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INTRODUCTION 

To address growing concerns in the areas of arms control, control of fissile materials, waste 
management, and environment, health, and safety the U.S. Department of Energy (DOE) is studying 
and evaluating various options for the control and disposal of surplus fissile materials (SFMs). One 
of the options under consideration is the Glass Material Oxidation and Dissolution System 
(GMODS). This is a new process developed at Oak Ridge National Laboratory (ORNL).'s GMODS 
directly converts plutonium-bearing materials such as metals, ceramics, and organics into a durable 
high-quality glass waste form. While the emphasis is on treatment of SFMs, the technology is also 
applicable to many other radioactive wastes. 

This study of the GMODS process undertook the development of a computer simulation of the 
GMODS process using FLOW, a chemical process simulator developed at ORNL? FLOW 
performed an assessment of how GMODS would handle the treatment of two representative waste 
streams, plutonium rich and lean scraps, and to identifjl critical process parameters. This assessment 
looked at the quantity of waste glass produced, the quality of the final glass waste form, and the effect 
of blending diEhent groups of the waste streams on the glass produced. The model also provided a 
way to study the current process assumptions, ident@ optimum operating parameters, and determine 
in which areas more experimental studies are required. 

The methodology for determining the formulation and quality of the final waste forms was based on 
work done for borosilicate glasses at Clemson University in conjunction with Savannah River 
Technology Center (SRTC).' Using this data, the compositions that correspond to the required high- 
quality glass products can be mapped as a region on a glass phase diagram. In order to determine the 
quality of the glass produced by the GMODS process, the glass formation model in the computer 
d a t i o n  is divided into two parts. The first part determines whether the glass formed falls in the 
acceptable region of the glass phase diagram. The second part analyzes properties of the glass in 
terms of durability and processability and then modifies the glass by adding additional glass formers 
or by changing the process temperature to bring these properties to acceptable levels. 

DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsi- 
bility for the accuraq, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer- 
ence herein to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom- 
mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government nr anv auPnPV thpr-nf 
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This paper presents a preliminary assessment of the GMODS process flowsheet using FLOW. The 
objectives of this work included the following: (1) to develop a process simulation model to direct 
research and development (R&D), initiating process design and undertaking performance studies; (2) 
to evaluate glass product quality for a variety of plutonium-containing materials (PCMs); (3) to 
identifjl potential waste blends that can produce desirable glass products; (4) to study the effect on 
final waste volume by combining various SFM streams, and ( 5 )  to provide a formal, disciplined 
method to explicitly identifjl all flowsheet assumptions. 

BASIS OF THE SIMULATION 

DESCRIPTION OF THE GMODS PROCESS 

GMODS is a new process 5-43*9 that (1) directly converts metals, ceramics, and amorphous solids to 
glass; (2) oxidizes organics and solidifies their residues into glass; and ( 3 )  converts chlorides to a low- 
chloride borosilicate glass and a secondary clean sodium chloride stream. A batch of feed materials 
is introduced into a melt of lead-borate glass that oxidizes and dissolves this feed into the glass. The 
lead oxide (PbO) in the glass is the oxidant. Oxidation of metals yields metal oxides. By- product 
lead forms a separate layer at the bottom of the melter. Glass formers and other compounds are 
added to produce a glass with the desired processing and performance properties. Excess PbO is 
reduced to lead metal with carbon, which is later oxidized and recycled to process the next batch of 
feed. A description of the process is illustrated in Fig. 1. Several recent publications '4 describe the 
process in detail. 

GMODS has a number of advantages when it is compared to other vitrification processes: (1) This 
oxidation-dissolution vitrification process can dissolve the variety of materials found in 
SFMs-oxides, metals, and organics. (2) Preconditioning steps are not required, sirnpwng 
operations. ( 3 )  The main steps of the process are carried out in one vessel, reducing capital costs. 
(4) Process materials such as PbO are recycled or incorporated into the product. ( 5 )  Solid and liquid 
waste streams are nil. (6) A high-quality, tailored glass product is formed. 

TBE REACTIONS DURING TEE GMODS PROCESS 

Molten lead-borate glass dissolves oxides, as do conventional molten glasses, but the GMODS glass 
also reacts with metals and organics. The following are typical examples of reactions occurring in 
the GMODS process: 

PU + 2PbO -. PuO, + 2Pbl 
Zr + 2PbO -ZrO, + 2Pbl 

241 + 3PbO -Al,O, + 3Pbl 
3Fe + 4PbO -Fe,O, + 4Pb1 
C + 2PbO -. CO,t + 2Pb1 
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LEAD BORATE 
DLSSOCUTION GLASS 

POUR GUSS 

ADDWASTE 

@ OXIDIZE>DLSSOLM. WASTE 

ADD GLASS ADDITIVES 
ADO CARBON TOEDUCE 
EXCESS PbO IN GLASS 

Fig. 1. GMODS batch processing of PCM to borosilicate glasa 

Metal oxides and lead are the main products of reactions one to five. After lead borosilicate glass is 
formed, excess PbO in the glass is removed by adding carbon, which reacts according to the 
reaction 5. 

The ability of the PbO-boron oxide (B2OJ) system to oxidize metals and to dissolve metal oxides is 
indicated by the PbO and B20, thermochemical activity. Free energy data for ternary PbO-B,O,- 
metal oxide systems were not available at the time of this study. However, the oxidation potential 
of metals is available and provides a guide to the treatability of a material by GMODS. Metal oxides 
with high oxygen potential can oxidize metals with lower potentials. The metals Sn, Fe, Zn, Cr, U, 
Pu, Al have lower potential than does Pb. Silver, Au, Pt, and Pd do not form stable oxides at high 
temperatures. Therdore, these materials dissolve into the lead. If the concentration of noble metals 
become sigdcant, standard lead- smelting technology is available for separating noble metals fiom 
lead. 

WASTE FEED MATERIALS 

Input data required for the process simulation and analysis of the GMODS process includes 
quantities, composition, chemical characteristics, and the chemical forms of the various plutonium- 
containing waste streams to be treated. The waste stream data were broken into several separate feed 
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streams ofwhich rich scrap and lean scrap were studied because they represent the largest quantities 
of existing PCM.9 A description of each one are listed below. 

1. 

2. 

Rich scrap: Plutonium-bearing material that principally contains nonplutonium elements and/or 
compounds. Material in this category is generally greater than 2 wt % plutonium. This main 
category is comprised of subcategories. Details are elsewhere.' 
Lean scrap: Plutonium-bearing material that contains mostly nonplutonium elements and/or 
compounds. Material in this category is generally less than 2 wt % plutonium. This main 
category is comprised of several subcategories. Details are el~ewhere.~ 

REQUIREMENTS FOR THE PRODUCTION OF GLASS 

The methodology to formulate and predict the glass quality was based on work performed at Clemson 
University in conjunction with the SRTC' for development of high-level waste (HLW) glasses for 
the Defense Waste Processing Facility (DWPF). In this initial analysis we have assumed that the 
performance of the plutonium glass should be equivalent to a HLW glass. Glass formulations must 
consider two key factors in the vitrification processes: product quality and processability. Glass- 
forming compounds are added to the melt to obtain the desired glass properties. Sometimes trade- 
offs must be made between product quality attributes and processability properties when glass 
compositions are formulated. The high-quality glass compositions can be mapped as a region in the 
glass phase diagram. The most important factors for determining processability are the viscosity and 
liquidus temperature of the melt. 

Glass Quality 
By "quality" we mean the long-term performance and durability of the glass in order for it to perform 
its role as a matrix for immobilizing radionuclides. The durability of a glass, measured by siticon 
release rates and constituents leach rates, is a key factor in determining glass quality. Product 
durability is associated with the chemical and physical properties of waste glasses including chemical 
immobilization, physical durability, and devitrification. These properties are closely interrelated to 
and result fiom the structural characteristics of glass. Among these properties, the single most 
important characteristic of waste glass is chemical immobilization, or the ability to resist leaching of 
the immobilized contaminants when contacted by water or other liquids. In this study only the 
chemical immobilization was considered. 

The ternary phase diagram for SO,-B,O,-other oxides &O) shown in Fig. 2 shows an elliptical 
region having acceptable performance characteristics (Known Homogeneous Waste Glass Region 
in Fig. 2).1° The FLOW model uses the information of this ternary diagram to produce a glass 
composition compatible with an acceptable glass quality. 

Processrbility. The most important factors for determining processability are the viscosity and 
fiquidus temperature of the melt. 

Viscosity. Viscosity is a fhction of temperature and determines the rate of melting of the raw feed, 
the rate of glass-bubble release, and the rate of homogenization. If the viscosity is too high, the melt 
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does not readiiy pour out, and thus, the product quality is reduced by causing voids in the final glass. 
In general, a viscosity range of 20-500 poise is acceptable; a conservative range of 20-100 poise at 
1 150°C, however, was used for the DWPF at the Savannah River Technology Center (SRTC), South 
Carolina. 

Known Homogeneous 0 
Waate Glass R e g i o d  

6 

Known Glass 
Forming Regio 

20 

1u 
Pyrex Glasses 

Known Region 
4 0  Of G1dSS Phase 
4 Separation 

/ 
60 

L 70 

L 80 

Fig. 2. The ternary phase diagram for Si0,-B,O,-&O. 

The approach to predict the viscosity was based on glass structural considerations, expressed as a 
calculated nonbridging oxygen (NBO) term.' Calculation of the NBO term from the glass 
composition was combined with quantitative statistical analyses of response surfaces to express glass 
viscosity as a fbnction of melt temperature and glass composition. The NBO parameter is 
representative of the amount of structural depolymerization in the glasses and can be calculated by: 

2w20 + Fe,O,) - A1203 t B20, 
SO2 

NBO = I 

where 
M20 = Na20 + $0 t Cs20 + Li20 . 0 

The oxides (F+03, A1203, B203, SiO, N%O, K20, C%O, and Li,O) are in concentrations of weight 
percent (wt %). Regression analysis of the calculated NBO term with the viscosity, q, yields: 

4472.45 log q (poise) = -0.61 + - 1.534 NBO , 
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where 

T(C) is the melting point in degrees Celsius. 

Liquidus. The liquidus defines the highest temperature at which spinel (MgAI,O, having octahedral 
crystals), with or without nepheline (feldsphathoid mineral), crystallizes. The glass formulations must 
have a liquidus below the minimum design temperature ofthe melter (i.e., 1050°C for a DWPF glass 
melter; the minimum design temperature is the temperature that gives acceptable viscosity). The 
liquidus temperature was determined based on the free energy of formation of the liquidus phases, 
spinel and nepheline. The model assumes a precipitation reaction for these species at 1050°C: 

Glass =>NiFqO,l at 1050°C. 

The liquidus was determined by the following equation from regression analysis 

Liquidus (c) = 803.6 + 2277 K , 

where F%03, SO,, N,03 are concentrations in wt % and 

Fe20,( -134 kcaVmol) 
K =  

Si02(-156 kcal/rol) - A1203(-360 k d m l )  

(9) 

Durability. The Gibbs free energy of hydration is used as a measure of glass durability and the 
release rates of silicon and boron. 

Acceptance Criteria 
The GMODS process acceptance criteria parameters are not yet available experimentally. 
Consequently, the acceptance criteria to be utilized by the GMODS process may vary from the values 
that have been determined for HLW glasses in conventional furnaces. The following values are 
acceptable for HLW glass: 

Processability: Liquidus temperature s 1050°C. 
20 5 melt viscosity s 100 poise. 

Acceptability: Leach rate s 1 g/m2/d. 
Durability: AG of hydration 2 -7.5 kcal/mol. 

THE GMODS PROCESS SIMULATION USING FLOW 

The GMODS process simulation was performed by integrating the GMODS process and chemistry, 
the requirements for production of glass, and the application of the FLOW modeling tools. Existing 
FLOW models were used to develop preliminary process flowsheets. Additional models were 
necessary to simulate the behavior of the glass formation reactor. 
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FLOW DESCRIPTION 

While projects in their initial stages of development frequently require top-level systems analysis, early 
analysis of pdormance, treatment alternatives, cost, risk, and uncertainty is generally characterized 
by a rough order-of-magnitude investigation9 When we analyze emerging technologies, experimental 
data are usually too limited to develop for us a full thermodynamic model. In this case, an analysis 
using FLOW was extremely beneficial for accurately extrapolating experimental data into an 
integrated system. Although commercial software is available that simulates chemical processes (e.g., 
ASPENTM and CHEMCADTM), these packages tend to emphasize the unit operations and material 
properties that are most common in the conventional chemical industry. Unit operations used in 
advanced or new process technologies, mostly for waste treatment processes, are generally not 
available. While these packages present apparently user-friendly interfaces, a considerable amount 
of chemical engineering knowledge is required to use them. The commercial packages require a 
substantial investment for analysis of technologies when little information is available. Consequently, 
a different type of simulation is required at the early stages of development. FLOW was designed to 
fill this need. 

FLOW provides a process simulation program with user-friendly interface to analyze a wide range 
of waste streams quickly and effectively. Flowsheets can be constructed easily by dragging, dropping, 
and connecting icons. Simulations can be run quickly because built-in process heuristics replace time- 
consuming thermodynamic calculations. Multiple cases can be run in a short time. 

Cost, risk, and uncertainty models are built in and can be integrated directly into performance 
simulations. Components can be represented in a variety of ways-chemical formulas, chemical trade 
names, physical descriptions. Heuristic handling of component properties and behavior pennits 
streamlined specification of separations and realistic results even when data are missing. Decision 
modules permit integration of acceptance criteria, operating constraints, blending of recipes, and 
regulatory and other requirements in the flowsheet. User unit operation models can be programmed 
and compiled independent of FLOW in several computer languages. Users can easily design, code, 
compile, and incorporate their own models including the use of neural networks. Many waste 
management unit operation models and technologies are included with the program. 

How Does The Simulation Work? 
FLOW simulates the chemical and physical reactions that make up the unit operations and computes 
these operations simultaneously at several levels of detail. FLOW icons represent processes whose 
simulations are built &om the library of findamend processing unit operations. Once developed, the 
processes can be represented as simple icons. Icons can be put into the libmy and easily used to 
develop complex facility designs. FLOW includes icons in the library which represent many of the 
processes that have been used in the treatment of wastes. Users can build sophisticated models of 
treatment technologies from the basic modules that FLOW provides. 

Representations of processes may result in large FLOW flowsheets. In many cases, more than one 
monitor screen may be required to display an individual process flow diagram. However, entire flow 
diagrams can be collapsed into single icons (aggregation feature), and multiple icons can be displayed 
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on a higher-level flow diagram. Multilevel flowsheet capabilities allow top-level systems models 
(e.g., the nation’s waste systems, sites, or facilities) and detailed process model simulations to be 
integrated. Furthermore, FLOW supports a hierarchy or nesting of flowsheets. Thus, one can start 
with a top-level picture of the process and work toward adding the detail at lower levels, or, 
conversely, one can start with details that are known to build up a system model. 

FLOW includes a wide range of unit operation models, but in almost any complex simulation, new 
user-created models are usually required. FLOW provides several routes for creating new user 
models-programming in one of the viable computer languages or neural networks to create a new 
independent module, or by combining already existing modules. FLOW features several modules that 
help estimate the behavior of components whose physical properties are not known. For example, 
with the group separator, chemical groups rather than chemical compounds can be processed. This 
feature is very handy when property data are not available or when the feed material is not well 
characterized. The user also has a great deal of flexibility in naming stream constituents. 

FLOW works in any 386 IBM-PC compatible with a math coprocessor. The program works under 
the DOS operating system. FLOW is written in C++, but the process unit operations can be written 
in C, C*, Pascal, Fortran, Prolog, Visual Basic for DOS, and Python. FLOW has been compiled 
using a DOS extender, allowing very large problems to be run. 

uses of FLOW 
FLOW has been used in support of the Oak Ridge Federal Facility Compliance Agreement, the Mixed 
Waste Treatment F d t y ,  and the Portsmouth Mixed Waste Treatment Facility activities as a global 
systems analysis tool. Mixed wastes were modeled with several existing or potential treatment 
alternatives. Analysis of the different scenarios is a mandatory activity specially when decisions on 
future process implementation are going to be made that have to conform with multiple restrictions. 
FLOW has served as the central tool for this type of analysis delivering information about cost, risk, 
and pdormance of the different scenarios. This information was then compiled within the context 
of several selection criteria fiom which a ranked list of alternatives is the final product of the analysis 
methodology. 

FLOW has also been used to perform l i fqc le  cost estimation for the K-3 1 Gaseous Diasion Plant 
decontamination and decommission activities. From all these examples, FLOW has demonstrated 
robustness and flexibility as an analysis tool. Analyzing performance of one specific process such as 
GMODS is a natural utilization of the FLOW capabilities. Most of the FLOW features mentioned 
earlier in this paper conform appropriately for the detailed analysis of GMODS as a new process. 

GMODS FLOW MODEL ASSUMPTIONS AND OVERVIEW 

The purpose of a simulation is to shape the design and implementation of the process. This 
simulation is intended also to look at the time-averaged material flows, compositions, conformance 
to specifications, and product quality of GMODS for a variety of plant feed materials. A number of 
simplifications and assumptions are incorporated into the model that do not mirror the GMODS 



9 

process exactly, but these simplifications and assumptions are made so that the essential behavior of 
GMODS with respect to the purpose of the study is captured while facilitating the calculations. Some 
of the more important assumptions are as follows: 

Steady State 
GMODS is a multistep, batch, dynamic process. FLOW treats it as a steady-state, continuous 
process. Because we are interested in time-averaged flows fiom the process rather than instantaneous 
conditions, this is a good approximation. A dynamic simulation would have only complicated 
reaching this simulation's objectives. 

Single Process Vessel 
Most of the various steps of the GMODS process take place in a single vessel in an induction 

hmace. The FLOW model of GMODS sequences through a flowsheet of unit operations connected 
by streams. In a continuous process, the unit operations are considered distinct equipment items 
connected by pipes. For this simulation, the FLOW unit operation models can be thought of as 
process steps taking place in the same vessel, and the connecting streams can be considered the 
materials added or removed fiom that vessel at different times. Again, because we are not interested 
for this study in the time and space behavior inside the vessel, this is a reasonable assumption. 

Phase Equilibria 
Solubilities and distribution of constituents between phases are estimated based on experimental data 
and then entered by the analyst, approximated by FLOW by its group or phase separator modules, 
or assumed based on engineering judgement. FLOW does not include rigorous thermodynamic 
models. Although the absence of this capability can be a problem for detailed design, FLOW'S 
approximate methods are beneficial for preliminary analysis. Rigorous simulators typically spend 80% 
of execution time on thermodynamic calculations, and when the thermodynamics of the system is not 
well understood, one must be suspicious of the results of such calculations. 

Chemical Kinetics and Equilibrium 
Reaction equilibria are assigned by the analyst, and the residence-time in the vessel is assumed to be 
long enough to achieve an assumed extent of reaction. In a FLOW chemical reactor, the user 
specifies a relative kinetic constant and extent. The relative kinetic constant is used to sequence a 
series of reactions, not to size the reaction vessel. 

GMODS REPRESENTATION 

Process and Representation Comparison 
The block diagrams in Fig. 3 compare the steps of the GMODS process with the sequence of 
operations in the GMODS FLOW simulation, Each box in the left column indicates a major GMODS 
process steps. Whereas the GMODS process description starts with the melter filled with an excess 
of lead-borate glass and lead metal, the FLOW model adds the lead-borate glass to the melter based 
on the waste quantity and composition. One step added in the FLOW model is an estimation of the 
plutonium concentration in the final glass product. This step is added to be sure that the product will 
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Sat;s@ nuclear criticality limits. Oxidation, dissolution, and glass refining are combined in one FLOW 
aggregate FLOWsheet for these GMODS steps. The lead recycle and off-gas systems are contained 
in separate sub-FLOWsheets. 

FLOW Representation 
Figure 4 presents the top-level GMODS model FLOW FLOWsheet. Both lower-level ("aggregate") 
FLOWsheets and FLOW process modules are represented on the FLOWsheet by icons. The streams 
connecting these processes are represented by lines. The aggregate FLOWsheets shown in Fig. 4 
that are visible at the top level are labeled PU-Feed, CHECKPU, PBO-B-VA, NaOH-Scrub-Offgas, 
RXNSIADD, and Pb-Oxid. Referring to Fig. 4, Pu-Feed blends the wastes and feeds the composite 
stream to the FLOWsheet. CHECKPU looks ahead to see if the final glass product will contain too 
much plutonium and terminates the simulation if the limit is exceeded. High concentrations of 
plutonium in the glass may cause nuclear criticality. PBO-B-VA adds PbO and B,O,, and 
RXNSIADD (reactions and silicon addition) oxidizes the waste metals and organics and calculates 
how much silicon dioxide (SO,) must be added to form the desired glass. Two off-gas streams and 
a glass-lead metal stream exit from this FLOWsheet. 

- 

OYODS PROCESS 

wash oxidation and 

Oddb.anddissdrnwssto 

Add makwp 8203 and PbO 

f 
I milas system 1 

FLOW Model of the QMOOS Process 

I Waste oxidation and 
dissolution 

Addwaste I 4 
Check Pu witiclli limit in final glass. 

W u e  and dissolve waste 

QLus Refining 

Add carbon to reduw excess PbO in glotr 

I Datemine glass compopition 
Mdglaufrit 1 

I 
V 

Lead Recycle 
w 

I O~QU system 1 
Fig. 3 .  Comparison of the GMODS process and its FLOW 

representation. 
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The off-gas streams arise from the oxidation reactions and fi-om the reaction with carbon. The off-gas 
streams are combined in a mixer (GasMix in Fig. 4) and sent to the gas treatment system, 
NaOH-Scrub-Offgas. The glass and lead are separated in a component separator (Pb-Sep), 
corresponding to the density separation of the lead and glass in the reactor vessel. The lead stream 
goes to Pb-Oxid (lead oxidation), which oxidizes the lead metal back to PbO and is recycled back to 
the PbO addition module. The glass stream is sent to a drum to terminate the FLOWsheet. 
Information is also obtained from the glass stream in SynR20, which determines the quantity of 
oxides that are used in the tertiary phase diagram glass calculations. This is done by taking an 
information stream using a muitiplier, a splitter and a synonym, which converts any of the oxides in 
the glass except PbO and B,O, to R,O (oxides can be CaO, A1203, N%O, etc). 

ORNUOWG 95-9194 

Fig. 4. Top-level GMODS FL.OWsheet. 

FLOW Waste Representation 
In order to use the waste stream data in the FLOW model, the wastes need to be translated by their 
chemical forms. Waste characterization was difficult to find. Compilation of information fiom 
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reports, personal experience, and analogy with similar waste streams were the bases to develop a 
rough characterization of each of the waste subcategories for rich and lean scrap. This information 
was then put into a synonym table to convert the wastes into their chemical elements for use in the 
model. 

In order to perform a FLOW analysis of the effect of mixing different waste streams on glass 
formation, a feed blending process was specially computer coded for the model. With this process, 
the user can blend any of the 11 feed streams that will be sent to the GMODS process. So, for 
example, the user could combine 50 wt % of the rich scrap stream with 10 wt % of the clean oxide 
stream and see the effect on the final glass quality and quantity. Since only rich scrap and lean scrap 
were analyzed in this study, the feed blending process was extended down one more level of detail. 
That is, the user could set the percentage of each of the rich scrap and lean scrap substreams that 
were to be fed into the GMODS process. This allowed several studies of the effects on final glass 
volume and composition from combining parts of two or more substreams to form the process feed. 

FLOW Glass Optimization Model 
The module developed for the simulation of the GMODS process that considered the optimization 
of the glass formation was the GlassForm module. This model is described below. 

G&ssForm. GlassForm calculates the amount of SO, that must be added to the melt to maximize 
the glass loading. A companion module brings the melt viscosity into an acceptable range by adding 
other constituents and adjusting the temperature. Calculation of the glass form module are based on 
the temary phase diagram of lead-borate glass (see Fig. 2). The vertices of the ternary phase diagram, 
A, €3, and C (A = SiO, B = B203 and C = &&waste oxides, other additives, and PbO), represent 
1 W ?  A or B or C. Beginning with a starting composition somewhere in the ternary phase diagran, 
a line is drawn Erom the starting point to the A and B vertices. Each type of glass can have a region 
of acceptable waste form performance. For borosilicate glass, this region of acceptable glass 
compositions with respect to waste form performance has an elliptical shape. For our purposes, we 
assumed that this acceptable region is a perf- ellipse and that the coordinates of this region are 
defined by entering four points, the intersections with the minor and major axes. There is also a 
region of the phase diagram, in which glass formation is not possible. The algorithm searches for 
the point on the surface of the ellipse that results in the maximum waste loading in the glass. This 
point corresponds to a line that is tangent to the elliptical region and perpendicular to the vertex C. 
The algorithm can handle cases in which the desired region is tangent to a phase diagram edge or is 
cut by the nonglass-region h e .  

The FLOW module outputs the original waste composition and the glass formers required to produce 
the maximum-loaded glass. Parameters supplied by the user include the "minimum design 
temperature" of the melter; the Gibbs fiee energy of hydration, and compound check which is 
collstrained on the mwcimum wt % of TiO, Cr203, P20b and Fe+2. Adjusting the AG is more dif€icult 
than adjusting the viscosity, although the fiee energy rarely needs to be adjusted. When an 
adjustment is required, other components are added to the glass. Viscosity is calculated by the 
program as well. 
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GMODS SIMULATION RESULTS 

The results of modeling the GMODS process using FLOW can be summarized as (1) developing a 
model that could direct the *re R&D of this process, (2) evaluating the glass quality of a variety 
of PCMs, (3) identifjring potential waste blends that can produce desirable glass products, and 
(4) providing a structured method to identie the FLOWsheet assumptions. The objectives of the 
project were accomplished within a reasonable amount of time, and the information will be very 
useful for the GMODS developers in determining what new experimental studies need to be 
undertaken. 

FUTURE R&D OF THIS PROCESS 

The results of the modeling effort indicate that the GMODS process was represented appropriately 
in FLOW. The basic processes available in FLOW and a few additional modules created ad hoc for 
the glass formation stage were sufficient to represent the mechanics of the process. The infoxmation 
produced Erom the simulation will allow a better understanding of the needs of the GMODS process 
in terms of the future R&D steps to take this process from the conceptual bench scale to a hll 
commercial piant. 

EVALUATION OF GLASS QUALITY 

Rich scrap, lean scrap, and mixtures of both rich and lean scrap plutonium-containing waste streams 
were fed into the FLOW model of the GMODS process. Both initial and final plutonium content 
were determined to analyze criticality of the final glass. Ratios of glass to feed were determined in 
order to analyze the volume increase. Silicon dioxide (SiOJ, B,O,, and N40 concentrations were 
determined to established the need for vitrification material compatible with an acceptable glass 
formation region of the phase diagram. Melting temperature was determined in order to analyze the 
potential mechanical difficulties that the furnace to which GMODS process could be subjected to. 
viscosity and AG were determined in order to analyze the processability and durability of the glass. 
Table 1 shows the results of the simulation. 

The third column of the Table 1 represents the mixture of every subcategory existing in the rich scrap 
and lean scrap wastes. Mixing all subcategories of rich and lean scrap at once proved to be of no 
major effect in terms of volume reduction. The mixed selected subcategories of rich and lean scrap 
are reported in the following section. 

POTENTIAL WASTJI BLENDS 

To see what effect the blending of various waste streams may have on final glass volume, two of the 
rich scrap substreams, ash and chlorides salts, were blended together in dflerent combinations. In 
the first simulated run, both of the waste streams were treated separately. This produced a total final 
glass mass of 217,000 kg (77.5 m3), 28,500 kg tiom treating the ash stream and 189,000 kg fiom 
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Table 1. 

Parameter 

Pu content in the waste 
stream, wt YO 

formed, wt % 

to the process 

to the process 

to the process 

Pu content in the glass 

Mass ratio glasdwaste fed 

Mass ratio SiOJwaste fed 

Mass ratio B,O,/waste fed 

Melting temperature, "C 

Viscosity, poise 

Volume ratio Glasdwaste 
feed to process 

AG of hydration, kcaVmol 

treating the chloride salt stream. Then various mixtures of the waste streams were created by 
combining alI of the chloride salts stream and an increasing amount of ash ranging from 10 wt % of 
the ash stream up to 100 wt % of the ash stream. This blend was then fed to GMODS models to 
produce the final glass product. The remaining ash, that was not used in the mixture, was fed as a 
separate stream into the GMODS process and also produced a final glass product. The total mass 
of glass produced this way was approximately 70,000 kg. Figure 5 illustrates the effects of mixing 
ash with chlorides in several proportions. 

FLOW results for glass quality 

Mixture of 
Rich scrap Lean scrap rich and lean 

scrap 

5.7 0.19 1.05 

2.4 0.06 0.35 

2.2 2.8 2.75 

1.1 1.3 1.25 

0.3 0.5 0.48 

1175 1150 1157 

4 0 0  <loo <IO0 

1.1 1.41 1.38 

Acceptable Acceptable Acceptable 

EFFECT OF TEMPERATURE AND Na,O ADDITION IN VOLUME REDUCTION 

During the melting process, two variables modi5 the viscosity of the forming glass. Both 
temperature increase and adding NqO produce a reduction in viscosity. For fixrnaces in which the 
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Fik 5. Effect on glass produced from addition of ash to chloride salt  stream. 

temperature is a W o n ,  the preferred option for a viscosity reduction would be an increase of the 
amount of N+O. However, the negative side of this addition would be the increase in the final 
volume of glass. For processes in which the temperature is not such a l i t i n g  parameter-for 
example, the GMODS process-it is better to increase the temperature and reduce the amount of 
N40 producing a smaller amount of final glass. 

As an example, let us analyze Fig. 6, which represents the analysis of glass formation for the lean 
scrap subcategory chlorides. Assuming that the process starts with 1 kg of chlorides, the meking 
point reaches 1103 "C, and the corresponding N+O concentration is about 20 wt %, the resulting 
final glass mass is about 6.5 kg. If the temperature is allowed to increase to about 1167°C the find 
glass mass is about 3 kg. By changing the temperature 64"C, there is a reduction of about 50 wt % 
in the finai glass mass. This is a key consideration when selecting operating conditions during the 
glass formation. 

Similar effects are observed with other subcategories of lean scrap. Simulations that consider the 
effect of temperature on rich scrap substreams were also perCormed and resuits similar to those of 
lean scrap glass formation were found. 
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ANALYSIS 

Simulation of the GMODS process using FLOW has been successhl. The information given by the 
GMODS experts and obtained fiom different publications written by the GMODS authors was 
translated first in a step-by-step FLOWsheet process and then put into FLOW, a simulation program 
developed by J. J. Ferrada et al. This simulation looked at the time-averaged material flows, 
compositions, conformance to specifications, and product quality of GMODS for a variety of waste 
feed materiais. A number of simplifications and assumptions were incorporated into the model that 
facilitated the calculations. FLOW treated the GMODS process as a steady-state, continuous 
process. Since the interest was focussed in time-averaged flows from the process rather than 
instantaneous conditions, this was a good approximation. Although the various steps of the GMODS 
process take place in a single vessel, an induction furnace, the FLOW model of GMODS was 
sequenced through a KOWsheet of unit operations co~ec ted  by streams. Since the interest for this 
study is not focussed on the time and space behavior inside the vessel, this is a reasonable assumption. 

Reaction equilibria were assigned by the analyst, and the residence time in the vessel was assumed 
to be sufficient to achieve an extent of reaction. The glass formation model analyzed whether the 
glass formed was within the appropriate glass formation region. A companion model analyzed some 
properties of the glass such as viscosity and AG of formation. If the glass is not within an acceptable 
range for these two properties, then we can modi@ these properties by adding N%O or by increasing 
the temperature. 



17 

The simulation of the GMODS process has included several cases in which variations were made to 
the input feed. (1) The system was fed with all the subcategories of rich scrap at once. (2) The 
system was fed with all the subcategories of lean scrap at once. (3) The system was fed with the 
combination of all the subcategories of rich and lean scrap at once. (4) To see what effect the 
blending of various waste streams may have on final glass volume, two of the rich scrap substreams, 
ash and chlorides salts, were blended together in different combinations. ( 5 )  Volume reduction was 
analyzed by altering the amount of N+O added and by changing the temperature of melting, 

Evaluation of the treatment of the rich and lean scrap waste streams shows that the GMODS process 
is able to treat both streams separately or combined to form durable glass waste forms. In general 
terms, it may be said that the mixture of subcategories is very attractive for volume reduction. 
Additions to this study should include analysis of all possible mixtures and their effects on volume 
reduction. 

This study showed that the final glass volume can be reduced by increasing the melt temperature, and 
thus increasing the waste-to-glass ratio and decreasing additives to obtain the desired viscosity. 
Volume reductions of about 50% were obtained for the borosilicate glass developed by SRTC. For 
example, when 1 kg of chloride salts were processed, the temperature was at 1 103 "C and produced 
6.5 kg of glass at a given viscosity. However, when the temperature was increased to 1 167"C, the 
final glass mass decreased to about 3 kg at the same viscosity. This increase in temperature is not a 
problem for the GMODS process. More extensive analysis should be conducted to study maximum 
increases in temperature and their effects on volatilization of some heavy metals. Experimental data 
should also include studies for the extent of reactions during the glass formation process and 
determine under what conditions the Pu is more likely to be transferred to the gas phase. 

Waste stream characterizations have been compiled from several reports and also heuristics when 
information was not directly available. Further waste characterization is required for greater accuracy 
of the results. This is particularly true for those waste streams that were not analyzed in this study. 

In summary, the simulation of the GMODS process showed that the glass chemistry postulated in the 
models has acceptable levels of risks. It is expected that the glass chemistry assumed during the 
modeling process can be verified with the laboratory experiments that are currently being conducted 
relating to the GMODS process. Further waste characterization, especially of the SFM waste streams 
not studied in this report, will provide more nearly accurate results and give a more detailed 
evaluation of the GMODS process. 

This initial assessment shows that the GMODS process works within an acceptable level of 
confidence based on similar glass processes used for HLW. Furthermore, GMODS could treat the 
SFM waste streams, and it can be forecasted that the process will save money because of its simplicity 
and flexibility for treating different types of wastes. 
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