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Vitrification of Low Level Radioactive Waste in a Slagging Combustor 

ABSTRACT 

The suitability of a Babcock & Wilcox cyclone furnace to vitrify a low-level radioactive 
liquid waste was evaluated. The feed stream contained a mixture of simulated radioactive 
liquid waste and glass formers. The U.S. Department of Energy is testing technologies to 
vitrify over 60,000,000 gallons of this waste at the Hanford site. The tests reported here 
demonstrated the technical feasibility of Babcock & Wilcox's cyclone vitrification 
technology to produce a glass for near surface disposal. 

Glass was produced over a period of 24-hours at a rate of 100 to 150 lb/hr. Based on glass 
analyses performed by an independent laboratory, all of the glass samples had leachabilities at 
least as low as those of the laboratory glass that the recipe was based upon. This paper 
presents the results of this demonstration, and includes descriptions of feed preparation, glass 
properties, system operation, and flue gas composition. The paper also provides discussions 
on key technical issues required to match cyclone furnace vitrification technology to this U.S. 
Department of Energy Hanford site application. 

INTRODUCTION/BACKGROUND 

A cyclone furnace is one of seven melter technologies being evaluated for vitrification of 
Low-Level Tank Waste (LLW) at the U. S. Department of Energy (DOE) Hanford site. The 
primary constituents of the waste stream include sodium nitrate, sodium nitrite, sodium 
aluminate, and sodium hydroxide, with heavy metals and radionuclides among the trace 
constituents. This paper summarizes Phase 1 of a two phase program designed to 
accommodate this evaluation. 

Background of Cyclone Vitrification 

The cyclone furnace is relatively new to vitrification of hazardous wastes, but it is proven as 
a slagging combustor. The Babcock & Wilcox (B&W) cyclone furnace is a well-known coal 
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combustion device that has been used for commercial steam generation since the 1940's with 
over 26,000 MW of installed electrical capacity. The combination of high heat release rates 
and high turbulence assures that the temperatures required for melting the inorganics (ash) in 
the fuel are reached. Since slag is a completely vitrified material arising from the mineral 
matter in coal, B&W experimented with the possibility that a cyclone furnace might work 
well as a melter to vitrify hazardous solid inorganic wastes such as the ash from conventional 
incineration processes. Because of success on early experiments, cyclone vitrification 
technology has been evaluated for vitrification of several different waste forms including: 

• Municipal Solid Waste Ash 
• Dry Soil Contaminated With Organics 
• Dry Soil Contaminated With Organics and Radionuclide Surrogates 
• An Industrial Waste Sludge 
• Simulated Hanford LLW 

Prior to this work, the most comprehensive of these studies was the U. S. Environmental 
Protection Agency (EPA) Superfund Innovative Technology Evaluation (SITE) 
Demonstration. In the SITE Demonstration synthetic soil was successfully vitrified using 
the B&W pilot-scale Small Boiler Simulator (SBS). The vitrified product passed Toxicity 
Characteristic Leachate Procedure (TCLP) tests for the heavy metals evaluated in the study 
(USEPA SITE Report EPA 540/AR-92/017, August, 1992). In addition, the SITE 
Demonstration showed that Destruction and Removal Efficiencies (DREs) for each of the 
Principal Organic Hazardous Constituents (POHC) were above 99.99 percent. 

Figure 1 provides an overview of cyclone vitrification technology. Three primary systems 
make up the process. These systems include the feed system, the cyclone melter system, and 
the flue gas system. The feed system provides feed preparation, transport, and injection into 
the cyclone. Critical requirements from the feed system are the need for a stable feed that 
will not settle, the feed must be of low enough viscosity to remain pumpable, and the feed 
injector must transport the mixture to the cyclone walls without creating fines that would 
contribute to carryover. Once on the cyclone walls the feed is melted into a layer of molten 
glass that flows to the bottom of the cyclone and out a glass spout. From there the glass 
flows through a trap in the bottom of the furnace and into a water filled quench tank. Flue 
gases are cooled as they flow through the furnace cavity and the convective pass. Acid gases, 
volatile species, and solids are then collected using a series of flue gas cleanup equipment. 
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Figure 1. Schematic of Cyclone Vitrification Technology 

Hanford LLW Program Overview 

The Hanford application requires remediation of over 60,000,000 gallons of LLW from 177 
underground storage tanks. The Hanford Federal Facility Agreement and Consent Order (Tri-
Party Agreement), as amended and signed in 1994, by the DOE, the EPA, and the State of 
Washington Department of Ecology, is based on the strategy that the LLW separated from the 
tank waste be vitrified to produce a glass form. Early milestones of the Tri-Party Agreement 
include start of melter testing on simulated LLW by September of 1994, and completion of 
melter evaluations and selection of melter technology by June of 1996. 
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In order to meet these milestones a two phase program was set up by Westinghouse Hanford 
Company (WHC) to evaluate large capacity melter technologies (100 to 200 tons/day). 
Seven technologies were selected to begin Phase 1 of the evaluation. Phase 1 required 
demonstration of technical feasibility of the different technologies for vitrification of a high 
sodium content simulated LLW. Performance criteria included feed system performance, 
glass quality, system operability, and evaluation of secondary waste streams. In addition to 
the B&W combustion technology, the seven technologies included four different Joule-heated 
melters, a carbon electrode electric arc furnace, and a plasma torch melter. 

In Phase 1 simulated LLW was provided to each of the seven vendors. The simulant 
contained radionuclide surrogates and was non-radioactive. Phase 1 required a 24-hour 
demonstration run during which samples were taken of the feed, glass, and secondary waste 
streams. Sample analyses were then performed by independent laboratories. Optimization 
and parametric studies are reserved for Phase 2 testing which will be awarded to selected 
technologies. 

B&W Project Goals and Objectives 

Based on the Phase 1 requirements, the primary goal of Phase 1 was to perform a 24-hour 
demonstration run to collect material balance data. During this run it was necessary to 
produce the information required for WHC to perform the melter evaluation. Therefore, in 
addition to logging system conditions, various samples were taken in accordance with 
sampling and chain of custody procedures followed by all of the seven vendors. The samples 
were then analyzed by independent laboratories to complete the information. 

Additionally, several tasks were required to support the evaluation. These include: 

• Formulate a feed with the desired physical properties and composition 
• Characterize the feed and the individual feed ingredients 
• Set up and check out a pilot feed handling system 
• Evaluate glass/refractory interactions and glass build up in the system 
• Identify the flue gas composition 
• Evaluate volatilization and partitioning of the constituents 
• Determine the glass quality and identify possibilities for improvement 
• Provide technical inputs (engineering and life expectancy/reliability information) 
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DESCRIPTION OF THE PILOT FACILITY 

The demonstration was performed on the 6 million Btu/hr SBS pilot facility at the Alliance 
Research Center. Figure 2 is a schematic of the SBS giving approximate dimensions of the 
cyclone and furnace and providing typical pressures and temperatures in the system. 

P = -2 
T = 750°F(max.) 

Primary 
superheater 

T = 1750°F Economizer-
Reheater 

Secondary superheater 
Sootblower 

^ T ^^Superheater deposition probe 

Secondary 
air 

@ 750°F 
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Atomizing air & feed — 

Cyclone furnace (18" dia.) 

Glass sampling port 

Furnace arch 
T = 2500°F 

T = Gas temperature (° Fahrenheit) 
P = Operating pressure (inches water column) 

P = 9 
T = 2600to3000°F 

Glass quench tank 

Figure 2. SBS Pilot Facility 
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Cyclone Burner 

The cyclone furnace is the melter. Figure 3 provides a schematic of the cyclone as 
configured for these tests. The combustion air enters the furnace tangentially at the top of the 
cyclone barrel. The natural gas was introduced to the cyclone axially, just downstream of the 
combustion air inlet. A small portion of the gas was injected upstream of the combustion air 
inlet to prevent glass buildup in the opening of the inlet. The feed injector was located in the 
center of the front wall of the cyclone and the feed was directed toward the cyclone wall 
opposite the combustion air inlet. The feed melts on the walls of the cyclone barrel and the 
glass flows into the furnace through the glass spout. The glass then flows to the bottom of 
the furnace and drops through the glass trap into a quench tank filled with water. Quenching 
the glass is the standard procedure at power plants. The final form of the glass product for 
the Hanford application is to be determined by studies outside the scope of these tests. 

Figure 3. Schematic of the Pilot Cyclone Melter 
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Feed System 

The feed system for the pilot test included feed preparation, storage and transport, and feed 
injection. The pilot system was set up for manual preparation and loading into the storage 
tank in order to easily make any required changes. Figure 4 shows the feed system used in 
the Phase 1 testing. Glass formers and simulant were weighed and added to a barrel where 
they were mixed. The mixture was then emptied into a storage tank that was located above a 
progressive cavity pump. A measured quantity was sprayed to the cyclone walls. The feed 
injector was comprised of two tubes that allowed the feed to flow through the center and air 
through the outer annulus. This injector was designed to provide a coarse spray onto the 
walls of the cyclone barrel. 

Figure 4. Schematic of the Pilot Feed System 
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Flue Gas System 

For the Phase 1 demonstration the purpose of the flue gas cleanup equipment was to meet 
local permitting requirements. For these tests the gas exiting the convective pass went 
through a heat exchanger to drop the temperature to around 325 °F. The flue gas was then 
treated in a dry scrubber to remove acid gases including S0 2 , HC1, HI, and HF. The sorbent 
used in the dry scrubber was a hydrated lime slurry that was prepared in a paste slaker. The 
slurry was sprayed into the dry scrubber at 7 percent solids, and brought the outlet gas 
temperature to about 175 °F. The gas then flowed to a baghouse where solids were removed, 
and then exhausted through a stack. 

LABORATORY TESTING 

The goal of laboratory testing was to formulate a feed mixture that was both stable and 
pumpable. In addition, laboratory testing was used to help identify properties of the 
individual feed components and to study the viscosity/temperature behavior of the glass. 

Initially, testing was performed to determine what particle size distributions of the glass 
formers would provide the desired feed properties. Several batches of feed were prepared 
using glass formers with varied particle size distributions. The glass former components 
included silica, limestone, boric acid, and hydrated alumina. Since silica was the major 
component it was the ingredient used for varying the overall particle size distribution, while 
readily available sources of boron, calcium, and aluminum were used. The final mixture had 
a viscosity of around 200 centipoise at a shear rate of 100 sec"1. The mixture had a strong 
yield at low shear rate which is beneficial for stability. The mixture showed the properties of 
a Bingham plastic since after the mixture yielded the shear stress was linear with shear rate. 
Therefore the laboratory tests successfully produced a feed that resisted settling and was 
easily pumped. 

PILOT-SCALE DEMONSTRATION 

The primary purpose of the pilot test program was to perform the 24-hour continuous melter 
demonstration to collect material balance data. Glass and flue gas particulate samples taken 
throughout the demonstration were analyzed by independent laboratories. Results provided 
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information on the glass quality, the flue gas composition, and the partitioning of the various 
feed constituents between the glass and flue gas. During this run, personnel from WHC, 
DOE Richland Operations Office, and Pacific Northwest Laboratories (PNL) observed the 
system operation and the sampling of glass and flue gas. 

General Results of the Demonstration 

The general results from Phase 1 testing were positive. The goal of performing a 24-hour 
continuous demonstration was met, and followed with an additional four hours of testing. 
However, there was an initial system upset that had to be remedied before the successful run. 

In the early stages of the 24-hour demonstration the differential pressure across the cyclone 
was increasing, indicating buildup in the cyclone. The system was shut down, and unvitrified 
feed was found at the combustion air inlet and at the front of the cyclone around the feed 
injector. The cyclone was cleaned out and subsequently a portion of the fuel was injected 
just upstream of the combustion air inlet. This fix resolved the problem by keeping deposits 
from partially blocking the inlet and disrupting the flow patterns in the cyclone. The 
24-hour test was restarted the next morning and continued to completion. Post test 
inspections revealed no deposits in either the cyclone furnace or the combustion air inlet. 

Glass Quality 

Based on glass analyses received from WHC, the glass was adequately durable although 
visually non-homogeneous. On a microscopic level the glass was found to be amorphous. 
The glass used for this test was developed by PNL. When PNL produced the glass in the 
laboratory, the ASTM C26.13 Product Consistency Test (PCT) value was 0.074 g/m2-day for 
the normalized sodium release rate. Results from an independent laboratory on glass samples 
from the B&W demonstration showed teachabilities ranging from 0.009 to 0.038 g/m2-day. 
Therefore all glass samples had teachabilities better than those of the laboratory glass. This 
difference is attributed to depletion in sodium and boron and enrichment in aluminum 
observed in the product glass. The partial depletion in sodium and boron is believed to be 
caused by volatilization and enrichment in aluminum is believed to be caused by leaching of 
aluminum from the refractory. The visual non-homogeneity observed in the glass was 
characterized by the presence of seeds, stones, and cord. Vitreous areas of the glass were 
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found to be chemically amorphous. The non-homogeneity of the glass is attributed to the low 
residence time of the melter and erosion of the alumina based refractory. 

The nonhomogeneous regions were high in aluminum and it is therefore suspected that they 
resulted from some of the aluminum based refractory washing into the glass. Post-test 
inspections indicated that some of the refractory was lost from the cyclone and the very 
bottom of the furnace where the temperatures and velocities are the most severe. The furnace 
was just relined with refractory before these tests, and as with commercial units, refractory 
loss can be expected until steady state is reached and the refractory is covered by a protective 
layer of frozen glass or slag. 

Volatilization 

Volatilization occurs because of the high gas temperatures (2800 to 3000 °F) in the cyclone 
furnace. Some of the species that had relatively high degrees of volatilization included 
sodium, boron, chlorine, fluorine, and cesium. The effects of volatilization in altering the 
glass recipe would be resolved through the use of recycle. Proposed work for Phase 2 
includes demonstrating recycle by the addition of a simulated recycle stream to the melter 
feed. The resulting product glass should be near the desired composition. As an example, 
even if the fraction of capture for a given species were as low as 10 percent of the feed 
content, the desired glass composition should be reached by increasing the feed concentration 
of that species by a factor of 10 through recycle. The expected concentrations of the 
radioactive components are low enough that this increased concentrations in the feed are not 
expected to create a problem. 

While volatilization is generally considered a disadvantage, it could potentially be used as an 
advantage to the overall process. To use volatilization as an advantage, the technetium and 
cesium partitioned to the flue gas could be recovered by ion exchange downstream of the 
furnace. This low volume stream could then be sent to the High-Level Waste (HLW) process 
leaving the LLW glass less hazardous. However, the current plan is to use recycle to ensure 
complete capture in the glass. Several changes have been proposed for Phase 2 testing to 
decrease volatilization and reduce the recycle requirements. These include customizing the 
cyclone design and feed configuration for this application and optimizing the feed rate and 
cyclone temperatures. 
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In addition to volatilization, some mechanical carryover caused by fines from the feed 
injection is carried out with the turbulent flue gases. For the 24-hour demonstration test total 
carryover increased compared to the scoping tests. This is believed to have been caused by 
excessive atomization of the feed. Injection changes proposed for Phase 2 should minimize 
mechanical carryover. 

Applicability of Technology 

Cyclone vitrification technology exhibits both advantages and disadvantages when compared 
to Joule-melting of hazardous wastes. A primary advantage of the cyclone furnace is its 
flexibility. The cyclone can be quickly and easily started and stopped. Once the feed is 
stopped, glass can be quickly drained from the cyclone by continuing the fuel combustion. 
The system can then be idled or shut down. Since cyclone vitrification is a combustion based 
technology, very high Destruction and Removal Efficiencies (DREs) can be expected for 
organic species, and the remaining heat from the system can potentially be used to generate 
steam. In addition the cyclone furnace is very small and therefore lends itself to easy 
disposal and replacement in the remote maintenance mode planned for the melters in the 
Hanford site application. Based on industrial experience with coal slagging, the cyclone 
should have a good life expectancy in this operating mode. 

The major disadvantage of cyclone vitrification is the relatively large quantity of flue gas 
produced in the combustion process. For Phase 2 B&W has proposed oxygen substitution 
combustion to reduce the flue gas volume by approximately a factor of five. Another 
disadvantage is volatilization, but it is expected that this can be resolved through recycle. 
Again, there is the potential that volatilization could be used to remove significant amounts of 
the radionuclides for vitrification with the HLW, thus making the LLW glass less hazardous. 

DESIGN CONCEPT 

Following Phase 1 testing, a preliminary design concept was developed for the full scale 
melter. Some of the features of the conceptual design include oxygen substitution 
combustion, recycle, and a low residence time glass reservoir. Oxygen substitution 
combustion should allow increased control of the cyclone temperatures as well as decreasing 
the flue gas flow rate. Flue gas recirculation would be used to control the flame temperature. 
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Recycle of liquid and solid species would be used to insure capture in the glass and to 
maintain the desired glass recipe. Any additional glass former makeup required for meeting 
the target glass recipe can be added using individual glass former feeders. The glass reservoir 
is being considered to increase homogeneity of the glass if it is deemed necessary based on 
Phase 2 results. 

CLOSING COMMENTS 

This paper provides a summary of the Phase 1 demonstration. A final report was prepared 
for WHC to provide the data and comprehensive discussions of the project. This report will 
be made available to the public. 
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