each pour. 
These samples were taken from the first 1 kg of glass (within the first 0.02 hr or 72 s), after 3 kg of 
glass (at 0.06 hr or 216 s), and at 10 kg (720 s). The amounts of sample were, respectively, 120 g, 
120 g, and 400 g, for sampling durations of 9 seconds, 9 seconds, and 29 seconds. 

The concentration profiles predicted by TEMPEST qualitatively matched those shown in many of 
the engineering-scale melter observations, with the limitation that the observations were discrete and 
could not show a continuous time profile of concentration. Figure C.6 shows the TEMPEST-predicted 
concentration profile together with representative ranges of observed values. A very low initial con
centration increased over a period of a few minutes to a maximum, which then decreased to the steady
state concentration in the melter. As flow began, the relatively "clean" glass initially present in the 
spout was replaced by melter glass, which carried along with it a high-concentration ''pulse'' of accu
mulated settled material. Quantitatively, the TEMPEST results exaggerate the concentration changes 
seen during actual operation. The minimum concentrations given by TEMPEST are 10% to 25% of 
the final steady-state value, and the maxima are nearly twice the final value. By comparison, the mini
mum observed concentrations are no lower than 70% of the final concentrations and the maxima (when 
visible) are only a few percent above. 

While these results qualitatively match the measured data, the absolute magnitude differences may 
be the result of several things. The assumed initial concentration is 4.04 kg/m3 of noble metals. This 
value corresponds to (4.04/2170) = 0.186 wt%, which is the target concentration, not the actual equili
brium discharge value of about 0.13 wt% total noble metals. The temperature gradient along the 
spout--with cooler temperatures at the higher end--was not modeled. Consequently, the temperature
driven convection currents that are expected to be present in the spout during feeding were not 
accounted for. Thus, the glass in the spout would be better mixed in the actual melter than in the 
model, which would lead to smaller concentration variations during the actual pour (as observed). It is 
also possible that the actual settling velocity was lower than the modeled one. The effect of a settling 
velocity that was lower than modeled would be the same as that of additional convective mixing. 
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Concentration Profile for an ESM Pour 
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Figure C.6. Concentration versus Time Profile in the Engineering-Scale Melter Spout 

In addition, the model did not allow the noble metals that settled during feed to leave the spout by 
dropping back into the melter. This would lead to an overestimation of the concentration peak. that 
occurs early in the pour; in the actual melter, much of that settled material would no longer be availa
ble in the spout. This effect by itself would not account for the exaggeratedly low concentrations pre
dicted by the model at the beginning of the pour, however. Those low concentrations are likely to be 
the result of under predicted convection or over predicted settling. Further modeling that included 
copnvection would be needed to distinguish between the possible causes. 
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Summary 

Crystalline phases in the remained glass sludge at melter bottom after emptying the melter. 

The main noble metal constituent in the remained sludge at melter bottom after emptying the melter 
obviously is Ru02 (particle dia. are up to 10 Jlm). RhxP~ alloy is also very often present. Both 
phases are from dilute suspensions in contrast with dense sediments shown in Fig. 1. 

Larger grains of Ru02 (20 Jlm), of spinels and of (Rh,Pd,Te) are often present in agglomerate 
from the suspension, or as isolated individual drops (Rh,Pd,Te). The latter are based on ~P~. 
Larger spinel crystals could also be analysed. They contain besides Cr and Fe also Ni and Zn. 

The distribution of phases in the samples so far analysed varies very wide. Sample 3 (Fig. 12,13, 
14) contains almost no spinels. Sample 7 (Figs. 31 to 35) is very rich in spinels. 

The analyses performed show that no metallic Ru is present. Some Ru-containing RhxP~-alloy is 
present. Many of the small RhxP~ -droplets are free from Te. 

Small grains in the suspension apparently have the same composition ranges as larger grains in the 
agglomerates indicating a somewhat different thermal history. The spinels always contain Ni, Zn only 
in lesser cases. 
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Figure D.la. Sampling Spots on Melter Bottom After Termination of the Test Run and Emptying the 
Melter Via Bottom Drain. On the melter bottom a remaining layer of approximately 
1.5 to 2.5 cm thickness was observed after draining. It did not drain out although 
temperature was high enough. 
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Figure D.lh. Sample 1, Low Magnification (sample spots see page 1) 
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Figure D.2. Sample 1, Higher Magnification 
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Figure D.3. Sample 1, High Magnification 
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Figure D.4. Sample l, Moderate Magnification 
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Figure D.S. Detail from Figure C.l, Compact Area 
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Figure D.6. Greater Detail from Figure C.l 
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Figure D.7. Sample 2, Low Magnification (sample spot see page 1) 
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Figure D.S. Sample 2, Higher Magnification 
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Figure D.9. Sample 2, High Magnification 
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Figure D.IO. Detail of Figure e.s 
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Figure D.ll. Sample 2, Higher Magnification 
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Figure D.12. Sample 3, Low Magnification (sample spots see page 1) 

Figure D.13. Sample 3, Higher Magnification 
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Figure D.t4. Sample 3, High Magnification 
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Figure D.tS. Sample 4, Low Magnification (sample spots see page 1) 
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Figure D.l6. Sample 4, Higher Magnification 

Figure D.l7. Sample 14, High Magnification 
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Figure D.IS. Sample 4. Grey: Cr, Fe-Spinel. White: Drop of RhxPdy, no Te. 
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Figure D.19. Sample 4, High Magnification. White drops: unmixed RhxPdy in PdxTey. Grey grains: 
RhxPdy. 
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Figure D.20. Sample 4, High Magnification. Rh"Pdy in 77Pd23Te (wt. %) 

Figure D.21. Sample 5, Low Magnification (sample spots see page 1) 
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Figure D.22. Sample 5, Higher Magnification 
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Figure D.23. Sample 5, High Magnification 
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Figure D.24. Sample 5, Magnification 252. Big grain: 92Pd8Te (wt. %) 
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Figure D.2S. Sample 5, High Magnification. Grey grains: Ru01 . Drop: RhxPrly, no Te. 
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Figure D.26. Sample 6, Low Magnification (sample spots see page 1) 
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Figure D.27. Sample 6, Higher Magnification. Big grey grains: RuOz. Big drops: (Ru) RhxPdy in 
76Pd24Te (wt%) 
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Figure D.2S. Sample 6, High Magnification. Drops of (Ru) Rh .. Pd
y
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Figure D.29. Sample 6, Low Magnification 
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Figure D.30. Sample 6, Higher Magnification. Detail of Fig. 29, (Ru) RhxPdy. 

Figure D.31. Sample 7, Low Magnification. In center agglomeration spinels Cr
2 

(Fe, Ni, Zn) 04. 
White band at the left side is PdxTey , some RhxPdy. 

D.l7 



Figure D.32. Sample 7, Higher Magnification. Drops: PdxTey containing RhxPdy. 
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Figure D.33. Sample 7, High Magnification. Spinels. 

0.18 



63x 

Figure D.34. Sample 7, Low Magnification. Grey grains, needles: Cr, Fe, Ni, Zn spinel. 
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Figure D.3S. Sample 7, Higher Magnification. (Rh) Pd, Te. 
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Figure D.39. lA/S34 FOTO 2606 GROSSES 
KORN. Big grain, Ru02' from Fig. D.6 
(page D.S). 

02 
I 

I. 
~ 

i; I 

~------------------.-------~ 
~I I 

~----------------------~.~.~ ~.:22. I 

~------------------------~~~ 
-j n:.?t.1: i 
I t~m 
I ~ 
I ~I 
i ~ 
I 

!;:r.~ p 
UH D 
ED~X 

Figure D.41. lA/S34 FOTO 2606 TROPFEN. 
Drops: RhxPdy ' some Ru, from Fig. D.6 
(page D.S). 



II 
!'l 

~-------------------------,:~ 

~----------,--------------
fl I 

D : 
~------------------------~~ 5:t I 
~------------------------~--i 
~ ________________________ ~~~. i 

~:.ti : 
~------------------------~~~.~~ 
~, --__________________ ~~=:~~!J 
i
" 
.. ", _ ~' _.-~~-r-~¢~.~ 

.;.;;..;..-----..;..,:;,;.~.,;.; .. -.. ----.." .... -~.:-- -
-, 
" , I 

I.' 

Figure D.42. lAI534 FOTO 2606 GRAUE 
LAPPEN. Grey irregularly shaped grains of 
Ru02 from Fig. 0.6 (page 0.5). 
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(page 0.5). 

0.22 

n 
:~ 

~------------------------~~~.--~ 

---------------------------~ :- ~=----... ~ 
(-at 
pi, 

~------------------------~== 
ri.~ 

~------------------------~~~ 
~ _______________________ ~ I 

:l~~ ! 
~------------~----------~~a i -, 

\.!.~.-,.;:.;:~~......! 
---. ' 

....... _-- . _,.-~~.:D·.'!'z·c:~~Z';j3.~-:.:~Z"~'Z"~..;::.4' 
I ' 

,', 

i) 
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KORN. Big grain, Ru02' from Fig. 0.6 
(page 0.5). 
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Appendix E 

Calculation Worksheets for the Lumped-Parameter Model 





Calc NO. LPM-I 
CALCULATION WORKSHEET ()Banelle 

'.cific Nouhweo,,1 l.lbo'JloflE') P.g8-L-of~ 

Lumped Parameter Model #1 

As pan of the Melter Performance Assessment (MPA) for the PNL HWVP Technology 
Project (PHTD), an engineering model is being developed to estimate the build up of a noble 
metals sludge on the bottom of the HWVP melter. This model simply assumes a settling 
velocity for noble metals panicles and calculates the melter retention as a function of time. 
These calculation sheets describe the model development. The results of the calculations are 
reponed elsewhere. The assumptions are as follows: 

• all of the noble metals panicles are described by one settling velocity 
• the melter behaves as a well mixed tank 
• the volume change in the melter caused by accumulation can be neglected 

The methodology chosen here is to model the melter during two modes of operation, feeding 
without pouring and feeding with pouring. The equations for each mode are derived 
separately and will later be combined in a spreadsheet of Mathcad file such that the melter 
will feed without pouring for a period of time and then feed and pour for a shon period of 
time. 

The variables used in the derivations are as follows: 

Surface area of melter 
Surface area of melter floor 
Concentration (mass/volume) 
Concentration of noble metals in the glass in the melter at the stan of a mode (feeding 
without pouring or feeding with pouring) 

mf 
Qf 
Q. 
t 

~ 

~ 
VL 
VH 
Vs 

P"'M 

Concentration of noble metals in the glass in the melter at the end of pouring 
Concentration of noble metals in the glass in the melter at the end of feeding 
Concentration of noble metals in the feed stream (called Cin in the Mathcad file) 
Maximum volumetric packing of noble metals in the settled sludge layer 
Height of settled sludge layer 
Mass 
Mass flow rate of noble metals in the feed stream (~J 
Volumetric flow rate of glass into the melter 
Volumetric flow rate of glass in the pour stream 
Time 
Time of feeding in feed/pour cycle 
Time of pouring in feed/pour cycle 
Glass volume in melter after pouring 
Glass volume in melter before pouring 
Settling velocity of noble metals 
Density of noble metals 
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Noble Metals Sedimentation in an Idling Melter 
Va 0.204 m3 Lumped Parameter Model 2 

~ i: IE·06 mIl 
0.26 m2 

~i 
'R Well Mixed Tank Ph,!! Flow 
0. 
"d I.l!Inal klC!I l1lIlII. klC!I 1IInI. blIlIl 1lII.wl blIlIl 

~ 
0 1.00 0 1.00 o 1.00 0 1.00 

0.69 1.00 I 1.00 I 0.66 

~ 
n 2 0.79 2 0.99 2 0.99 2 0.76 
f) 3 0.70 3 0.99 3 0.99 3 0.64 ... 

4 0.62 4 0.96 4 0.96 4 0.63 
~ 6 0.66 6 0.96 6 0.96 6 0.41 
8. 6 0.49 6 0.97 6 0.97 6 0.29 
!!. 7 0.44 7 0.97 7 0.97 7 0.17 
't1: 8 0.39 6 0.96 80.96 6 0.05 N 

~ 9 0.34 9 0.96 9 0.96 9 -0.07 

t 10 0.31 10 0.95 100.95 10 ·0.19 
II 0.27 II 0.95 II 0.96 

tr1 12 0.24 12 0.94 12 0.94 
13 0.21 13 0.94 13 0.94 - 14 0.19 14 0.93 14 0.93 O.BO 

-.- Plug Flow Settling - 16 0.17 16 0.93 16 0.93 
--0-- Well Mixed Settling 

16 0.16 16 0.92 16 0.92 
17 0.13 17 0.92 17 0.92 
16 0.12 18 0.91 16 0.91 0.60 

"d 19 0.11 19 0.91 19 0.91 0 ..... 20 0.09 20 0.91 20 0.90 ~ en 21 0.06 21 0.90 21 0.90 U ::T 

'" 22 0.07 22 0.90 22 0.69 0.40 c;> "d ... 
~ 

23 0.07 23 0.89 23 0.89 

~ r 24 0.06 24 0.89 24 0.88 

I 
26 0.06 

i$ 26 0.05 0.20 
27 0.04 

>- 28 0.04 
29 0.03 
30 0.03 0.00 

~ 0 5 10 15 vJ~ 
-1 Time Idays) ~f 
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LUMPED PARAMETER MODEL FOR NOBLE METALS SETTLING 

Run-specific notes: Full Scale Melter, idle for 27 days out of every 90 days 
(63 days run, 27 days idle, ete). 

iEquation variables to be Sj>eeified: 

Volumetric flow rate of glass fed to the melter 

Surface area of melter 

,!\rea of melter floor 

Settling velocity of noble metals 

Time of feeding per fecdlpour cycle 

Time of pouring per fccd/pour cycle 

Concentration of noble metals in feed, [wt% Ru02] 

Ma.ximum packing of noble metals in sludge layer, 
[m3 Ru02/ m3 sludge] 

Molten glass density 

Density of noble metals layer (assumed to be Ru02) 

Minimum glass volume in melter (after pour) 

Equation variables to be ealculated: 

Concentration of noble metals in feed 

Mass flow rate of noble metals in feed 

Volumetric flow rate of glass pouring from the melter 

Maximum glass volume in melter (before pour) 

3 
Qf:= 1.17·IO-'·~ 

sec 

A:= 2.54·m2 

AfIoor := 2.54·m2 

Vs := I· \O-6.~ 
sec 

tf:= 2·hr 

tp := 14.5·hr 

Cnm := 0.1 \3 

Cvmnx := 0.06 

pglass := 2380. leg 
m3 

. pnm := 6970. leg 
m3 

VI := 2.18·m3 

C' gI Cnm In:= p ass·_-
100 

mf:= Cin·Qf 

Qx := (tf + tp)' Qf 
tp 

Vh := VI + (Qf·tf) 

Date: I .... 4 ~q.3 

Initials: -~~r=------
File Name: C:\FJLES\HWVP\NMST2_30.MCD 

Model #: LPM-2 

Run:= 30 

Cin = 2.689 ' leg 
3 m 

mf = 3.147-10 
-5 ,~ 

see 
3 

Qx = 1.331'10-5 m 
'-
sec 

Vh = 2.26 'm3 Page I 



Set initial conditions for concentrations: 

Concentration of noble metals in mcllcr before first feed 

Concentration of noble metals in melter before flfSt pour 

Conccntration of noble metals in mcller bCfore first idle 

Set conditions for idling periods: 

Initialize the idling time array 

First cycle for which idling will occur 

Second cyde for which idling will occur 

Last cycle for which idling will occur 

Length of timc pcr idling period 

"j" is the loop counter for defining idling timcs. 

i := 0 .. 400 

(

CEOFO ) 

CEOPo := 

CEOlo 

ti. J:= O·hr .+ 

a := 92 

b := 184 

e := 400 

d := 648·hr 

j := a,b .. c 

rn· 
ti. := d 

J 

-~ Real-timc countcr: 

(

CEOF. I) 
CEOP:: 1 := 

CEOIjt-l 

trcalo := O·hr 

( 
mf ) I (V1)(~1' (VI)(~ ·1- - +CEOI.· -

Vs·A + Qf Vb • Vb 

mf rnf VI ~I V1 ~J rnf Vh ~I [[ [ (~l (~l 1 (~ 
(VS.A + Qf) + (VS.A + Qf)· I - (Vh) + CEOIj.( Vb) - (Vs·A + Qf) .[ Vb + (Qf _ QX).tp] 

mf mf VI Q OJ V1 \ Qf OJ mf Vh ~J VI [ I [ I 
(~" 1 (~" 1 1 ('~ 1 (-VI-A-ti

i + I) 
---+ ---·1-- +CEOI·- -_. ·e 

( Vs·'A + Qf) ( Vs·A + Qf) (VII) i (VlJ (Vs·A + Qf) [Vh + (Qf - Qx) ·tp ] 

Model II: LPM-2 
Run = 30 
Page 2 
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Set initial conditions for noble mctals mass calculations: 

Mass of noble metals settled during fceding 

NIass of noble metals settled dwing pouring 

Mass of noble metals scttled dwing idling 

Total mass of noble metals settled during feeding and pouring 

Accumulated mass of noble metals settled since melter startup 

Mfccdo := O·kg 

Mpouro := O·kg 

Midleo := O·kg 

Mtotalo := O· kg 

Maccumo := O·kg 

Mpour. :=(VS.A)'[( rnf·tp ) + [(CEOF. _ mf ).( Vb ).(1_ VS'A+Qf)-I]. [1+(Qf-QX).tP](I-~ -I]] 
1+1 Vs.A+Qf 1+1 Vs·A+Qf Qf-Qx Qf-Qx Vb 

Midlc
j
+

1 
:= CEOPi+I'Vlt _ C_

v 

•. 

AfI;.tii+ I
)] 

Mtotal j +1 := Mfcedi + 1 + Mpouri +1 + Midlei+ 1 

Maccumi+ 1 := Maccumi + Mfeedi+ 1 + Mpouri+1 + Midlci + 1 

Maccum. 
H

j 
:= ____ ~I_-

pnm·Af1oor·Cvmnx 
Height of sludge layer calculation: 

Retention % of noblc metals: Maccum.·100 (Maccumj + CEOI;, VI)-IOO 
Rctain%. := 1 RetainB'Y •. := ..!..... __ ~ __ ~......:.. __ 

I (If+tp).j.Qf.Cin I (If+tp).j.Qf.Cin 

Mass of glass disch,rged: Discharge. := Qx·pglass·tp·j 
I 

Mass ofRu fed: Rufed. := j.rnf.(1f + tP).(101.07) 
I 133.07 

Mass ofRu dischargcd: Rudischargc. := (1 01.07). [ j ·rnf. (If + tp) - Maccum. _ CEOI.· VI] 
I 133.07 I I Modcl #: LPM-2 

Run = 30 
Pagc3 



i := 0 .. 25 

o 

2 

Ircal. 
I 

hr 
o 

16.5 

33.0 

trcal. 

dn 
o 

0.7 

1.4 

I 

3 49.5 2.1 

4 66.0 2.8 

5 82.5 3.4 
6 99.0 4.1 
7 115.5 4.8 

8 132.0 5.5 

9 148.5 6.2 

10 165.0 6.9 
11 
12 
13 

14 

15 

16 

17 

18 

19 

20 

21 
22 

181.5 
198.0 

214.5 

231.0 

247.5 

264.0 

280.5 

297.0 

313.5 

330.0 

346.5 

363.0 

7.6 
8.3 

8.9 

9.6 

10.3 

11.0 

11.7 

12.4 

13.1 

13.8 

14.4 

15.1 

CEOF. CEOP. CEO\. 
~ __ ~I~ I I 

(kg.m
ol

) (kg.mol
) (kg.mol

) 

o 
0.10 

0.77 

1.22 
1.54 
1.75 
1.90 
1.99 

2.06 

2.11 

2.14 
2.16 
2.18 

2.19 

2.19 

2.20 

2.20 

2.20 

2.21 

2.21 

2.21 

2.21 

2.21 
23 379.5 15.8 2.21 

o 
0.70 

1.18 

1.50 

1.73 
1.88 
1.98 
2.06 

2.10 

2.14 

2.16 
2.18 
2.19 

2.19 

2.20 

2.20 

2.20 

2.21 

2.21 
2.21 

2.21 

2.21 

2.21 

2.21 

2.21 

2.21 

o 
0.70 

1.18 

1.50 

1.73 
1.118 
1.98 
2.06 

2.10 

2.14 

2.16 
2.18 

2.19 
2.19 

2.20 

2.20 

2.20 

2.21 
2.21 

2.21 

2.21 

2.21 

2.21 

2.21 

2.21 

2.21 

24 396.0 16.5 2.21 
25 412.5 17.2 2.21 

Mlotal. 

k 

o 
0.056 

0.144 

0.204 

0.245 
0.273 
0.292 

0.305 

0.314 

0.320 
0.324 

0.327 
0.329 

0.331 

0.331 

0.332 

0.332 

0.333 

0.333 

0.333 

0.333 

0.333 

0.333 

0.333 

0.333 
0.333 

I 
Maccwn. 

k 

o 
0.06 

0.20 

0.40 

0.65 
0.92 
1.21 
1.52 

1.83 

2.15 

2.48 
2.80 

3.13 
3.46 

3.80 

4.13 

4.46 

4.79 

5.13 
5.46 

5.79 

6.12 

6.46 

6.79 

7.12 

7.46 

I~:~~I 

I 
H. 

I 

em 

o 
0.01 

0.02 

0.04 

0.06 
0.09 
0.11 
0.14 

0.17 

0.20 

0.23 
0.26 

0.29 

0.33 

0.36 

0.39 

0.42 

0.45 

0.48 

0.51 

0.55 

0.58 

0.61 

0.64 

0.67 

0.70 

Retoin%. 

o 
3 
5 

7 

9 

10 
11 
12 

12 
13 
13 
14 

14 

14 

15 

15 

15 

15 

15 

15 

15 

16 

16 

16 

16 

16 

I 

Dischargc j 

RCloinB%j k <g 

o 
85 

74 

66 

59 
54 
49 
46 

43 

41 

38 
37 

35 

34 

33 
32 

31 

30 
30 

29 

28 

28 

27 

27 

27 

26 

0 

1654.1 

3308.1 

4962.2 

6616.2 
8270.3 
9924.3 

11578.4 

13232.4 

14886.5 

16540.5 
18194.6 

19848.6 

21502.7 

23156.7 

24810.8 

26464.8 

28118.9 

29772.9 

31427.0 

33081.0 

34735.1 

36389.2 

38043.2 

39697.3 

41351.3 

Rufed. 

k 

o 

I 

1.420 

2.839 

Rudischargc
j 

kg 

o 
0.219 

0.738 

4.259 1.461 

5.678 2.325 
7.098 3.285 
8.518 4.310 

9.937 5.380 

11.357 6.481 

12.777 7.602 

14.196 8.737 
15.616 

17.035 

18.455 

19.875 

21.294 

22.714 

24.133 

25.553 

26.973 

28.392 

29.812 

31.231 

9.883 

11.035 

12.191 

13.351 

14.513 

15.676 

16.840 

18.005 

19.171 

20.336 

21.502 

22.668 

32.651 23.835 

34.071 25.001 

35.490 26.167 

Model #: LPMo 2 
Run = 30 
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i := 26 .. 50 

26 

27 

28 

29 

30 

31 
32 

33 
34 

35 

36 

treal. 
I 

hr 
429.0 

445.5 

462.0 

478.5 

495.0 

511.5 
528.0 

544.5 

561.0 

577.5 

594.0 

treal. 
I 

day 

17.9 

18.6 

19.3 

19.9 

20.6 

21.3 
22.0 

22.7 

23.4 

24.1 

24.8 

2.21 

2.21 

2.21 . 

2.21 

2.21 

2.21 
2.21 

2.21 

2.21 

2.21 

2.21 

37 610.5 25.4 2.21 
38 627.0 26.1 2.21 
39 643.5 26.8 2.21 

40 660.0 27.5 2.21 
41 

42 

43 
44 

45 
46 

47 

48 

49 

50 

676.5 

693.0 

709.5 

726.0 

742.5 

759.0 

775.5 

792.0 

808.5 

825.0 

28.2 

28.9 

29.6 

30.3 

30.9 
31.6 

32.3 

33.0 

33.7 

34.4 

2.21 

2.21 

2.21 

2.21 

2.21 
2.21 

2.21 

2.21 

2.21 

2.21 

2.21 

2.21 

2.21 

2.21 

2.21 

2.21 
2.21 

2.21 

2.21 

2.21 

2.21 

2.21 
2.21 
2.21 

2.21 

2.21 

2.21 

2.21 
2.21 

2.21 
2.21 

2.21 

2.21 

2.21 

2.21 

2.21 

2.21 

2.21 

2.21 
2.21 

2.21 
2.21 

2.21 

2.21 

2.21 

2.21 

2.21 

2.21 
2.21 
2.21 

2.21 

2.21 

2.21 

2.21 

2.21 

2.21 

2.21 

2.21 

2.21 

2.21 

Mtotal. 

kg 
0.333 

0.333 

0.333 

0.333 

0.333 

0.333 
0.333 

0.333 

0.333 

0.333 

0.333 

0.333 
0.333 

0.333 
0.333 

0.333 

0.333 

0.333 

0.333 

0.333 

0.333 

0.333 

0.333 

0.333 

0.333 

I 
Maccwn. 

kg 
7.79 

8.13 

8.46 

8.79 

9.13 

9.46 
9.79 

10.13 
10.46 

10.79 

11.13 

11.46 
11.79 

12.13 
12.46 

12.79 

13.13 

13.46 
13.79 

14.13 
14.46 

14.79 

15.13 

15.46 

15.79 

I 

em 

0.73 

0.76 

0.80 

0.83 

0.86 
0.89 
0.92 

0.95 

0.98 

1.02 

1.05 

1.08 
1.11 
1.14 

1.17 
1.20 

1.24 

1.27 
1.30 
1.33 
1.36 
1.39 

1.42 

1.46 

1.49 

Retain%. 

16 

16 

16 

16 

16 
16 
16 

16 

16 
16 

17 

17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 
17 

I 
RetainB%. 

26 

26 

25 

25 

25 

25 
24 

24 

24 

24 

24 

24 
23 
23 
23 

23 
23 
23 

23 
23 

22 
22 
22 

22 
22 

I 

Discharge
j 

kg 
43005.4 

44659.4 

46313.5 

47967.5 

49621.6 

51275.6 
52929.7 

54583.7 

56237.8 

57891.8 

59545.9 

61199.9 
62854.0 

64508.0 
66162.1 

67816.1 

69470.2 

71124.3 

72778.3 

74432.4 

76086.4 

77740.5 

79394.5 

81048.6 

82702.6 

Rufedj 

kg 
36.910 

38.330 

39.749 

41.169 

42.588 

44.008 
45.428 

46.847 

48.267 

49.686 

51.106 

Rudischargej 

kg 
27.333 

28.500 

29.666 

30.833 

31.999 
33.165 
34.332 

35.498 

36.664 

37.831 

38.997 

52.526 40.164 
53.945 41.330 
55.365 42.496 

56.785 43.663 

58.204 

59.624 

61.043 

62.463 

63.883 

65.302 

66.722 

68.141 

69.561 

70.981 

44.829 

45.996 

47.162 

48.328 

49.495 

50.661 

51.828 

52.994 

54.160 

55.327 

Model II: LPM·2 
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i:=5I..75 

treal. !real. CEOF. CEOP. CEO!. 
Mtotal. MaccWTI. H. 1 1 1 

1 1 

(kg.m· l ) (kg.m·3) (kg.m· l ) 
1 1 1 

hr da kg kg em Retain%. RetainD%. 
1 1 

Discharge. Rufed. Rudischarge" 
__ ---=1 1 

kg kg kg 
51 841.5 35.1 2.21 2.21 2.21 0.333 16.13 1.52 17 22 
52 858.0 35.8 2.21 2.21 2.21 0.333 16.46 1.55 17 22 

84356.7 
86010.7 

72.400 56.493 
73.820 157.660 

53 874.5 36.4 2.21 2.21 2.21 0.333 16.79 1.58 17 22 87664.8 -75.239 58.826 
54 891.0 37.1 2.21 2.21 2.21 0.333 17.13 1.61 17 22 89318.8 76.659 59.992 
55 907.5 37.8 2.21 2.21 2.21 0.333 17.46 1.64 17 22 90972.9 78.079 61.159 
56 924.0 38.5 2.21 2.21 2.21 0.333 17.79 1.68 17 22 92626.9 79.498 62.325 
57 940.5 39.2 2.21 2.21 2.21 0.333 18.13 1.71 17 22 94281.0 80.918 63.492 
58 957.0 39.9 2.21 2.21 2.21 0.333 18.46 1.74 17 21 95935.0 82.338 

I----
64.658 

59 973.5 40.6 2.21 2.21 2.21 0.333 18.79 1.77 17 21 97589.1 83.757 ~ 
60 990.0 41.3 2.21 2.21 2.21 0.333 19.13 1.80 17 21 99243.1 85.177 66.991 
61 1006.5 41.9 2.21 2.21 2.21 0.333 19.46 1.83 17 21 100897.2 86.596 68.157 
62 1023.0 42.6 2.21 2.21 2.21 0.333 19.79 1.86 17 21 102551.2 88.016 ~ 
63 1039.5 43.3 2.21 2.21 2.21 0.333 20.13 1.89 17 21 

t'T1 64 1056.0 44.0 2.21 2.21 2.21 0.333 20.46 1.93 17 21 .-
65 1072.5 44.7 2.21 2.21 2.21 0.333 20.79 1.96 17 21 00 

104205.3 
105859.4 
107513.4 

I----
89.436 70.490 

I----
90.855 71.656 

I----
92.275 72.823 

66 1089.0 45.4 2.21 2.21 2.21 0.333 21.13 1.99 17 21 109167.5 93.694 173.989 
67 1105.5 46.1 2.21 2.21 2.21 0.333 21.46 2.02 17 21 110821.5 95.114 '75.i55 
68 1122.0 46.8 2.21 2.21 2.21 0.333 21.79 2.05 17 21 112475.6 

i---
96.534 76.322 

69 1138.5 47.4 2.21 2.21 2.21 0.333 22.13 2.08 17 21 114129.6 97.953 77.488 
70 1155.0 48.1 2.21 2.21 2.21 0.333 22.46 2.11 17 21 115783.7 99.373 78.655 
71 1171.5 48.8 2.21 2.21 2.21 0.333 22.79 2.15 17 21 117437.7 100.792 79.821 
72 1188.0 49.5 2.21 2.21 2.21 0.333 23.13 2.18 17 21 119091.8 102.212 80.987 
73 1204.5 50.2 2.21 2.21 2.21 0.333 23.46 2.21 17 21 120745.8 103.632 82.154 
74 1221.0 50.9 2.21 2.21 2.21 0.333 23.79 2.24 17 21 122399.9 105.051 83.320 
75 1237.5 51.6 2.21 2.21 2.21 0.333 24.13 2.27 17 21 124053.9 106.471 84.487 

Modclll: LPM·2 

Modclll: LPM·2 
Roo:: 30 
Page 6 



i := 76 .. 100 

treal. treal. CEOF. CEOP. CEOI. 
Mtota!. Maccum. I I I 

I I 

(kg.m·3) (kg.m·3) (kg.m·3) 
I I 

hr da k 
76 1254.0 52.3 2.21 2.21 2.21 0.333 24.46 
77 1270.5 52.9 2.21 2.21 2.21 0.333 24.79 
78 1287.0 53.6 2.21 2.21 2.21 0.333 25.13 
79 1303.5 54.3 2.21 2.21 2.21 0.333 25.46 
80 1320.0 55.0 2.21 2.21 2.21 0.333 25.79 
81 1336.5 55.7 2.21 2.21 2.21 0.333 26.13 
82 1353.0 56.4 2.21 2.21 2.21 0.333 26.46 
83 1369.5 57.1 2.21 2.21 2.21 0.333 26.79 
84 1386.0 57.8 2.21 2.21 2.21 0.333 27.13 
85 1402.5 58.4 2.21 2.21 2.21 0.333 27.46 
86 1419.0 59.1 2.21 2.21 2.21 0.333 27.79 

tTl 87 1435.5 59.8 2.21 2.21 2.21 0.333 28.13 - 88 1452.0 60.5 2.21 2.21 2.21 0.333 28.46 \0 
89 1468.5 61.2 2.21 2.21 2.21 0.333 28.80 
90 1485.0 61.9 2.21 2.21 2.21 0.333 29.13 
91 1501.5 62.6 2.21 2.21 2.21 0.333 29.46 
92 2166.0 90.3 2.21 2.21 0.15 4.833 34.29 
93 2182.5 90.9 0.24 0.80 0.80 0.074 34.37 
94 2199.0 91.6 0.86 1.25 1.25 0.156 34.52 
95 2215.5 92.3 1.29 1.55 1.55 0.212 34.74 
96 2232.0 93.0 1.58 1.76 1.76 0.251 34.99 
97 2248.5 93.7 1.78 1.90 1.90 0.277 35.26 
98 2265.0 94.4 1.92 2.00 2.00 0.295 35.56 
99 2281.5 95.1 2.01 2.07 2.07 0.307 35.87 
100 2298.0 95.8 2.07 2.11 2.11 0.315 36.18 

H. 
I 

em Retain%. 
I 

2.30 17 

2.33 17 

2.37 17 

2.40 17 

2.43 17 
2.46 17 
2.49 17 
2.52 17 

2.55 17 

2.59 17 

2.62 17 

2.65 17 
2.68 17 

2.71 17 

2.74 17 
2.77 17 

3.23 20 

3.24 20 

3.25 20 

3.27 20 

3.29 19 

3.32 19 

3.35 19 

3.38 19 

3.41 19 

RetainB%. 
I 

21 

21 

21 

21 

20 

20 
20 

20 

20 

20 

20 

20 
20 

20 

20 

20 

20 

21 

21 
21 

22 

22 

22 
22 

22 

Dischargc j 

k Kg 
125708.0 

127362.0 

129016.1 

130670.1 

132324.2 

133978.2 

135632.3 

137286.3 

138940.4 

140594.5 

142248.5 

143902.6 

145556.6 

147210.7 

148864.7 
150518.8 

152172.8 

153826.9 

155480.9 

157135.0 

158789.0 

160443.1 

162097.1 

163751.2 

165405.2 

Rufcd. 
I 

k ~ 
107.891 

109.310 

110.730 

112.149 

113.569 

114.989 

116.408 

117.828 

119.247 

120.667 

122.087 

123.506 

124.926 

126.346 

127.765 

129.185 

130.604 

132.024 

133.444 

\34.863 

136.283 

\37.702 

\39.122 

140.542 

141.961 

Rudischarge. 
I 

k ~ 
85.653 

86.819 

87.986 

89.152 

90.319 

91.485 

92.651 

93.818 

94.984 

96.151 

97.317 

98.483 

99.650 

100.816 

101.983 

103.149 

104.315 

104.597 

105.158 

105.911 

106.795 

107.769 

108.803 

109.879 

110.984 

Model #: LPM·2 
Run = 30 
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i := 100,105 .. 220 

r-
100 

1105 

~ 
~ 
~ 
~ 
~ 
~ 
140 
~ 
150 
ill 
f---
160 

"t65 
"rni 
~ 
~ 
~ 
~ 
~ 
200 
Ws 
'2IO 
ill 
nO 
'--

trea!. , 
hr 

2298.0 

2380.5 

2463.0 

2545.5 

2628.0 

2710.5 

2793.0 

2875.5 

2958.0 

3040.5 

3123.0 

3205.5 

3288.0 

3370.5 

3453.0 

3535.5 

3618.0 

4348.5 

4431.0 

4513.5 

4596.0 

4678.5 

4761.0 

4843.5 

4926.0 

treal. , 
dB 

95.8 
99.2 

102.6 

106.1 

109.5 

112.9 

116.4 

119.8 

123.3 
126.7 

130.1 

133.6 

137.0 

140.4 

143.9 

147.3 

150.8 

181.2 

184.6 

188.1 

191.5 

194.9 

198.4 

201.8 

205.3 

CEOF. CEOP
1 CEOI. 

Mtotal. , , 
(kg.m-3) (kg.m- 3) (kg.m-3) 

, 
kg 

2.07 2.11 2.11 0.315 
2.19 2.20 2.20 0.331 
2.21 2.21 2.21 0.333 
2.21 2.21 2.21 0.333 
2.21 2.21 2.21 0.333 
2.21 2.21 2.21 0.333 
2.21 2.21 2.21 0.333 
2.21 2.21 2.21 0.333 
2.21 2.21 2.21 0.333 
2.21 2.21 2.21 0.333 
2.21 2.21 2.21 0.333 
2.21 2.21 2.21 0.333 
2.21 2.21 2.21 0.333 
2.21 2.21 2.21 0.333 
2.21 2.21 2.21 0.333 
2.21 2.21 2.21 0.333 
2.21 2.21 2.21 0.333 
0.24 0.80 0.80 0.074 
1.92 2.00 2.00 0.295 
2.17 2.18 2.18 0.328 
2.20 2.21 2.21 0.333 
2.21 2.2l 2.21 0.333 
2.21 2.21 2.21 0.333 
2.21 2.21 2.21 0.333 
2.21 2.21 2.21 0.333 

Maccwu. H. , I 

kg em Retain%. RetBinB%. 
I , 

Discharge. Rufed. Rudischarge. -_--.:', , 
kg kg kg 

36.18 3.41 19 22 165405.2 141.961 110.984 
37.82 3.56 19 22 173675.5 149.059 116.703 
39.48 3.72 19 22 181945.8 156.157 122.518 
41.\4 3.87 19 21 190216.0 163.255 128.347 
42.81 4.03 19 21 198486.3 170.354 134.179 
44.48 4.19 19 21 206756.6 177.452 140.011 
46.14 4.34 19 21 215026.8 184.550 145.843 
47.81 4.50 19 21 223297.1 191.648 151.675 
49.48 4.66 19 21 231567.3 198.746 157.507 
51.15 4.81 19 21 239837.6 205.844 163.339 
52.81 4.97 19 21 248107.9 212.942 169.171 
54.48 5.13 19 20 256378.1 220.040 175.003 
56.15 5.29 19 20 264648.4 227.138 180.835 
57.81 5.44 19 20 272918.6 234.236 186.667 
59.48 5.60 19 20 281188.9 241.334 192.499 
61.15 5.76 19 20 289459.2 248.432 198.331 
62.81 5.91 19 20 297729.4 255.530 204.163 
68.72 6.47 20 20 305999.7 262.628 209.110 
69.91 6.58 20 21 314270.0 269.726 213.316 
71.51 6.73 20 21 322540.2 276.824 218.906 
73.16 6.89 20 21 330810.5 283.923 224.701 
74.83 7.04 20 21 339080.7 291.021 230.528 
76.50 7.20 19 21 347351.0 298.119 236.359 
78.16 7.36 19 21 355621.3 305.217 242.191 
79.83 7.52 19 21 363891.5 312.315 248.023 

Model #: LPM-2 

Model #: LPM-2 
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i ;= 225.230 .. 350 

treal. treal. CEOF. 
I I 

hr do 
225 5008.5 208.7 
230 5091.0 212.1 

2.21 
2.21 

235 5173.5 215.6 2.21 
240 5256.0 219.0 2.21 
245 5338.5 222.4 2.21 
250 5421.0 225.9 2.21 
255 5503.5 229.3 2.21 
260 5586.0 232.8 2.21 
265 5668.5 236.2 2.21 

270 5751.0 239.6 2.21 
275 5833.5 243.1 2.21 
280 6564.0 273.5 1.58 
285 6646.5 276.9 2.12 

290 6729.0 280.4 2.20 
295 6811.5 283.8 2.21 
300 6894.0 287.3 2.21 
305 6976.5 290.7 2.21 
310 7059.0 294.1 2.21 
315 7141.5 297.6 2.21 
320 7224.0 301.0 2.21 
325 7306.5 304.4 2.21 

J30 7389.0 307.9 2.21 
335 7471.5 311.3 2.21 

340 7554.0 314.8 2.21 
345 7636.5 318.2 2.21 
350 7719.0 321.6 2.21 

I 
CEOP. 

2.21 
2.21 
2.21 
2.21 
2.21 
2.21 
2.21 
2.21 
2.21 
2.21 
2.21 
1.76 

2.14 
2.20 
2.21 
2.21 
2.21 
2.21 
2.21 
2.21 
2.21 
2.21 
2.21 

2.21 
2.21 

2.21 

I 
CEOI. 

2.21 
2.21 
2.21 
2.21 
2.21 
2.21 
2.21 
2.21 
2.21 

2.21 
2.21 

1.76 
2.14 
2.20 
2.21 
2.21 
2.21 
2.21 
2.21 
2.21 
2.21 
2.21 

2.21 
2.21 
2.21 

2.21 

I Mtotal. 

k 
0.333 
0.333 
0.333 
0.333 
0.333 
0.333 
0.333 
0.333 
0.333 

0.333 
0.333 
0.251 
0.321 

0.332 
0.333 
0.333 
0.333 
0.333 
0.333 
0.333 
0.333 
0.333 
0.333 
0.333 

0.333 

0.333 

I 
Maccwn. 

81.50 
83.16 
84.83 
86.50 
88.16 
89.83 
91.50 
93.17 
94.83 

96.50 
98.17 
103.69 
105.21 
106.85 
108.52 
110.18 
111.85 
113.52 
115.18 
116.85 
118.52 
120.18 
121.85 

123.52 
125.18 

126.85 

I 
H. 

I 

em 

7.67 
7.83 
7.99 
8.14 
8.30 
8.46 
8.61 
8.77 
8.93 

9.08 
9.24 
9.76 
9.90 

Retain%. 

19 
19 
19 
19 
19 
19 
19 
19 
19 

19 
19 
20 
20 

10.06 20 
10.22 20 
10.37 20 
10.53 20 
10.69 20 
10.84 20 
11.00 20 
11.16 20 
11.31 19 
11.47 19 

11.63 19 
11.79 19 

11.94 19 

I 

Discharge. 
I 

RetninI3%j k cg 
21 
20 
20 
20 
20 
20 
20 
20 
20 

20 
20 
21 
21 
21 
21 
21 
20 
20 
20 
20 
20 
20 
20 

20 
20 

20 

372161.8 
380432.1 
388702.3 
396972.6 
405242.8 

413513.1 
421783.4 
430053.6 
438323.9 

446594.1 
454864.4 
463134.7 
471404.9 

47%75.2 
487945.5 
496215.7 
504486.0 
512756.2 
521026.5 
529296.8 
537567.0 
545837.3 
554107.6 

562377.8 

570648.1 

578918.3 

Rufcd. 
I 

k ~ 
319.413 
326.511 
333.609 
340.707 
347.805 
354.903 
362.001 
369.099 
376.197 

383.295 
390.393 
397.492 
404.590 

411.688 
418.786 
425.884 
432.982 
440.080 
447.178 
454.276 
461.374 

468.472 
475.570 

482.668 
489.766 

496.864 

Rudischargcj 

k ~ 
253.855 
259.687 
265.519 
271.351 
277.183 
283.015 
288.847 
294.679 
300.511 
306.343 
312.175 
315.821 
321.134 
326.889 
332.709 
338.539 
344.371 
350.203 
356.035 
361.867 
367.699 
373.531 
379.363 

385.195 
391.027 

396.859 

Model #; LPM·2 
Run = 30 
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