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SUMMARY 

The first pilot-scale in situ vitrification (ISV) test of a simulated underground tank was successfully 

cofll)let~ by researchers at Pacific Northwest Laboratory (PNL) in September 1990. This tank contained 

a sirrulated refradory sJudge and was buried in soil from Oak Ridge National Laboratory. Pending further 

development and verification at large scale, analyses of posttest safll)les and operation data indicate the 

ISV process is a viable treatment technology for many underground tanks and strudures. 

The test was initiated on September 11., 1990, but was temporarily halted 19 h into the test due to a 

pressurization of the off-gas containment hood. Melt depth at the time of the event was -1 m (3.28 ft). 

Once the pressurization was fully evaluated and measures were implemented to prevent reoccurrence of 

a similar event, the test was restarted from grade on September 25, 1990, and conducted without further 

interruption until the target melt depth of 2.4 m (8 ft) was reached. 

The primary objectives of the pilot-scale test, which was performed by PNL for the U.S. Department 

of Energy (DOE), were to verify the applicability of the ISV process for tank remediation and to provide 

additional data to better determine near full-scale process behavior when vitrifying tanks; both objectives 

. were met. Key observations and conclusions regarding the pilot-scale ISV test are summarized below. 

• The ISV process completely destroyed the 723-L (190-gal) tank and the tank's supporting 
structures and vitrified the tank contents and the soil below the tank to the target depth of 
2.4 m (a ft). Vitrification produced a uniform glass and crystalline monolith with a mass 
estimated to be -24 metric tons. 

• The ISV process effectively immobilized the vast majority of radionuclide simulants. Greater 
than 99.96% of the nonradioactive strontium and the vast majority of toxic metals were 
retained in the melt and uniformly distributed throughout the monolith. Eighty-nine percent 
of the lead was retained in the glass, and other volatile species such as cadmium and mercury 
were effectively captured by the off-gas treatment system. 

• The resulting glass and crystalline waste form easily passed Toxicity Characteristics Leach 
Procedure (TCLP) criteria for all regulated metal. 

• Surrounding soils were free of contamination by all simulated sludge species. 

• A previously unknown phenomenon that generates significant pressurizations of the off-gas 
containment hood was observed and characterized. This event occurred during the test and 
necessitated a temporary suspension of the process to evaluate the cause and determine 
appropriate means to prevent its recurrence. The mechanism that creates the pressurization 
is the instantaneous radiant shine to suspended particulate in the containment hood upon 
the sudden disruption of the frozen layer of glass on the top surface of the melt. After the 
mechanism was identified, a relatively simple engineered system, consisting of a graphite 
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vent pipe and a radiant heat shield designed to prevent, or at least dramatically reduce the 
magnitude of the pressurizations, was installed and successfully used during the remainder of 
the test. In addition to gaining an understanding of the pressurization mechanism, significant 
process data regarding the behavior of ISV tank processing (including off-gas characteristics, 
melt behavior, and .electrical system response) were obtained from the test. 

-
• Steel tanks create a metal waste fonn that sinks to the bottom of the molten pool of soil as the 

steel is melted. The metallic waste fonn was highly c,ystal&zed and successfully passed TCLP 
criteria, even though the waste contained high concentrations of lead and other heavy metals 
(representative of the near worst-case concentration of any single inactive tank at ORNL). 

• 8ectrode feeding technology (movable electrodes that can be inserted or retracted) proved 
invaluable in recovering from electrical short circuits when the electrodes approached or con­
tacted molten pools of metal in the bottom of the melt. By simply raising one or more elec­
trodes a few centimeters from the bottom of the molten glass pool, recovery from electricaJ 
short circuits was achieved. In addition, adjustment of the electrode insertion depth was an 
effective means to assist in the control of. the electric;al system. Inexpensive graphite elec­
trodes proved capable of withstanding the extreme oxidizing environment at the melt surface . . 
Due to an off-normal event during the test, all four electrodes had to be held in position for an 
extended period. One electrode failed due to oxidation; however, recovery was effected 
simply by inserting an additional electrode into the melt. 

• A barrier wall made ofcastable refractory was designed to deflect the melt shape. The wall 
dlradly contacted the molten soil for the duration of the test and survived the test with 
essentially no degradation. For actual remediaJ operations, it may be necessary to protect 
nearby t?..-: .;» a.r.-d adive pipelines from the destructive forces of the vitrification process. · The 
wall was designed to test a candidate materiaJ under actual conditions. 

Additional testing will be necessary to increase the scaJe of the process for applications to larger 

tanks. In addition to testing the process on refractory sludges, additional work will be required to evaluate 

the processing behavior and resulting waste fonn associated with tanks containing high concentrations of 

salts. The salt cake contained in many tanks poses unique concerns such as the influence of salt on the 

electrical condudlvity of the melt as well as on the resulting waste fonn. 

Current ISV development activities are being directed to contaminated soils applications. Develop­

ment of ISV for advanced applications is not being pursued at this time pending deployment of ISV within 

the DOE complex on contaminated soils sites. 
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1.0 INTRODUCTION 

Underground storage tanks containing sludges and salt cakes of radioactive and/or hazardous 

chemicals represent a significant environmental concern and a major cleanup challenge in terms of tech­

nology. Numerous inactive tanks at Oak Ridge National Laboratory (ORNL), the Hanford Site, and other 

U.S. Department of Energy (DOE) sites require timely remediation to comply with state or federal envi­

ronmental regulations. Thirty-three inactive tanks at ORNL no longer corl1)fy with U.S. Environmental 

Protection Agency (EPA) regulations and require closure (Autrey et al. 1990). Single-shell tanks at · 

Hanford require remediation in accordance with schedules set forth in the Tri-Party Agreement. Several of 

the inactive tanks at ORNL and numerous single-shell tanks and other subsurface structures at Hanford 

are known to leak and have resulted in soil contamination below the tari<s (DeFigh-Price 1990). Sixty-six 

single-shell tanks at Hanford are assumed to have leaked at least 2.8 x 101 L (750,000 gal) of liquid waste 

into the underlying soil column exclusive of lntentional discharges (Waite 1991). Highly contaminated 

tanks remaining after waste retrieval operations, tanks that contain materials that cannot be economically or 

safely removed, and tanks that have outlying contaminated soil are likely candidates for permanent remedi­

ation using the in situ vitrification (ISV) technology. 

In situ vitrification is a process that converts contarr~natf.xi soils, sludges, and buried objects such as 

tanks or wastes into a durable glass and crystalline product similar to naturally occurring obsidian. The 

resulting product is stable for geologic periods and is highly resistant to leaching. The ISV process is 

based on the joule heating principle of glass melter technology developed at Pacific Northwest Labora­

tory<a l (PNL) for immobilizing high-level nuclear waste. In situ vitrification was originally tested by PNL 

researchers in August 1980 (Brouns, Buelt, and Bonner 1983). Since then, numerous developmental 

tests and demonstrations ranging from small bench- and er:igineering-scale tests to larger field-sized pilot­

and large-scale tests have been conducted, with resulting monoliths as large as 816 metric tons 

(900 tons) and 10.7 m (35 ft) in diameter. In situ vitrification has emerged in recent years as an effective 

and efficient technology for the remediation of contaminated soil sites, and the technology has recently 

been transferred to the Geosafe Corporation for commercial applications to soils contaminated with haz­

ardous wastes. 

Application of ISV to underground tanks appears to be a cost-effective, safe, and environmentally 

sound remedial technology for a majority of tanks at DOE facilities. Using conservative assumptions, tank 

(a) Pacific Northwest Laboratory is operated by Battelle Memorial Institute for the U.S. Department of 
Energy under Contract DE-AC06-76RLO 1830. 
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vitrification cost estimates indicate the possibility of greater th.an an order-of-magnitude savings over alter­

native remedial technologies or waste retrieval. By vitrifying the tank, its contents, and any contaminated 

surrounding soil, the tank is destroyed and essentially all radioactive and nonvolatile hazardous constitu­

ents are immobilized in the glass. Volatile.radioactive and hazardous species released from the melt .are 

captured by an off-gas treatment system. 

This report details the first pilot-scale ISV test on a sirrulated underground tank and builds upon an 

engineering-scale test conducted by PNL in 1989. The primary objectives of the pilot-scale test, which 

was performed by PNL for DOE, were to verify the applicability of the ISV process for tank remediation and 

to provide addltionaJ data to better determine near full-scale process behavior when vitrifying tanks. The 

723-l (190-gal) tank contained a sirrulated, nonradioactive sludge recipe that was designed to represent 

a near worst-case refraclDry sludge co~sitlon based on characterization data of the 33 inactive tanks at 

the ORNL The skJdge accounted for one-third of the total tank volume. The tank was scaled in size, and 

its construdlon characteristics were typical of tanks at ORNL; however, the tank also included construction· . 

features representative of tanks at other DOE sites. 

· Results of-operatlonaJ data and posttest ~ling and analyses reveal that the test completely 

destroyed the tank and its suppo·rting structures ~ immobilized nonradioadive simulants uniformly 

throughout the resulting monolith. Significant operational data relath·-s :: understanding the behavior of 

the ISV process during tank Pl"OC?essing were obtained fro~ this test. 
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2.0 PROCESS DESCRIPTION ANO STATUS OF DEVELOPMENT 

In situ vitrification has been developed as a remedial action process for soils contaminated with haz­

ardous chemical wastes and/or radionuclides. Figure 2.1 illustrates the ISV process as applied to contami­

nat~ soil. A square array of four graphite electrodes is inserted a few inches into the ground. Because 

soil is not electrically conductive after its moisture has been driven off, a conductive mixture of flaked 

graphite and glass frit is placed between the electrodes to serve as a starter path. An electrical potential is 
applied to the electrodes to establish an electrical ament in the starter path. The rurrent flow heats the 

starter path and surrounding soil to well above the initial soil-melting temperatures of- 11 oo· to 14oo·c. 

The graphite starter path is eventually consumed by oxidation, and the current is transferred to the molten 

soil, which is processed at temperatures between 1450• and 2ooo·c. As the molten or vitrified zone 

grows, it incorporates or encapsulates any radionuclides and nonvolatile hazardous elements, such as 

heavy metals, into the glass structure. The high temperature of the process destroys organic compo­
nents by pyrolysi~. The pyrolyzed byproducts migrate to the surface of the vitrified zone, where they 

combust in the presence of air. A hood placed over the area being vitrified directs the gaseous effluents 

to an off-gas treatment system. 

Pacific Northwest Laboratory began developing ISV technology in 1980. Since thattime, numer­

ous developmental tests under a variety of site conditions and with a variety of waste types have been 

-------

FIGURE 2.1 . The ISV Process 
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conducted (Buelt et al. 1987). The successful results of numerous bench-, engineering-, intermediate­

(pilot-), and large-scale tests have proven the general feasibility and widespread applications of the 

process. The ISV technology has been refined to the point that it has been co·mmercialized for specific 

types of contaminated soil sites. The ISV process has been broadly patented within the United States, 

Canada, Japan, Great Britain, and France. Battelle Memorial Institute (BMI) holds an exclusive license to 

those patents. Except for U.S. governmental applications of ISV, BMI has exclusive worldwide rights to all 

ISV technology. Current emphasis is to develop the technology for application to contaminated soils. 
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3.0 PILOT-SCALE !SY TEST SYSTEM 

The pUot-scale test equipment consists of a power supply and control system, a high-efficiency 

particulate air (HEPA) prefilter, and an off-gas treatment system housed in a portable semi-trailer and an off­

gas containment hood over the test site (see Figure 3.1 ). 

3.1 POWER SVSTEM DESIGN 

The pilot~scaJe system requires 750 kW of power at 480 VAC, 800 A, three-phase, 60 Hz. A backup 

diesel generator automatically provides energy in the event utility line power is interrupted. The diesel 

generator provides 93 kVA of power at 480 VAC, three-phase, and 60 Hz to equipment essential to 

personnel and environmental safety. EssentlaJ equipment Includes the off-gas system, data acquisition 

system, environmentaJ and system monitoring equipment, HVAC, and system lighting. 

The pilot-scale electrode power system uses a 500 kVA Scott conneded transformer that produces 

a variable voltage output through a range of four operator-seledabte voltage taps. Power output is con­

trolled at the primary side of the transformer with SCR (silicon control redlfier) technology using a single 

potentiometer for either voltage or current control. The Scott connected transformer is a phase conver­

sion system convt:rtiri~} three-phase power (three-wire primary) to four-phase power (four-wire secondary). 

To effect this conversion, the tapped winding must resonate between its halves and operate one winding 

at a leading power factor of 30° and the other winding at a lagging power factor of 30°. These balanced 

phase shifts are accomplished using a portable power generator that has three voltages of equal magni­

tude, separated by phase angles of 120°. The two secondary windings yield quadradture voltages that 

when ungrounded, provide four phases that are of equaJ magnitude and separated by. 90° only if the 

secondary loads are equaJ and of unity power fader. This unique balance of voltages and currents is valid 

for one frequency. The transformer has four separate voltage tap settings--1000 V, 650 V, 430 V, and 

250 V. The voltage taps have corresponding amperage rating of 250 A, 385 A, 580 A, and 1000 A per 

phase, respectively. A schematic of the SCOtt connection transformer is shown in Figure 3.2. 

3.2 ELECTRODES AND ELECTRQDE FEED SYSTEM 

The eledrodes used to condud current to the molten soil consist of graphite sections measuring 

-15 cm diameter by 2 m long (-6 in. by 6 ft). Each graphite section is machined at both ends with female 

threads to allow connection of successive lengths via male-threaded graphite connecting pins. After 

assembly, the electrodes are initially burled to depths of 15.24 cm to 63.5 cm (6 to 24 in. ), and the starter 
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FJGURE 3 2. Scott ElectricaJ Connection for the Pilot-5cale ISV System 

path consisting of graphite and glass frit is laia a.--ou.-.d and between the electrodes. For this test the elec­

trodes were arranged in a square array. Along the sides of the array, the electrodes are separated by a 

distance of 1.22 m (4.0 ft). 

The electrode feed system consists of four independently controlled, pneumatically powered feed 

units (one for each electrode), and a control unit with manually operated vaJves for each feed unit. Each 

feed unit Is equipped with a pneumatic motor that provides the means to vertically move a compressed-air 

actuated clamp, allowing for the retraction or insertion of a given electrode. In addition, a stationary damp 

holds each electrode while the mobile clamp is repositioned to prepare for additional electrode 

movement. 

ElectricaJ contact from the power cables to each electrode is provided by a copper contact ring 

(brushes). Contact with the electrode is optimized by using a set of adjustable tension springs on the 

contractor ring. Normally, operatioflS are conducted with the electrodes in a gravity fed, nongripped mode 

(electrode feed system clamps not engaged), allowing the electrodes to rest on the bottom of the advanc­

ing melt front. As metallic objects, molten metal pools, or other electrically disruptive situations are 

encountered, the feed system retracts the affected electrode(s) until a stable electrical balance is 

achieved. Typically, retraction of 2 to 3 cm (0.79 to 1.2 in.) is sufficient to restore balance. 
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The addition of the electrode feed system has realized co~ savings for ISV operations. For exam­

ple, the feed system has allowed replacement of the earlier molybderum core, graphite collar design 

electrodes with less expensive solid graphite electrodes. Also, the predrilllng of holes into the ground 

and the handling of drilDng spoils for insertion of stationary etectrodes have been eliminated, and the 

electrode setup and recovery procedures have been simpOfled. 

3.3 STARTER PAJH 

The starter path consists of a.mixture of 35% glass frl and 65% graphite flake. The starter path con­

figuration Is a rectangle with an electrode at each of the four comers and· an -X- comectlng the diagonally 

opposed eledrodes. In preparation for laying the starter path. any coarse rock and other nonhomogene­

ous indusions are removed from the top soil of the area to be vitrified. The area is then typically covered 

with a 15.24 cm (6 In.) layer of ~and. Next, a form is constructed from wooden boards measuring 3.8 cm by 

8.9 cm (1.5 by 3.5 In.). The boards are art to flt the corresponding lengths of the electrode separation 

distances and buried horizontally In sand to grade level The sand In which the form is buried is moistened 

with a small amount of water. ~n the water has permeated the sand to the depth of the bottom of .the 

form, the boards are carefully removed, leaving a molded trench with the approximate dimensions _of 

3.8 cm (1.5 In.) wide by 8.9 cm (3.5 In.) deep. Trenches ~ ~-•<":¾sa same dimensions are formed by hand 

around each of the four electrodes. At this_point, a 2.5-cm (1-in.)-deep layer of pure graphite flake is 

placed around the circumference of each electrode. Next, a 2.5-cm (1-in.) layer of the graphite/f_rit mixture 

is placed above the layer of pure graphite. Finally, a 3.8- to 5.0-cm (1 .5- to 2-in.) layer of the graphite/frit 

mixture is placed In the rectangular trench and in the trenches of the dlagonally opposing electrode pairs. 

· After the starter path is C0"1)Iete, it is covered with a 2.5- to 5.0-cm (1- to 2-in.)-thic:k layer of fine soil 

or sand that Is carefullf C0"1)acted into place. This layer of soil helps reduce the graphite particulate gen­

eration and canyover to the off-gas treatment system when powered operations are initiated. 

Finally, two layers of a 2.5-cm (1-in.)-thick, alumina-silica content insulating blan<et are placed over" 

the area to be vitrified. This insulating blanket minimizes heat loss from the molten soil during start-up and 

promotes subsidence of the melt. During the later stages of operations, after the melt has achieved 

greater depths, heat loss is limited by the f_ormation of the naturally OcaJrring cold cap, which is a frozen 

layer of glass on top of the molten ·zone. 

3.4 
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3.4 OFF-OAS CONTAINMENT HOOP 

The stainless steel off-gas containment hood is designed to collect off gases emanating from the 

melt and to direct them to an off-gas treatment system. A 1- to 2-in. water column (W.C.) vacuum and 

temperatures ranging from 200· to 4oo·c are typical operating conditions in the hood. The hood is 

operated at a slight vacuum created by an induced draft blower. The hood, with a volume of -27.6 m3 

(975 ft3), provides a surge capacity that minimizes vacuum loss during periods of sudden gas release. 

With a typical flow between 1 O and 20 m3/min (350 and 700 cfm), gases in the hood have a residence time 

of up to -2 min. 

The hood is configured as an octagonal pyramid as shown in Figure 3.3. A superstructure posi­

tioned above the containment hood provides a working platform for the electrode feed system, personnel 

access for maintenance during nonpowered periods of operation, and support for the containment shell. 

Off gases collected in the hood are directed to the off-gas treatment system via a 20.3-cm (8-in.)-diameter 

off-gas pipe. The complete off-gas hood assembly is portable and can be assembled for operation in less 

than one day. 

The containment hood is constructed from 304L stainless steel sheet metal. The side panels are 

constructed from 18-gauge sheet metal, and the top is constructed of 14-gauge sheet metal. The con­

tainment hood is fitted with a removable door allowing access before and after !he !, st. A viewing window 

from which to observe the melt during processing is an integral part of the door design. The electrodes 

penetrate the roof of the hood and extend down to the zone to be vitrified. ,:tie seals around each elec­

trode are C0"1)0Sed of three independent layers of a tightly woven high-silica fabric suitable for use in 

high-temperature applications. The electrode seals are created by an interference fit of the 15.25-cm 

(6-in.)-diameter electrodes through 14-cm (5.5-in.)-diameter holes in each of the fabric layers to provide a 

relatively tight seal around each electrode. The base of the containment shell is sealed to the ground by 

soil piled around the base. 

Attached to the hood via a 15.2 cm (6 in.) stainless steel pipe is a seal pot assembly with a HEPA 

filter assembly and a blower. The seal pot assembly allows combustion air into the hood via a regulating 

valve. The regulating valve is used to maintain a specific vacuum in the hood as conditions change during 

operation. The seal pot also acts as a pressure relief system if the hood pressurizes from sudden gas 

releases. Over pressures of -1-in. W.C. cause a water seal to be relieved, which allows off gases to exit 

through the seal pot and the HEPA filter. Filtered gases exiting the filter are then released to the 

environment. The seal pot blower provides assistance to the main ~lower to keep the hood under a slight 
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.vacuum. Under normal operating conditions, the seaJ pot blower is not energized. Control of the seal pot 

blower is linked to a pressure transducer mounted on the hood; the blower is activated automatically when 

the hood vacuum faJls below 1-in. W.C. 

3.5 OFF-GAS IBEAJMENT SVSTEM 

The off-gas treatment system Is shown schematically In F'igure 3.4. The off gas passes through a 

Venturi-Ejector scrubber and separator, a Hydro-Sonic scrubber, a separator, a condenser, another sepa­

rator, a heater; two stages of HEPA filtration, and a blower. liquid to the two wet scrubbers is supplied by 

two independent scrub reclra.llatlon tanks, each equipped with a pump and heat exchanger. The entire 

off-gas system has been Installed In a 13.7-m (45-ft)-long semi-trailer to facilitate transport to waste sites. 

Equipment layout within the trailer Is illustrated In Figure 3.1. AJ1 off-gas components, except the final­

stage HEPA filter and blower, are housed within a removable containment module. The containment 

module, designed for processing radioactlvtH:Ontaminated soils, has gloved access for remote opera­

tions and is maJntained under a slight vacuum. This system was originally designed for radioactive­

contaminated soil testing at DOE'S Hanford Site. 

Hectt 1s removed from the off gas primarily in the Venturi-Ejector scrubber where aqueous scrubbing 

solution is sprayed Into the off-gas stream. A dosed loop cooling system removes heat from the scrub 

solution. The cooling system consists of an air/lit'!IJid heat exchanger, a coolant storage tank, and a pump. 

A 50% water/ethylene glycol mix is pumped from the storage tank through the shell side of the condenser 

and the two scrub solution heat exchangers and then through the air/liquid exchanger, where heat is 

removed from the coolant and discharged to the environment. In addition to its role as a quencher, the 

Venturi-Ejector scrubber serves as a high-energy scrubber. 

The second scrubber is a two-stage Hydro-Sonk: scrubber (tandem nozzle scrubber), as illustrated 

in Figure 3.5. The first stage condenses vapors, removes larger particles, and initiates growth of the finer 

particles so that they are more easily captured in the second stage. PartiaJlate is captured when the gas is 

mixed with fine water droplets produced by spraying water into the exhaust of the subsonic nozzle. Mix­

ing and droplet growth continue down the length of the mixing tube. Large droplets containing the 

particulate are then removed by a vane separator and drained back into the scrub tank. The Hydro-Sonic 

scrubber is designed to remove over 90% of all partia.ilates greater than 0.5 µm in diameter when oper­

ated at a differential pressure of 50-in. W.C. Removal efficiency improves with an increase in pressure 

differential. Additional water is removed from the off gas by a condenser that has a heat exchange area of 

8.9 m2 (96 ft2) and a final separator. The gases are then reheated to ~25°C above the dew point in a 

30-kW heater to prevent condensation in the HEPA filters. 
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The first stage of fHtration consists of two 61 cm by 61 cm by 29 cm (24 In. by 24 in. by 11.s in.) . 

HEPA filters In parallel. During operation, one filter Is used, and the other remains as a backup in case the 

primary filter becomes loaded. The primary filter can be changed cilring operation without process shut­

down. The second-stage filter acts as a backup particulate filter in case a first-stage filter fais. This second­

stage filter Is ldentlcaJ to the initlal-stage filters in construction and filtering efficiency. The finaJ co"1)0nent 

in the off13U treatment system Is an induced draft blower that aeates a vaaJUm of -100-ln. w.c. The 

blower provides a total off~ flow between 10 to 20 rn3/nin (350 to 700 ctm). 

3.6 PATA Acou,smoN SXSJEMS 

The data acquisition system (OAS) and associated instl\lmentation provide extensive process mon­

itoring capabilities for ISV testing. For process monitoring, Inputs from process Instruments are routed 

through a Hewlett Packard ~el 3497 A data acquisition and controt unit linked to a Macintosh llcx conr 
puter operating Labvtew 2.0 software. The OAS scans, records, displays, and flies process-control 

intormatJonal data at the rate of two ~ per mirute. The LabView software allows esse~iaJly simul­

taneous manipulation of recorded data (for producing trend paots, etc.) while acquiring and storing data. 

A second system, the priority data (PO) system, Independently scans, records, displays, and files 

critical process data at the rate of one safT1)le per secona. T1 iv PO system also features a visual alarm 

function to notify operators that operational limits have been reached. This system uses a second 

Macintosh llcx computer operating Lab View 2.0 software to monitor the following eight data points 

associated with the off-gas containment hood: 

• 2 redundant hood vacuum measurements 

• 1 plenum tem99rature 

• 1 off-gas exit tel11)erature 

• 2 wall temperatures ( external and internal) 

• 2 roof temperatures (external and internal). 

The pressure transducers are Valldyne variable reluctance differential pressure transducers with a 

response time significantJy better ttian 1 s. The transducers measure hood vacuum within a range of 

5-in. W.C. vacuum to 5-in. W.C. pressure. The hood temperatures monitored by the PO system are 

acquired via 1/8-in. ungrounded stainless steel-sheathed Type K thermocouples. The response time 

(time constant) for the Type K thermocouples in air is -10 s to reach 63.2% of the instantaneous 
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temperature change. Instrumentation and signal conditioners associated with the PO system that 

measure hood temperatures have an upper limit of 600°C. Consequently, any temperature spikes in the 

hood in excess of 600°C are plotted at the 600°C ceiling. 

Note that most of the data plots presented in Section 5.0 are taken from the OAS using the data 

collected at 30-s intervals. Consequently, some peak values or other transient events that occur between 

measurement intervals may not be collected by the OAS. For the key data plots from the PO system, the 

1-s colledion interval effedlvely captures the rapid transient conditions. 
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4.0 TEST CONFIGURATION 

4.1 TANK DESIGN 

The tank design was based on a study of the 33 inactive ORNL tanks and was identified as 1) repres­

enting a majority of tank construction styles and 2) including a range of features that would pose a process­

ing challenge. This design sirrulates tanks made from either stainless steel or gunite. Other features that 

represent tank construction typical at other DOE sites were added to generate the most useful information 

possible from a single test. 

The tank used for this test consisted of a stainless steel shell 9·1.4-cm-diameter by 111. 7 -cm-height 

(36-in.-diameter by 44-in.-height) encased in a 10.2-cm (4-in.) layer of reinforced concrete. The tank 

(shown in Figure 4.1) includes a 7.6-cm (3-in.) and a 15.2-cm (6-in.) flange on top and was situated on four 

concrete building blocks set on a 7.6-cm (3-in.)-thick concrete pad. To more aca.irately reflect a large­

scale test, the tank was scaled down in size using a scaling factor based on electrical density per unit area. 

A 20.3-cm (8-in.) flange on the bottom of the tank provided a portal for instrumentation. A 10-psi rupture 

disk fitted to the bottom of the tank prevented build-up of excessive overpressures during ISV process­

ing. Although the presence of a rupture disk is not representative of actual tanks, the disk was included in 

the event _vitrification generated unexpected pressure~ 

Instrumentation used to monitor conditions inside the tank during processing includes six Type K 

thermocouples and three pressure taps as shown in Figure 4.2. The pressure taps consist of 1/8-in. ID 

stainless steel tubing from the tank to strain gauge pressure transducers with a ra~e from O to 5 psig. 

Noncombustible silica-based fabric was laid inside the containment hood to surround the area to be vitri­

fied and prevent airborne contaminants from settling onto the uncontaminated surface soil. 

4.2 $!IE LAYOUT 

Approximately 19 m3 (25 yd3) of ORNL soil was shipped to the Hanford test site to provide sufficient 

soil for vitrification and posttest soil sampling. A 2.1-m by 3-m by 3-m (7-ft by 10-ft by 10-ft)-deep rectangu­

lar zone of ORNL soil was prepared (Figure 4.3). The tank was buried in the ORNL soil; it was installed to a 

depth of 2.36 m (7 ft 9 in.), allowing for 0.6 m (2 ft) of soil overburden above the tank. The tank was sur­

rounded by a 10.2scm (4-in.) cocooh of limestone gravel representative of ORNL conditions. The compo­

sition of ORNL and Hanford soil as determined by x-ray fluorescence is provided in Table 4.1. The oxide 

composition of the limestone gravel is presented in Table 4.2. 
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Instrumentation in the surrounding soil induded two arrays of Type K thermocouples, one array 

oriented vertically directly below the tank and one oriented horizontally to one side of the tank at a 1 .5-m 

(5-ft) depth, as shown in Figure 4.2. The thermocouples monitored the progression of melt growth and 

tracked the movement of the thermaJ gradients after the test. A single Type C thermocouple located in 

the center of the cement pad directly below the tank provided a positive indication of melt depth and melt 

temperature. 

A wall of castable refractory (Koacrete 32CM) with a melting temperature of greater than 1 sso·c and 

measuring 2.4-m by 1.8-an by 15-an (8-ft by 6-ft by 6-in.) thick was located adjacent to the tank as shown 

in Figure 4.2. The purpose of the wall was to demonstrate that the shape and growth of the melt could be 

controlled in order to protect nearby pipes or tanks. A zone of large rocks was placed behind the wall to 

act as a passive cooling system, and two horizontal arrays of Type K thermocouples were located behind 

the wall. During actual remedial operations, a blower could be used to force air through air distrib~tion 

pipes located in the rock zone behind the wall. This active cooling system would remove heat from the 

area behind the wall and would sufficiently protect nearby tanks or pipes, although it is possible that an 
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improved passive system may suffice. A blower and distribution pipes were not included in this test since 

the mt-gas capacity of the pllot-scale system was insufficient to acconvnodate the additional volume of air 

needed to cool the zone._ The tank and castable wail are shown during site construdion activities in Fig­

ure 4.4. The metal ailvert surrounding the tank was used to form the limestone gravel cocoon and was 

removed prior to the test. 
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TABLE 4,1. Elemental Composition of Pretest Hanford Soil and ORNL Soil 
via X-Ray Fi.Jorescence Analysis 

Q:21 ~ llalb.l (a) 

Ek::melll l:janfoaj ~ii QBNL~il 
Ag <5.8 <6.4 
Al 7.2 wt% 10.27 wt% 
As <2.2 4.2 
Ba 799 660 
Br 16.3 26.6 
ca 2.7wto/o 1.2wto/o 
Cd <6.2 <6.9 
Ce 73 92 
Cr 34 107 
Cs <13 <13 
Cu 21 13.8 
Fe 4.TTwto/o 4.39 wt% 
Ge 15.2 23.1 
Hg <3.1 <3 
In <6.8 10.7 
K (7wto/o 3.6wto/o 
La 25 31.4 
Mn 818 568 
Nb 7 11.4 
Ni 22.1 44.2 
Pb 60.6 39.7 
Rb 64.6 145.6 
Se <0 .9 <0.9 
Si 29.7 wt% 26.1 wt% 
Sn 107.3 27.7 
Sr 431 134 
n 0.8 wto/o 0.6wto/o 
V 162 106 
y 40.9 34 .2 
Zn 85 104.7 
Zr 242 290 

(a) Values in ppm unless otherwise noted. 

4.3 SLUDGE CQMPQSIJIQN 

The simulated sludge was composed of chemicals that were selected on the basis of an ORNL 

inactive tank characterization effort (Autrey et al. 1990). The simulant was designed to represent a 

refractory-type sludge as opposed to a salt cake. The maximum simulated sludge composition, shown in 

Table 4.3, was established by selecting the representative maximum concentrat_ions of the various tank 

4. 5 



TABLE 4.2. Oxide Composition of ORNL Limestone Gravel via Fusion/lCP Analysis 

~Bism ~Q!SiJi 
Qxm ~ocaau:alis:la ~cil ~ ~~mcaljga (~izl 
AJA 0.707 aao 0.00657 

BaO 0.00686 cao 50A40 

cao 49.810 FeA 0.512 

Fe2~ 0.450 La2°-3 0.0165 

K20 0.640 MgO 2.442 

LaA 0.0187 Mn02 0.0349 

MgO 2.453 Na~ 0.276 

Mn~ 0.0128 Si02 2.670 

NIO 0.0511 SrO 0.0309 

Si~ 2.541 Ti~ 0.0445 

SrO 0.0359 ~ 0.0385 

~ 0.0312 

sludge components measured in any single tank. The chemicals were mixed with approximately 220 L 

(58 gal) of soil to provide a sirrulated sludge equaling 30% of the tank's volume. Soil was used as a base 

material for the sludge and represented an alumina-silica base. Actual data for the .bulk composition of the 

sludge were unavailable .. The alumina-silica bas& material is considered to be a suitably conservative surro­

gate since the sludg.e layer in most tanks accounts for only a few percent of the volume, and the tanks 

would be backfilled with soil before processing. In addition, it is anticipated that the sludge will actually 

constib.rte a minor portion of the overall vitrified waste form once the backfill and surrounding soil are inter­

mixed with the waste by the melting process. 

The water content of the sludge was limited to 8.5%. A typicaJ sludge may have greater than 50% 

water: however, the 8% water content was adequate to characterize gas releases from the melt. Water has 

no impact on the quality of 1he resulting waste form and is primarily an economic factor of processing 

because the downward melt rate slows as wat~r evaporates. 

Once the sludge was placed in the tank, the tank was backfilled with finely ground ORNL soil with an 

estimated consistency of 100 mesh (150 µm) . Finely ground soil was required for backfill .since the small 
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TABLE 4,3. Composition of Simulated Sludge in Pilot-Scale Tank Test 

3lres Qyant;ty <g) concemrat;on <wt¾} 

CrA 2,315 .0.58 

coo 420 0.10 

Tri-butyl phosphate 990 0.25 

HgO 270 0.067 

CsN~ 270 0.067 

Sr(N0a)2 675 0.17 

Pb (30 mesh) 4,620 1.16 

Ni (powder) 1,000 0.25 

Bao 3,012 0.76 

CdO 62 0;016 

: :ydraulic oil (source of TOC) 9900 248 

Total 23,534 -5.9%· 

Balance ORNL soil (alumina-silica base) 375 kg 

ports in the top of the tank would not accept the large shale-like slabs of ORNL soil. Tanks in the field with 

larger ports could be backfilled directly with local soil without the need to grind or otherwise prepare the 

soil. 

4.4 Off-GAS SAMPUNG 

The off gases generated during the test were sampled at two locations in the off-gas system: 

1) from the off-gas line before off-gas treatment, and 2) from the stack exiting the off-gas system after treat­

ment. At both locations samples were collected using a commercial stack sampler in accordance with EPA 

standards as outlined in the Federal Register Vol. 42, No. 160, dated August 18, 19TT. This sampling 

method is described in 40 CFR, Part 60, App. A as Method 5, "Determination of Particulate Emissions 
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from Stationary Sources.· A schematic of the sample system used on the off-gas line is shown in fig-
ure 4.5. Besides collecting samples, the system measures off-gas flow rate and te111>erature. In addition, 

the percent moisture in the off-gas stream is calculated based on the amount of water condensed in the 

impingers. Off gases are isokineticaJly extraded through a nozzJe and a heated probe into a heated filter 

where the particulates are removed. The hot gases are then passed through a series of five cooled 

impingers where the condensibles are removed and the gases are cooled before passing through the 

puff1>, dry gas meter, and flow orifice. The fitter media used to capture particulates Is COff1>0Sed of boro­

silicate glass fibers and has a collection efficiency of 99.97o/o on 0.3-µm OOP partictes [standard OOP 

(diodylphthalate) penetration test]. For this test, the samplers were operated continuously except for 

brief periods during filter and solution change-out. The lmpinger solutions were selected to maximize col­

lectlon of the specific metaJs that were placed into the tank. The saff1)1es collected from the two samplers 

(filter media, impinger solutions, and any condensed water) were analyzed to determine the composition 

of the off gas prior to treatment and the effectiveness of the off-gas treatment system. 

Off-Gas Line 

Heated 
Zone 

Return to Off-Gas 
Stream 

, 

Glass Filter 

0.1 NH~ 

Ice Bath 

Vacuum Pump Flow Totalizer 

FIGURE 4 5. Method 5 Off-Gas Sampling System Configuration 
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The sampler placed "before off-gas treatment'" .used a 0.1 N nitric add solution in the first and 
. . . 

second impinger; this solution is preferred for use as a multiple metaJ screen. The third impinger began 

the sampling period empty and was used to collect condensation from the off-gas stream: The fourth 

impinger contained a 10% sulfuric acid and 4% potassium permanganate solution specifically designed to 

capture merauy. The fifth and last in1>iriger in the ~ling train contained 300 g of color-indicating silica 

gel to capture any remaining moisture in the ~le stream. The sample system used on the stack after 

off-gas treatment was k:lenticaJ to the ~ler on the off-gas line with the exception of the i~ingers: The 

first and second lff1>inoers used a 0.1 N nitric acid solution, the third lmpinger was e~. and the fourth 

irnpinger contained color-indicating silica gel. 

,. 
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5.0 OPERATIONAL RESULTS 

The primary objectives of the pilot-scale, underground tank ISV test were to verify the applicability of 

the ISV process for tank remediation and to determine near full-scale process behavior when vitrifying 

tanks. In specific terms relative to equipment and process operations, this research sought to: 

• Demonstrate that the ISV process could completely melt a tank and supporting structures. 

• Obtain performance data concerning electrode feeding and the use of graphite electrodes. 

• Collect process performance data relative to future full-scale applications. 

• EvakJate the performance of the castable refractory wall, which was designed to deflect the 
shape of the melt for future large-scale applications, to thermally protect nearby tanks and 
pipelines. . 

The test successfully met each of these objectives. Consider the following observations: 

• The target vitrification depth of 2.4 m (8.ft) was achieved. The test was terminated at the 2.4-m 
(8-ft) target depth to allow posttest soil sampling of the ORNL soil remaining below the tank. 

• The ISV process completely destroyed the tank and the tank's supporting structures, and vitri­
fied the tanl( x ,;tents and the soil below the tank. A uniform glass and crystalline monolith 
was produc.Jd ~ith a mass estimated at 24 metric tons. 

• A previously unknown pt-ienomenon that generates significant pressurizations of the off-gas 
containment hood was observed and characterized. In addition, a means to prevent or at least 
dramatically reduce the potential for pressurizations was developed and successfully imple­
mented. The mechanism that creates the pressurization is the instantaneous radiant shine to 
particulate-laden gas in the containment hood upon the sudden disruption of the frozen layer 
of glass on the surf ace of the melt. This event occurred during the test and necessitated a 
temporary suspension of the test to evaluate the cause and determine appropriate means to 
prevent its recurrence. In addition to gaining an understanding of the pressurization mechan­
ism, significant process data regarding the ISV behavior of tank processing (including off-gas 
characteristics, melt behavior, and electrical system response) were obtained from the test. 

• During the test, the ability to restart the process and remelt a significant volume of frozen glass 
was easily demonstrated. As a result of the pressurization event that required a ·temporary sus­
pension of the test, the process had to be restarted, and 106 cm (42 in.) of previously vitrified 
material was remelted. This indicates that for future large-scale operations, recovery from 
extended periods of down time is possible. Frozen glass requires less energy to melt than 
soil since nitrates, carbonates, water, and other organic-based components such as humus 
have already been destroyed or driven off. 

• Electrode feeding technology (movable electrodes that can be inserted or retracted) proved 
to be invaluable in recovering from electrical short circuits when the electrodes approached or 
contacted molten pools of metal in the bottom of the melt. By simply raising one or more elec­
trodes a few centimeters from the bottom of the molten glass pool, recovery from electrical 
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short ciraJitS was achieved. In addition, adjustment of .the electrode insertion depth was an 
effective means to assist In the control of the electrical system. Inexpensive graphite elec­
trodes proved capable of withstanding the extreme oxidizing environment. Due to an off-

. normal event during the test, aJI four electrodes had to be held in position for an extended 
period. One electrode failed due to oxidation; however, recovery was effected in less than 

· 20 nin simply by inserting an additional electrode Into the melt. 

• A barrier wall made of castable 1efractory was designed to defied the melt shape. The waJI 
diredly contacted the molten soil for the duration of the test and survived the test with essen­
tially no degradation. For actuaJ remedlaJ operations, I may be necessary to protect nearby 
tanks and active pipetlnel from the destrudive forces ot the vibia1cation process. The waJI was 
designed to test a candidate materiaJ under actual a>nditlons. Active cooling with an air 
b6ower·in the area inmecialely betind such a wall will rasuJt in acceptably cool te~ratures to 
protect nearby taru and pipelines. 

Operational aspects of the test for both the initlaJ portion of the test (including the significant hood 

pressurization event at 19 h) and the balance of the test are detailed below. The following aspects of the 

test are discussed In Section 5 to provide a comprehensive evaJuation of the test phases: 

• electricaJ power system performance 

• electrode and electrode feed system performance 

• off-gas treatment system performance 

• off-gas containment system performance. 

In all cases, it is the intent to evaJuate the generic ISV process relative to future large-scale applications 

rather than to evaluate ~ specific perfonnance of the smaJler pilot-scale system. Considerable analysis 

regarding the pressurization of the containment hood is pmvided in Section 6.0 and Appendix A. Post­

test activities such as block excavation, sampUng, and analyses (inckJding product analyses) are detailed in 

Section 7.0. 

5.1 TEST OVERVIEW 

The underground tank vitrification pilot-scaJe test was initiated at 19:27 h on September 11, 1990. 

· The early hours of the test proceeded smoothly with relatively balanced electrode power and steady per­

fonnance by the off-gas treatment system. The downward melt rate averaged 5.6 cmth (2.2 inJh). The 

melt depth was approximately 10s· cm (42 in.) (as indicated by thermocouple data) when the hood pres­

surization occurred at 19 h, which resulted in the temporary suspension of the test. 

Following an evaluation of the pressurization event, it was determined that the pressurization was 

caused by a relatively smaJI volume of steam and soil that was released from the melt to the hood. The 

steam and particulate erupted up through the molten glass and rapidly disrupted the layer of frozen glass 

5.2 



9613400~0918 

(cold cap) covering the top of the ff)Olten pool. Once disrupted, the teff1)8rature and pressure in the 

plenum dramatically increased due to radiation heat transfer to the gases and suspended particulate in the 

plenum from the near Instantaneous exposure of the melt. (The mechanisms tor this event are discussed 

in detaU In subsection 6.2.) To prevent the rea.irrence of this type of event during the remainder of the 

test, a radiant heat shield was installed Inside the off-gas contairvnent hood. The shield was made of a 

calbon steef frame covered with a high-temperature fabric that spanned the area being vitrified and 

btockad the radiant heat from the melt. In addition to the heat shield, a graphite pipe was Installed in the 

bottom of the tank to act as a passive vent to release gases from the tank as they were proclJced. 

The test was restarted from grade level on Septeni>er 25, 1990, at 19:16 h. The melt proceeded 

rapidly through the glass that had been formed during the initial startup (phase 1) of the test at a rate 

greater than 8.9 anlh (3.5 ln./h) and then slowed to 2.8 cmlh (1 .1 ln./h) after the melt front reached the 

unmetted regions of the tank, as shown in Figure 5.1. The second phase of the test progressed smoothly 

with no transient gas releases from the melt, indicating that the heat shield/vent combination performed 

as designed. Significant gas generation did occur as the tank was being vitrified, as evidenced by visible 

gas flame at the vent pipe exit. With the exception of one electrode failure, the remainder of the test was 

relativety unevenlful. A pbt of the pressure In the tank for the second test phase is provided as Fig-

ure 5.2. The mlnlmat tank pressure is due to tt-.~ ,:!!.~'!stance of the gas moving through the soil backfill 
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f)GURE 5 1. Average Electrode Depth During Phase Two of Test 
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FIGURE 5 Z Average Tri Pntssure Versus T1me 

before releasing thnxJgh the vent. Once the met reached the bottom of the tank and the vent pipe filled 

.. ~ motten glass. thetankpntSSUras increased to the.head pressure of the~- ·A ct1ronolog~~1fomng 

of events for the test Is contained in Table 5.1. 

5.2 aecIBICAL PQWER SVSTEM PERFORMANCE 

The power system performed weU throughout the test. The average power applied to the molten 

soil equaJed 300 kW for the duration of the second test phase (F9,1re 5.3). OccasionaJ periods of elec­

tricat instability and irmalanca between etedJ icaJ phases ocamad late in the test. but did not ~r 

operations. The only notable inmlance for the initial phase of the test occurred when the melt pro­

gressed through the top of the tar-• A high localized concentration of caJcium existed in the melt after the 

advancing matt front dissolved the tcp layer of concrete that covered the top of the tank and the adjacent 

llmest0ne gravel Concrete is composed of high conce11tradons of cao, typically ranging from 40 to 

65 wto/o. When concrete decomposes during vitrification, the resulting cao can decrease electrical con­

ductivity in the melt (Buelt et aJ. 1987). The contribution of the increased amount of calcium from the 

decomposition of the concrete sneu combined with some smaJI transient gas releases from the tank 

resulted in some minor electrical instabilities during the initlaJ phases of the test. The voltage imbalances 

late in the test were due to both the increased calcium from the bottom of the tank shell and the disrup­

tions created by molten metal pools. Electrical shorts occasionatly ocaJr when electrodes contact molten 
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Ii tDB(bl 
0 .00 

3.36 

4.13 

5 .45 

6.14 

6 .35 

7.00 

9.20 

11.23 

12.33 

16.13 

17.48 

17.73 

18.30 

19.22 

27.55 

0.00 

3 .45 

TABLE 5 1. Chronology of Events of Pilot-Scale Test 

Test start-up. Power applied to the soil. 

Type K thermocouple (TIC) No. 1 at a depth of 20.3 cm (8 in.) reaches 1 oo·c. 
Power increasing 1 kW/min. 

Melt resistance peaks at 6.8 ohms. 

Tap change to the 650-V tap. 

Hood vacuum adjusted from -1 .7 to -2.0-in. W.C. 

Power to the melt terminated due to 100-A imbalance on the primary electrical 
phase. Electrode adjustment correded imbalance. 

Power to melt restored. Eledrode depths at 32.4 cm ( 12. 75 in.). 

Bectrodes show 1.3-cm (0.5-in.) loss of diameter due to air oxidation. 

Tap change to the 430-V tap. 

Hood vacuum spikes to -0-in. W.C. for a few seconds, corresponding to the top 
of the tank melting. 

Bectrode depths at 68.6 cm (27 in.) . 

Power equals 409 kW. 

Gas release from melt results in vacuum spikes. 8/U blower automatically 
energized. Power loss of 75 kW as a result of increased resistance. Tank 
pressures unchanged at 2.5 psig. Hood air inlet adjusted to increase vaa.ium. 

TIC No. 4 reaches 1250."C, indicating a melt depth of 106 cm (42 in.). 

Major hood pressurization oca.irred to >5-in. W.C. Power to melt immediately 
terminated. 

Off-gas system shut down. Test suspended. 

Restart with vent and heat shield installed. 

Restart going smoothly, temperature is 113"C at hood plenum and 307°C inside 

heat shield. 
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TABLE s,1. (contd) 

Run 
Da1L. IIroe(b) 

9/26/90 5.28 Tap change to the 650-V tap. Power at 284 kW. 

9/26/90 6.98 Tap change to 430-V tap. Power at '2B1 kW with the system very balanced. 

9/26/90 8.00 TotaJ power now at 400 kW. Te"1)8rature inside heat shield is approximately 
600°C, as no cold cap Is present. 

9/26/90 8.98 Strong flares 15 to 30.5 cm (6 to 12 In.) high around all four electrodes and the 
vent ~. Cold cap is established. 

9/26/90· 11.58 Three of four electlodes are now free from the frozen glass aaated in the initlaJ 
test phase. This Indicates a matt depth of at least 106 cm (42 in.). 

9/26/90 12.43 Flaring 15 cm (6 In.) high visible at top of vent. Indicating gas release through vent. 

9/26/90 20.63 Power to melt terminated for -1 h for electrode gripper repairs. 

9/26/90 23.32 Te"1)8rature inside heat shield Is 70-r»C. Hood plenum is 321°C. 

9/27/90 29.95 EJectricaj lmbaJances experienced over the last several hours. A maxim.Jm of 90 A 
("~'.:·-'. ir'i lbaJance on the prima,y and 90 A (16%) on the secondary was observed. 

9/27/90 33.15 Tap change to the 250-V tap. Electrode depths average 127 cm (50 in.). 

9/27/90 35.68 Hood plenum temperature at 205°C and inside heat shield, 423°C. Power at 
304kW, 

9/27190 41.42 Hood plenum at 220°C, inside heat shield 486°C, off-gas temperature at the inlet 
to the trailer is 198°C. 

9/27190 42.00 Power to the melt terminated to install additional section to eadl electrode. 

9127/90 49.63 MetaJ pool located under 82 since contact with bottom produces electrical short. 
A2 on bottom with no effect. 

9/28/90 54.73 Electrode depth averages 185 cm (73 in.). 

9/28/90 64.73 Melt depth 12.7 cm (5 in.) below bottom of tank. Type C TIC at pad level below 
tank is at.921°C. 

9/28190 67.90 Type C TIC at pad level is 1380°C. 

9/28190 72.07 Electrode depth averages 2.5 m (99 in.). Power to melt terminated, and 
shutdown activities commence. 
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AGUBE 5.3. Totat Power to Electrodes 

metal pools at the bottom of the melt or partially .metted metal objects. During the initial phase of the test, 

no evidence of electricat shorting from moltM pools of metal was observed; however, in the second 

phase of the test, definite electrical shorting was observed when the electrodes·were in contact with the 

bottom of the melt. 

Power levets were Increased to -300 kW during the first 6 h, consistent with the graduated power 

build-up. Power levels averaged 300 kW for the duration of the test. A total of 4750 kWh was used during 

the initial 19-h period, and a total of 21,000 kWh was used for the second phase of the test for a total of 

approximately 26,000 kWh. The total kWh is high, since this included remelting the initial 1.06 m (42 in.) of 

glass. 

A plot of electrical resistance for the molten soil Is provided in F'igure 5.4. The resistance plots follow• 

an expected airve. Resistance typically decreases to between 1 to 2 ohms per phase when the starter 

path is fully molten. As the starter path is consumed by oxidation and the airrent is transferred to the sur­

rounding molten soil, the resistance increases until the molten soil zone grows in size; resistance then 

begins to decline until a near steady-state value of betwee_n 1 and 2 ohms per phase is achieved . 
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FIGURE 5.4. Resistance for the Initial Hours of the Restart (9/25/90) 

During this test. gas releases m,m the men caused a radudion of mel teff1)8rature due to increased 

heat transfer·flom the melt. This event resuled In a sb,t:i.\fl 'i-:cd reciJdion of the power to the melt due to a 

less electrtcaly concu:tlve mett. · Approximately 30 nin of powered operation was required to restore the 

mel to the previous power Input levet. This phenomenon Is DkJstratea in Figures 5.5 though 5.7, which 

are pl0tS of the hood ~m. hood plenum teff1)8rature. and total eledrode power. The plots show that 

the gas release from .the tank resuled in the rapid heating of the plenJm. and significant radiant heat 

losses from the rnolen glass lncraased the matt resistance and dec:ntased the amount of power that could 

be apptled. Opeiatlng staff observed an -5<k:m (20-in.)-dlamater hole in the ccld cap immediately after 

thts event The disrupted cold cap exposed the "white hor molten pool resulting in the radiant heat 

losses. This gas release from the tank was relattvety nild and occurred 17.65 h into the test 

The occasionaJ periods of voltage irnbaJance between eledrical phases occurred ~o a maximum of 

100 A on the primary phase, but did not hamper operations. For large-scale applications, electrode feed­

ing and_ independent control of the transformer's secondary power phases will result in controlled and 

baJanced operations. The piiot-scale system transfonner has only a single control on the primary side. 

Consequently, the only means to control an imbalance between phases is via electrode movement. 

Electrode feeding is essential because the electrodes that are inserted into the melt can be independ­

ently adjusted, for example, to retract them from a molten metaJ pool to prevent an electricaJ short cira.iit. 

However, PNL's reference large-scale design uses independent phase control to allow for a second 

mode of controlling electricaJ imbalances. 
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FIGURE 5 5. Hood Vacwm at 17.6 to 17.7 Test Hours (9/12/90) 
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FJGURE 5,6. Plenum Temperature (OAS) at 17.5 to 18.2 Test Hours (9/12/90) 
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RGURE 5 7. TotaJ Power at 17.5 to 18.2 Test Hours (9/12/90) 

5.3 $ ECTROQE ANQ aecmooe fEEP SYSTEM PERFORMANCE 

The electrode feed system performed well throughout the test. The feed system was used to raise 

the electrodes a few centimeters from the bottom of the melt during the first phase of th_e test in an 

atte~ 1D pnMn the electrodes frcm contacting molten metal poets. and to control the rate of downward 

melt growth. NormaJly, the feed system Is not engaged unless partial retraction of one~: ri. ... 1re electrodes 

Is .desired. The electrodes are typically allowed to feed by gravity as they rest on the bottom of the molten 

pool and advance as the ~I deepens. Holding the electrodes off the bottom of the melt did not appear 

to slow the rate of downward melt growth: It is suspected that only the amount of power delivered to the 

melt wil control mel rate. 

The electrodes used were uncoated 15-cm (6-in.)-diameter graphite rods consisting of either grade 

MH or grade MR graphite (from Superior Graphite Co.). Although quantitative data were not collected. 

posttest observations. of tb~ joint between grade MR and MH electrode sections revealed an approximate 

1-cm (0.39-in.) step increase in the diameter of the MH section. Grade MH has an apparent density of 

1.73 ~an3 and an apparent porosity of 22o/o; grade MR has an apparent density of 1.64 gtcm3 with an 

apparent porosity of 23.2%. Additionally, grade MH has higher compressive, tensile, and flexural strength 

and sllghdy less electrical resistance. Both grades performed satisfactorily for this test; however, the 

higher density graphite grade appears more resistant to air oxidation and merits use in large-scale 

applications. 

In general, electrodes become narrow and are prone to breakage due to air oxidation, primarily at the 

air/melt interface. Oxidation losses are most severe if the electrodes must be held in place for extended 
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periods of time, allowing the oxidation to continually occur at the same portion of the electrode at the air/ 

melt interface. During this test, graphite loss due to air oxidation reduced the diameter of the uncoated 

electrodes only about 2.54 cm (1 in.) over the exposed length of the electrode during the test. This effect 

is typical and acceptable for the inexpensive graphite electrodes. However, after the test was restarted, 

one electrode failed due to air oxidation at the air/melt interface. The electrodes had frozen in place when 

the test was suspended at 19 h. Upon restart, the electrodes remained in place until the frozen layer of 

glass was remelted; this stationary period caused the failure. When the electrode failed, recovery merely 

involved adding a new section to the electrode and inserting it Into the melt. This represents a near worst­

case situation for graphite electrodes. In past ISV operations, especially using the fixed nonmovable 

electrode design, the electrodes were coated with a silica-based product designed to reduce oxidative 

losses. The coating can create a problem by causing the glass to adhere to the graphite, and conse­

quently, the electrode may become bound to the frozen glass layer covering the melt, which renders the 

feed system useless, as demonstrated in a previous pilot-scale test (Callow et al. 1991). 

5.4 Off;;GAS TREATMENT SYSTEM PERFORMANCE 

Overall, the off-gas treatment system performed well ~uring the operational phase of the test. Off­

gas analytical data and scrubbing efficiencies are discussed in Secti-:,; ; e.u. 

The Venturi-Ejector performance relative to heat removal is illustrated for the second test phase in 

Figure 5.8, which shows that the gas temperature entering the Venturi-Ejector typically ranged from 150° 

to 250°C. The exit temperature (Hydro-Sonic entrance) was usually less than 50°C. The differential pres­

sure for the Venturi-Ejector, provided as Figure 5.9, shows a slight upward trend due to the deposit of 

solids. As a result of the major pressure spike at 19 h in phase 1, a significant amount of soil was entrained 

in the gas release and scrubbed out in the off-gas treatment system. As the scrub solution was recycled 

through the various scrubber spray nozzles, the particulate occasionally formed deposits, mainly at the 

entrance to the Venturi-Ejector. Some of the solids periodically dislodged and caused a lowered differen­

tial pressure. The presence of solids in the gas stream should be addressed in the design phase of any 

new machine, because hazardous and radioactive solids can potentially plug small-diameter tubing and 

result in a sludge buildup in the off-gas treatment system. 

The Hydro-Sonic scrubber differential pressure was maintained well above 50-in. W.C. throughout 

the test, as shown in Figure 5.9. By design, this should have resulted in a particulate removal efficiency of 

>90% for particles sized >0.5 µm. The fluctuations of differential pressure, shown in Figure 5.9, were due 

to fluctuations in total off-gas flow created by-intermittent off-gas releases from the melt and operational 

-adjustments of hood vacuum. 
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Differential pressure measured across the housing of the primary HEPA filter is shown in Fig-

ure 5.1 O. The differential pressure remained relatively constant throughout the test, indicating that the 

saubbers effectively removed the vast majority of particulate, and the filters were not becoming loaded. 

These data demonstrate that a large-scaJe machine with a wet scrubbing system of co~le design 

could sufficiently remove particulate from the off-gas stream. 

Total gas flow through the off-gas treatment system Is shown in Figure 5.11. Total flow ranged from 

12 to 17 rn1/nin (400 to 600 cfm). Late In the test (at -70 h) after power~ the melt was tenninated, off 

gassing from the met decreased such that the total off-gas flow was approximately 12 rn1/min (400 cfm). 

This flow rate was largely representative of the controlled ln-ktakage of air Into the hood, because off 

gassing from the melt at that point In time had significantly dininished. 

Concentrations of oxygen and carbon monoxide were monitored at the off-gas stack throughout 

the test. The oxygen concentration averaged between 20% and 21%, with a decrease to 19.2% that 

occurred during the initiaJ phase (at -19 h) (Figure 5.12). As shown in Figure 5.13, carbon monoxide con­

centrations typically ranged from 0% to 0.1% with a maxinun of 0.2% at start-up and during a period at 

-53 h when processing the sludge layer. The greatest concentrations of carbon monoxide were 

expected shortly after start-up as the graphite portion of the starter path was consumed. 
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This test used a sludge layer that contained minimal water; consequently, the level of scrub solution 

in the process saub tanks was easily maintained. When the test was near completion, the tanks were 

operated at a higher temperature to increase evaporation and reduce the generation of secondary waste. 

Note that large-scale operations on underground storage tanks having high water content will introduce 

large_amounts of water v~! ;o the process off-gas system. Losses through evaporation are necessary to 

prevent the undesired accumulation of solution that would increase the secondary waste stream. To do 

so, large-scale machines designed to process underground tanks will require a sigr.ificant evaporative 

capability. 

5.5 OFF-GAS CONTAINMENT SYSTEM PERFORMANCE 

Gas releases from the melt were relatively steady except for three separate events in test phase 1 . 

The off-gas containment hood yacuum·(Figure 5.14) avera~ed greater than 2-in. W.C. vacuum tor the 

second phase. Differences in the steady-state values are due to operational adjustments. 

The temperatures recorded by the thennocouple in the plenum are generally the highest in the 
. . 

hood, since this thermocouple is in the center of the hood cavity and is nearer to the molten glass than 

other thermocouples. The hood plenum temperature averaged 2so·c (Figure 5.14). The plenum tem­

peratures were approximately 5o·q, cooler than predicted due to the use of the radiant heat shield. During 

a 3-h period in test phase 1 (shown in Figure 5.15) , the cooler hood roof and wall temperatures parallelled 

the plenum temperature. 
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Relative to the overall processing temperature and temperature spikes, no significant thermally 

induced structural degradations of the hood were observed during extensive posttest examinations of 

the hood. The gas release at 19 h during test phase 1 caused molten glass to splatter from the melt and 

contact the high-temperature fabric used for the electrode seals. This contact did not noticeably affect the 

fabric. A high-temperature sealant (RTV-106) was used to seal the inner and outer seams at the joints of 

the metal panels that form the containment shell. Careful examinations following the test revealed no ther­

mal degradation of the sealant on the external seams. Examinations of the internal seams revealed incon­

sequential surface degradation to less than 1 mm of the sealant that was directly exposed to the extreme 

temperatures. The balance of the sealant used on the inner seams remained pliant and showed no 

evidence of thermally induced degradation. 
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6.0 MAJOR PRESSURE EVENT 

6.1 EVENT PE$GBIPIJON 

A major off-gas containment hood pressurization unexpectedly occurred at 14:43 h on Septem­

ber 12, 1990, approximately 19 h after test initiation. At the time of the event, the process had melted 

roughly o.ne-third of the tank to a melt depth of -1 m (42 in.) based on thermocoupte data from the tank. 

Power to the melt was lnvneclately tenninated. An initial eva.iatlon of the data revealed that within a span 

of 4 s the hood vaaJum sharply decreased from 1.8-in. W.C. vacuum to a positive pressure in excess of 

5-in. W.C. pressure. Concurrently, the off-gas exit temperature in the hood spiked from approximately . 
330°C to over 600°C (as shown in Figure 6.1). The maxirrum value of the hood pressurization was not 

obtained, because the pressure transducers were Dmited to a span of 5-in. W.C. vacuum to 5-in. W. C. 

pressure. Pressure data from the tank indicated that over a period of less than 1 min the pressure sharply 

increased from approximately 2.8 psig to a maxirrum of 3.3 psig and then dropped back down to 2.8 psig 

after the gas was released from the tank (Figura 6.2). This pressure at 3.3 psig approximately corresponds 

to the head pressure of the molten soil and an additional 0.5 psig, which was Ukely the pressure required 

to breach the soil/melt Interface, which consisted of a layer of sintered soil beginning to melt. Before the 

event, the tank had been releasing gmt ;;.: t l'elatively constm rate, as shown in Fi~re 6.2. The average 
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temperalUre in the tank cavtty at the time of the event was approximatefy SO°C, and the effective remain­

Ing vokJme of the tank wr,1 ~Almated ID be '480 L (125 gal), based on thermOC0uple data and melt depth. 

6.2 ANALVSES Of MECHANISM 

The reason tt:Nt tank suddenly ceased to release gas and began to rapidly buildup pressure is uncer-

. tain. The tank prauurization prababfy resulted from the mel shifting downward over and past an area adja­

cert to a side wal that pnwtousty acted as a vert. As the gtass contacted the relatively cooler region of the 

metal tank wall, the contact may have resulted In the wetting or stlddng of glaSS to form a bond sufficient to 

contain a moderate overprassure in the tank cavity. Since the soil sintering and melting process ocaJrs at 

tefll)eratures less than ~ melting point of stairuess steel, the metaJ side waJI of the tank protruded up 

into the sintered layer and into the iniliaJ portion of the cooler molten glass. This condition would appear to 

effectively impede vapor/gas transport of gas leaving the tank since the gas permeability per unit volume 

of the sintered layer would be far less than that of dry soil, whJch surrounded the melt. It is suspected that 

before the event. the gas was ~ased up aJong the inside of the side waJI and down the outside of the 

side wall to the surrounding dry zone. The tank pressure was probably not being effectively relieved 

through the melt/soil interface directly above the tank because the charaderistics of this low-permeable 

interface would be a sintered particie layer below a relatively cool visa>us glass. Additionally, if the tank 

had been continuaJly releasing its pressure up through the sintered layer and glass, regular bubbling in 
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the melt would have been observed and the release would have continued regardless of the initiating 

mechanism that apparently caused the tank to rapidly pressurize. 

Calculations using the Ideal Gas law revealed that a volume of gas (primarily steam) released from 

the tank was approximately 0. 7 moles of gas based on conditions in the tank both before and after the 

event. When the gas was released from the tank. it entrained a significant volume of the finely ground 

ORN.L soil that had been used to backfill the tank and dispersed the soil as an airborne particulate into the 

hood. Once the bubble broke through or disrupted the cold cap and was released into the hood, the 

hood immediately began to pressurize and within 4 s exceeded the measuring limit of the pressure 

transducers fo·r hood pressure to 5-in. W.C. pressure. Two to three seconds after the pressurization 

began, thermocouples In the hood showed the hood temperature rising sharply, with the off-gas exit 

temperature reaching over 700°C approximately 30 s later. After the test was suspended, observations 

within the hood revealed that the soil dispersed throughout the hood had coated essentially all the inner 

surfaces. Observations of the finely ground, reddish ORNL soil revealed that the soil was not at all 

discolored, which would have indicated thermal decomposition of some of the carbonates or oxides. This 

thermally induced discoloratlon Is observed in the soil surrounding the melt if those soils have been 

heated In excess of 300° to 400°C. Consequently, the tefl1)8ratures of the soil and the gas that were 

dispersed into the hood are suspected to have been insufficient to •"flt:::a the thermal decomposition and 

discoloration of the soil. The data indicated that the gas release from the tank was nearty instantaneous 

and coincided with the hood pressurization. 

Bounding calculations indicated that the approximate 0.7 moles of heated gas released from the 

tank were insufficient to cause a hood pressurization of the observed magnitude or account for a bulk gas 

temperature of 700°C that was measured exiting the hood. The 0.7 moles of superheated gas should 

only result in a maxim.Jm hood pressure of between O and 1.9-in. W.C. pressure. The fact that the plenum 

pressure exceeded 5-in. W.C. for 3 s indicated that a different mechanism was occurring. 

The conclusion, which is strongly supported by calaJlations and analyses. is that the superheated 

gas bubble was partially responsible for the hood pressurization. The bubble broke through or disrupted 

the cold cap and started a mild pressurization. However, the key factor appears to be the disruption of the 

cold cap. Within 0.5 and 1.5 s after the bubble was released into the hood, the underlying molten pool of 

white-hot glass was exposed and immediately began to heat the entire hood volume of suspended par­

ticulate via radiant heat transfer. The partirulate matter rapidly transferred its heat to the gas throughout 

the hood volume. The. essential ingredient was the suspended particulate, which acted as radiant heat 

receptor. In previous ISV tests, reports of visual observations of the melt (via the viewing window) coinci­

dental to such pressurization events noted that the amount of suspended particulate reduced visibility to 

zero. Likewise, in this test, the amount of soil dispersed into the hood that coated all inner surfaces 
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suggests the particulate concentration was extremely high. These types of conditions would result in 

100% effective radiant heat transfer to the airborne particulate. (The disaJssion in Section 5.2 and 

supporting figures provides evidence of radlanl heat losses from the mel.) Note that some of the most 

signfflcant hood pressurizations in past pilot-scaJe tests have been observed to be accompanied by 

significant quantiUes of soil or dust being expelled Into the hood paeq.im (Oma. rammerman. and Buett 

1989). 

Radiant heal tnlnlf• calculatiDnl performed using the Stepnan-Boalzman law rewaJed that the 

rapid formation ol a 50-an (20-in.) hole In the cold cap could ntSUI In 137 kW of radiating energy assuming 

a met tempe;alUre of 1600°C and a plen.un tlff1)8f'atUnt of 300°C. If this were the case, this significant 

energy source ·could lnstarUneousy heat the suspended partlculate and hood surfaces. As a result, the 

gas In the hood wouJd att~ to expand to severaJ tines the volume based on the amount of energy 

radlatJng from the mel. This expansion would create sJgniflcant overpressures In the hood that could 

reach several psig If the hood wu a completely sealed container without release pathways. Since the 

expansJon occurred very rapidly (less than 4 s) during the test, the surge p,otectlon system and the 

primary off-gas blower were unabie to accommodate this sudden and sJgniflcant change. 

The nearty lnstantaneoua heating of the hood is revemed by the recorded response time (time con­

stant) of the 118-in.-she!dhed thermocouples used In~: :r .. ::rd (Figure 6.3). According to Figure 6.3, 
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the 1/8-in. sheathed thermocouple responded 1 s after exposure to a 950°C flame at time zero. Then the 

thermocouple temperature tracked upward, taking in excess of 1 0 s to reach 62.3% of its maxirrum. This 

response indicates the likelihood that the teJll)erature in the hood reached approximately 600°C 1 or 2 s 

after the initiation of the event. 

6.3 RADIANT HEAT TRANSFER MODELING 

In an atterT1)t to fully analyze the event and to understand the actuaJ maxirrum conditions in the 

hood, a sirr1)Ie computational model was constructed. The model, P3-ISV, is a set of computer-based 

algorithms for estimating the pressure and terr1)erature transients in the containment hood resulting from 

a sudden expulsion of vapor, soiJ, and molten soiJ from the melt. The model accurately predicts the mea­

sured temperature within a few degrees and effectively mimics the pressure response for the first haJf of 

the event. P3-ISV caJa.llated that the maxirrum teJll)erature achieved in the hood as a result of the event 

was 640°C at 8 s and a maxlrrum overpressure of 82-ln. W.C. The rno;<iel and the resulting outputs are 

discussed in more detail in Appendix A. The actuaJ pressure achieved in the hood is thought to be lower 

than the predicted value due to several conservative assumptions, which are discussed in Appendix A. 

However, for the purpose of initlaJly bounding the event, the model appears to accurately reflect the mea­

c•Jred behavior for at least the first half of the event. 

6.4 EVENT RECOVERY AND CORRECTIVE ACTIONS 

The recovery involved a two-fold solution. First, a radiant heat shield was suspended above the 

melt surface to reduce the amount of gas that could be exposed to the malt's thermal radiation. Then, a 

graphite pipe was installed to the bottom of the tank to act as a passive vent. · 

The heat shield was constructed of a high-terr1)erature, noncoated silica fabric (melting temperature 

> 1650°C) supported by a carbon steel framework. The fabric was installed on the inside of the steel frame­

work to minimize the framework's exposure to excessive temperatures. The passive vent consisted of a 

single 15-cm (6-in.)-diameter graphite pipe installed through the previously vitrified soil to the bottom of 

the tank. The vent pipe had an ID of 5-cm (2-in.), extended above grade, and was supported in position 

by the heat shield structure. 

The solution of the vent and heat shield was successful in that there were no additional transient 

gas releases from the tank during the second test phase. The only pressures noted in the tank were 

minimal and were likely due to the pressure generated by the resistance to gas movement through the 

finely ground soil in the tank. Since the evaluation of the event and installation of the heat shield and vent 

required approximately 3 weeks, the heat from the initial melt effectively dried the tank and sludge, which 
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may have contributed to the success of the solution. However, it was evident that gas w~ being gener­

ated in the tank during the baJance of the tank vitrification since a gentle 15-an (6-in.)- high flame was 

observed throughout the test at the top exit of the vent pipe. 

6.6 



9613400~0929 

7.0 POSTTEST MONITORING EXCAVATION, AND SAMPUNG 

The vitrified block was left undisturbed for several weeks following the test; the block was allowed to 

cool to near ambient conditions, which produced a representative waste form. During the cool down 

period, the thennal profiles around the block were monitored, and the off~as containment hood and off­

gas line were sa"l)led, decontaminated, and disassembled. Excavation commenced approximately 

6 weeks after termination of the powered phase of the test. 

7.1 MONIJOBING Of THERMAL GRADIENTS 

The vertical and horizontal thermocouple arrays allowed for monitoring of the thermal prof\les (or 

isothermal bands) around the block during and after processing. The primary purposes of these thermo­

couples were to track melt growth and to determine appropriate isothermally based sampling locations in 

the surrounding soil. The insulative characteristics of soil resulted in relatively steep thermal gradients 

around the advancing melt front. During the powered test operations, the 1 oo·c isothermal band was 

typically 45 to 60 cm (18 to 24 in.) away from the edge of the molten block; this is illustrated in Figure 7.1 at 

a point where the melt depth was approximately 2.1 m (7 ft) deep. After power to the melt was terminated, 

the th~nnal gradients cont="'u :.d to move outward away from the melt until the heat flux from the block 

declined and the surrounding soil began to cool. At this point, the thermal gradients around the block 

began to recede back toward the block. During this test, the 1 oo·c isotherm reached a maximum distance 

of 0.9 m (3 ft) from the edge of the block approximately three weeks (21 days) after powered operations · 

ceased. 

The temperature profiles behind the castable wall and the rock zone were monitored following the 

test to help determine whether the wall effectively interrupted heat transfer away from the block. The posi­

tion of the 1oo·c isothermal band was monitored overtime, as illustrated in Figure 7.2. The temperature 

data behind the wall shown in the figure illustrate that the maximum distance of the 1 oo·c thermal gradient 

occurred at approximately 19 days, which is relatively consistent with the gradients in the unconfined soil 

on the opposite side of the block (21 days) discussed above. Note that the thermal gradients behind the 

wall moved further away from the melt face behind the wall as opposed to the unconfined soils. Since the 

melt was asymmetric, the 1 oo·c gr,adient behind the wall was actually closer to the center of the melt. Addi­

tionally, the heat flux that emanated from the uniform .wall face was greater than the heat flux from the outer 

edge of the block. 
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7.2 EVALUATION Of CASTABLE WALL 

For adUaJ remediaJ operations in a tank fam,, neartJy tanks or pipelines may require thermal protec­

tion f mm the destrudive forces of the ISV process; such protection may be afforded by a castable barrier 

wall. To enhance the performance of the barrier wall, passive air vents could be installed behind the wall to 

remove heat transferred through the wall. Also, a powered blower system could be employed to increase 

the effectiveness and reliability of the thermal barrier. However, assuming the cooling air is potentially 
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FJGURE Z 2. Posttest Location of the 100°C Isotherm Versus Time 

contaminated and thus returned to the containment hood for off-gas treatment, the design capacity of the 

off-gas processing system would need to be inaeased to account for this additiOnat volume of air. 

In this pilot-scale test, the castable barrier wail performed extremely well by effectively deflecting the 

IT1$lt. The wall was within 6 an (2.5 in.) of the west electrode and directly contacted the melt for the dura­

tion of the test, including the initial 19-h test phase and the subsequent 72-h period following restart. The 

precast wall showed no evidence of thermal degradation or corrosion from the molten glass contact. The 

cor11)0sition of the castable material included organic-based fibers that decompose as the wall tempera­

ture increases, resulting in pathways for waters of hydration to- escape from or through the matrix without 
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cracking the wall. The heat transfer through the block was sufficient to partiafiy melt adjacent sand and 

rock to the back side of the wan as shown in Figure 7.3. Upon excavation and fracturing of the block, the 

wan was pried off the side of the vitrified block in a single piece (using a back hoe), which attests to the 

structural strength and condition of the wall following the test. No degradation at the glass/wall interface 

was observed. 

7.3 PQSJTESJ SAMPUNG 

7.3.1 rntemar Hood samores 

Approx1mately one week after powered operations were completed, the following samples were col­

lected from the hood: undisturbed particulate deposited on the hood surface and solids deposited on 

the fabric used to cover the soil surfaces inside the hood surrounding the vitrified zone. Samples were 

also collected from the fabric of the heat shield. Using cloth wetted with water, hood samples were col­

lected from target surfaces and then sealed in 250-ml plastic sample containers. Solids were either 

scraped off the fabric surface, or actual portions of the fabric were collected and placed into 250-mL plastic 

sample containers. The head space within these containers was excessive due to the type of samples 

being collected (fabric or small quantities of solids). 

7.3.2 Near-Surface sou sampres 

After the ground cover inside the hood was removed, two initial soil samples (grab samples) were 

collected, primarily to determine if th~ control zone could be released for excavation work. The first sam­

ple was a surface-soil sample 0.76 m (30 in.) west of the western electrode, and the second sample was 

from a depth of 30 cm (1 ft), 0.76 m (30 m) south of the southern electrode. Both samples were collected 

from soils within 15 to 30 cm (6 to 12 in.) of the vitrified block. The samples were collected using clean 

stainless steel sampling tools, and the samples were placed into 250-mL plastic wide-mouth bottles 

leaving no head space. 

7.3.3 Surrounding Soil Samples 

The soil surrounding the vitrified block was removed with the back hoe to an approximate depth of 

1.5 m (5 ft) from grade. Soil samples were collected in the ORNL soil zone to the east of the block by 

digging with hand tools an additional 15 to 30 cm (6 to 12 in.) into undisturbed soil to the specified target 

level of approximately 1.7 m (5.5 ft), which was at the same elevation as the original sludge layer. Exca­

vation with the back hoe then continued until the block was removed and the undisturbed soil below the 

block could be sampled. The soil samples were collected both from the side of the block and directly 

below the block on the vertical centerline as shown in Figure 7.4. The samples consisted of composite 
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FIGURE 7 3. Castable Barrier Wall Abutted Against the Vitrified Block 
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Zone A - 400° C to Melt Edge 
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I 
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I 

Zone A 
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'.............._ _____ _ 
, ZoneC .......____ ~ -------

Composite samples from each zone were collected directly below the block 
and at the 1. 7 m level on the side of the block in ORNL soil. 

FIGURE 7,4. Soil Sampling Locations 

samples within each of the sampl~g zones. The samples were collected along the entire length of each 

zone, and each zone sample was directly adjacent to the next zone's sample, thereby leaving no unsam­

pled area and no overlap of samples. The samples were collected with clean stainless steel sampling 

instruments and placed in 250-mL plastic bottles leaving no head space. Additional samples of the 

partially fused soil zone directly adjacent to the vitrified block were also collected. 
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The width dimen~ions of the soil sampling zones shown in Figure 7.4 were determined after the test 

by monitoring the movement of the thermal gradients around the melt as described in Section 7.1 . 

Approximately three weeks following the completion of powered operations, the maximum dista'1ce of the 

1 oo·c and the 4oo·c isothermal band was established. After this point, the declining heat flux from the 

block resulted in the net inward movement of these isothenns back toward the block. The sal"fl)ling loca­

tions were selected based on the thermal profiles. At the 1oo·c boundary, water vapor condensed in the 

soil and formed a wet layer surrounding the melt. If any contaminants migrated into the surrounding soil, 

water-soluble contaminants would be expected to deposit In the wet zone farthest from the block, volatile 

metals such as mercury or cadmium would condense in the 1 oo· to 4oo·c zone, and the semi or nonvola­

tile components would be found closer to the block in the higher temperature zone. 

7.4 YIIBIEIEP PRODUCT 

7.4.1 Yitcified Product Sampling 

The block was COl"fl)letely excavated on all sides following soil sal"fl)ling (soil sampling below the 

block commenced once the block was removed). The shape of the block was influenced by the castable 

ref radory wall and by the two soil types, since the north and south quadrants of the block extended 

beyond the OP".:::.. -~ ii zone and melted into the surrounding Hanford soil zone. Hanford soil has a higher ·f ,i 

alkali concentration, which makes it easier to melt relative to ORNL soil. Consequently, the block's shape 

was asymmetrical and wider in the north-south direction (apRroximately 4.1 m (13.4 ft) wider] than in the 

east-west direction (2.2 m (7.2 ft)]. Based on the dimensions of the block, the mass was calculated to 

slightly greater than 24,000 kg. 

Melt depth averaged just over 2.4 m (8 ft) , although an unusual 46-cm (18-in.) appendage of the vitri­

fied product formed below the west electrode, This unusual feature or leg, depicted in Figure 7.5, was 

likely due to the difference in soil density adjacent to the wall (the soil was not compacted between the wall 

and the tank). Additionally, the wall created a preferential melting of the soil due to a net repuction of heat 

transfer away from the adjacent soil and melt. Increased electrical conduction to metallic pools at the bot­

tom of the melt is not suspected to be the sole cause of this leg formation since other metal pools were 

found in other areas of the melt at the 2.4-m (8-ft) depth. The largest metal pool was predictably located in 

the center of the melt at the 2.4-m f8-ft) depth with smaller pools under 3 of the 4 electrodes. In all cases, 

the heat transfer through the molten metal was sufficient to at least fuse, and in most cases vitrify, the soil 

below the metal to a depth of approximately 1 cm (0.39 in.). 

To obtain product samples and to aid in the removal of the vit~ied block, a back hoe was used to 

fracture the block (Figure 7.6) . The castable wall was pried off the block, and the block was broken into 
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Grade Level 

2.4 m 
Castable Wall 

Depression below · -
Electrodes 

FJGURE Z 5. · Vitrified Block Shape 

large boulder-sized pieces. Vitrified produd samples were colleded by chipping pieces off the boulders 

from known locaUons. Most vitrified produd samples ware coUected from the bottom third of the block 

within a 0.5-m (1.&-tt) horizontaJ radius of the block center: one sample was collected from an outer region 

of the block, again in the lower third. 

7.4.2 Geo1gg;c oescrjptjgn ot ibe 619ds 

The block was a mixture of varying proportions of glass and fine aystaJs. As a whole, the block may 

be described as chemicaJty similar to andesitic volcanic rock, although the composition of the crystals was 

unknown. The crystaJline texture varied slightly with the location from which the samples were taken: this 

variation within the block was presumably a result of cooling history. Samples from the block's edge were 

assumed to be composed of a very fine intermixture of crystals and glass. Because the crystals were too 

smaJI to be visible to the naked eye, their presence was assumed based on the cloudy appearance of the 

material. This extremely fine grain size may be a result of rapid quenching during the early stages of crys­

talline growth. Within the center of the block, the crystals were slightly better developed and were 
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FIGURE 7,6. Vitrified Block Demolition by Use of a Back Hoe 
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characterized by feathery and spherulitic textures, with crystalline ciJsters approximately 2 mm in diameter. 

This latter texture aJso indicated rapid crystal growth due to rapid cooling (Swanson 1977), but the better 

developed crystalline textures suggested slower cooling than at the metrs edge. The ratio of crystal to 

glass in this edge region was estimated at 60%. This estimate could be improved by petrographic 

observation of a saJll)le. 

Various metaJUc ingots were collected and visually examined. Except for some glass phases mixed 

with the metal, visual observations did not reveal any obvious heterogeneities within the metal phase. 

~ng was strudured to CJJantffy the unifonnlty of the metal-phase C0"1)0sition. The metal phase was 

extremely hard and brittle, and individual saJ11)1es were collected by fracturing the metal with a hammer; 

the metal was highly crystallized. 
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8.0 ANALYTICAL RESULTS ANO INTERPRETATION 

The safTl)ling and anaJyses efforts were designed to quantify the overall process performance 

related to several areas including the following: 

• produd quality and composition of the resulting glass and metal waste forms 

• contaminant migration into surrounding clean soils 

• off-gas characteristics relative to seleded gaseous and particulate co"1)0nents released from 
the melt 

• removal efficiency of the off-gas treatment system 

• an overall water balance accounting for the water originally present In the site. 

In analyzing the vitrified product and surrounding soil samples, Rl.lltiple analytical techniques were 

employed to assess the aca.iracy of laboratory anaJysis and to provide additional assurance of each 

sample's composition. In many instances, individual sampes were split after preparation so each portion 

could be analyzed to assess the precision of the analytical technique. One of the goals for the pilot-scale 

test was to produce a mass balance for the key hazardous components. This information would permit an 

assessment of the destruction removal efficiency of the ISV process, includi1~ t,ie melt and the off-gas 

treatment system. Most vitrified soil and surrounding soil anaJyses were specifically targeted for cesium, 

strontium, mercury, cadmium, and lead. These five species were of particular interest since cesium and 

strontium are the predominant radionudides in the inactive tanks at ORNL Mercury, cadmium, and lead 

represent a greater challenge to the integrity of the metallic waste form and are species that may possibly 

migrate into dean surrounding soils due to their relatively high volatilities. Analytical data for other species 

in the sim.Jlated sludge are presented where available: however, the behaviors of other species were con­

sidered to be more predictable and less significant to the process and waste form integrity. 

a .1 GLASS WASTE FORM CHARACTERISTICS 

Analytical results of vitrified produd samples are provided in Table 8.1. The analytical methods used 

consisted of x-ray fluorescence (XAF), SW-846 methods involving a hydrofluoric (HF) acid/microwave 

sample digestion, and inductively coupled plasma (ICP) emission spectrophotometer analyses following 

sodium fusion sample preparation. For approximately half of the samples where the HF acid/microwave 

sample digestion preparation method was used, the digestion vial was cooled before opening to reduce 

volatile losses (noted in the table as app.ropriate) . Minimal amounts of mercury were detected in four of six 

of the vitrified soil samples. Three different analytical laboratories were involved with the mercury analyses 
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TABLE 8.1. Vitrified Product Composition for Target SimJlated-Waste Components 

San1Jla rDill:llllfl(IJO'g} 
l\um!n!! SC Qi B:.I ~ !:ii 

~-Bil' EJugrescanca 

10S1 275 ± 19 <13 187.1 ±9.8 <5.9 <2.9 
10S2 273 ± 19 <13 189.9 ± 9.9 <6.1 <3.0 
11S1 278 ±20 21.6 ± 7.3 189.4 ± 9.9 <6.3 <2.9 
11S2 271 ± 19 21.6 ± 7.3 189.4 ± 9.9 <6.3 <2.9 

SW-848 Mftthodb> 
9 ~ 15.4 - <0.0 
1A 23± 10 179 0.18 
2A 14.3 180 0.42 
3A 15.3 241 0.72 

t:ia B.1:siu1a~e Scao 
7 296 13.5 
7A 306 12±7 
8 307±25 7.6 ± 1.3 
SA 295 6.9 ± 0.7 

M&ttm~ 
PTRA-12 2n±21 9.5 ± 1.1 184 0.31 ± 0.04 1.9± 0.8 
PTRA-13(•) 124 ± 13 7.88 180 <1 <1 

(a) ~les 10S1, 11 S1, 7, and 8 were split to produce additional ~les 
1052. 1152, 7 A, and 78. . 

(b) SW-846 method inciJdes methods 303A for Cs, 7421 for Pb, and 7471 for 
Hg. 

(C) (-) indicates that the method was not applicable and'or the sample was not 
. analyzed. 

(d) San1)1e preparation involved an HF acid/microwave digestion. Viat was 
cooled before opening to limit volatile losses. Analytical methods included 
ICP scan for Sr and Cd, and SW-846 type methods for Hg, Cs, and Pb. 

(e) Sample PTRA-13 was collected from the outer edge of the vitrified block. 

these six san1)tes, which provides some degree of confidence that some merauy was retained in the 

gtass. According1o Table 8.1, the results are consistent, partiaJlarty regarding strontium and lead, which 

indicates that the sludge components were evenly distributed at least 'throughout the lower third of the 

vitrified mass where most samples were collected. 

Three vitrified product sarr,,,les were submitted for Toxicity Characteristic Leach Procedure (TCLP) 

anaJyses, and the results are presented in Table 8.2. Consistent with previous ISV testing, the 
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TABLE 8,2. TCLP Results for the Vitrified Product 

Vlrlied ProciD Reg!!Aatvy 
~ lfm118¢m0 Lmfm,o 

As 0.012 5 

Ba <0.05 100 

Cd 0.27 1 

Cr 0.28 5 

Pb 0.07 5 

Hg <0.0004 0.2 

Se <0.01 1 

Ag <0.05 5 

concentrations of hazardous metals in the leach extrad were well below regulatory limits for the vitrified 

product. The bulk composition of the vitrified product is given in Table 8.3. The data reveal a high con­

centration of Cao from the 1400 kg (3080 lb) of concrete and 1300 kg (2860 lb) of limestone .gravel that 

surrounded the tank. Additionally, the north and south quadrants of the block melted into the.surround­

ing Hanford soil. Consequently,-the bulk composition of the glass refleds the mixture of these various 

TABLE 8 3. Bulk Elemental Composition of the Vitrified Product 

~E Method twto/ial SW-846 MtJlhod (m!'/ial 
~ ~ .llSL ~ lA 2A 

AIA 13.43 13.19 A'20:3 13.09 11 .62 

Si~ 60.55 60.12 SiO2 47.50 45.00 

cao 9 .89 9.89 cao 18.33 11 .47 

K2O 2.52 2.54 K~ 1.24 2.44 

Fe2~ 6.60 6.53 Fe20:3 5.86 6.90 

CrA 0.39 0.39 CrA 0.29 0.47 

Ti~ 0.97 0 .95 Ti~ 1.03 0.93 

MnO 0.22 · 0.20 MnO 0.11 0.20 

~ .&!!! _tJA_ Na2O ...1..6.Z ~ 

Total 94.57 93.81 89 .12 80.93 

(a) Na~ data unavailable for XRF method. 

8.3 



components. The XRF method produced significantly better results than the SW-846 method (601 0) in 

this case. The XRF data for each of the two samples are relatively similar and the values are consistent with 

expectations based on soil composition and the co"l)Osition of other items (e.g., concrete, tank sludge, 

limestone gravel). The expected degree of homogeneity of the vitrified mass, illustrated in Table 8.1 , is 

evident from the two samples analyzed by the XRF technique. However, the data from the two samples 

analyzed via the SW-846 method do not indicate the expected degree of homogeneity, partirularty for 

cao and K~. In addition, it is apparent that aJI of the siilcates in the produd were not dissolved into solu­

tion during the sample preparation phase for the SW-846 method because the values for SiO2 are ~ch 

lower than expected. 

8.2 METAL PHASE 

Three samples of the metal phase found at the bottom of the solidified melt were submitted for 

compositional anaJyses by SW-846 methods, including methods 7471 for mercury and 7421 for lead . . 

AdditlonaJly, method 6010 involving an ICP scan was performed. The analyticaJ results are presented in 

Table 8.4. The particular laboratory analyzing these samples encou~ered extreme difficulties with the 

cesium analyses and, consequently, produced useless data (the reported detection limit exceeded 

expected cesium concentrations). Note that many of the metal samples had glass phases intermixed with 

the metal. Therefore, acid digestion s~ple preparation methods did not result in total dissolution of the 

·entire sample inctuding the glass phase. However, the ratio of the metal species in the sample :.,;; ,hm.ight 

to be representativtt. Eight additional metal samples were analyzed via XRF, and the results are presented 

in Table 8.5 along with the XRF results of a 304.series stainless steel. The only significant difference 

between the results in Tables 8.4 and 8.5 is the cadmium concentrations; those values reported for the 

SW-846 methods are much higher than the XRF values. The comrnen::ial laboratory that performed these 

SW-846 analyses had diffirulty in obtaining consistent values for lead, mercury, and cadmium, even with 

blank pretest samples. Based on the thermal history of the metal phase, it is suspected that most of the 

cadmium would have been volatilized rather than pooled at the base of the melt since cadmium is a vapor 

at 1ss·c, well below the melting point of stainless steel (142TC), and cadmium oxide has a vapor pres­

sure approximately 400 mm of mercury at 14a4•c (Lide 1990). Considering rriass balance information dis­

russed later in this section and the laboratory's difficulty in obtaining consistent and reasonable values for 

the metals of interest, it is suspected that the XRF data for cadmium in the metal phase are more acrurate. 

Three samples of the metal were submitted for TCLP analyses, and the results are presented in 

Table 8.6. The leachate extrad from the metal waste form was below regulatory limits .for all metals. Only 
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TABLE B 4. Composition of Metallic. Phase via SW-846 Methods(a.b) 

Metal r&11msmn (~11) 
A~ 

st?ees Sang~ Sanpe~ SarmleM5 Cormosmn 
Ag 22.55 27.20 18.30 22.68 

Ba 2.70 13.66 8.54 8 .30 

Cd 856.53 1,183.95· 628.97 889.82 

Co 1,959.51 373.03 1,654.70 1,329.08 

Cr 29,798.30 6,239.10 23,344.90 16,794.10 

Cu . 2,230.50 923.05 1,474.40 1,542.65 

Fe 721,599.60 1,065,905.40 568,806.80 785,437.27 

Hg 6.8 8.7 4.7 6.1 · 

Mn 225.86 5,510.40 172.01 1,969.42 . 

NI 63,511 .20 10,232.70 53,524.90 42,422.93 

Pb 171.70 267.60 156.55 198.62 

Va 628.90 719.88 585.74 644.84 

Zn 442.12 426.67 802.24 557.01 

(a) SW-846 methods 7471 and 7421 used for mercury and lead, respectively, 
following acid digestion. Balance of components measured via ICP scan. 

(b) Metallic San1)1es had undissolved glass phases. 

. cadmium concentrations in the leach extract approached the regulatory limit. Several observations can be 

made from the C0"1)0sitional data. Considering that the vast majority of the metal is from the tank (304L 

stainless), it is apparent that the chromium from the stainless steel was oxidized and dissolving into the 

glass phase while iron from the soil was reduced to its metallic state. As expected,-the chromium oxide 

from the original sludge layer remained in its oxide form and was dissolved into the glass matrix. This is not 

surprising based on the more negative reduction potentials of these metals relative to others, such as iron 

and lead (Lide 1990). Additionally, no cesium and minimal amounts of strontium (10 to 250 µgig) were 

found in the metal phase s~les. Relative to the toxic metals, mercury, and cadmium were not found as 

expected based on their relative volatility. Barium remained an oxide and was largely dissolved in the 

vitrified product, as was lead. 
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TABLE 8.5. Metal Phase Co_f11)0sltlon via X-Ray FkJorescence 

SanJittwiler(~ 
M9 ~ 

Sgecies Mil:5 Ma:52 · MJO-SJ MJns2 M9-SJ Nodig MZ:SJ MZ-52 AYfJ@fJIJ Series ss· 
~ilk,HUi ID % 

As 0.019 0.058 0.032 0.014 0.111 0.11 0.037 0.038 0.052 0. 01 
Co N()(b, 0.113 NO NO 0.14~ 0.078 0.023. NO 0.045 NO 
Cr 3.03 3.3 15.43 4.92 4.48 0.288 4.44 9.51 . 5.671 18.08 
Cu 0.393 0.544 0.368 0.493 0.86 , 0.788 0.4 0.337 0.521 0.156 
Fe 88.3 86.3 72.4 82.1 83.8 85.1 84.9 81.1 83.000 69.5 
GI 0.02 - 0.026 0.007 0.018 0.016 0.021 0.013 0.03 0.019 NO 
Hg NO NO NO NO NO NO NO NO NO NO 
Mn NO NO 1.115 0.169 0.07 NO NO NO 0.189 1.726 
Mo 0.53 0.707 0.541 0.822 0.273 0.514 0.314 0.409 0.489 0.123 
Nd ND 0.001 0.044 0.027 0.002 0.001 0 0.007 0.010 0.104 
NI 7.7 8.76 9.89 11.31 9.84 12.82 9.72 8.34 9.798 10.17 
Pb 0.004 0.122 NO NO 0.215 0.099 NO 0.002 0.055 ND Oil 
Se . 0.007 0.003 NO NO NO NO 0.004 0.003 0.002 0.004 CJ) 

Tl ND NO 0.118 0.198 ND 0.201 ND 0.072 0.074 0.043 
Va ND 0.061 0.096 0.032 0.027. 0.01 0.079 0.17 0.059 0.055 
Zn 0.01 0.039 0.048 0.044 0.141 0.082 0:018 0.048 0.058 0.047 
Rb ND ND 0.005 0.021 0.003 0 0 0.003 0.004 0.004 
Sr ND ND 0.004 0.025 0.004 · 0.001 0.011 0.01 0.007 0.002 
YI ND 0.001 ND 0.005 0.008 0.001 0 0.007 0.003 0.004 
Zr 0.002 0.001 0.008 0.035 0.002 0.008 0.021 0.008 0.010 ND 

~aluitli la wm 
Ag ND . · 26 ND ND ND ND ND ND 3.250 ND 
Ba ND . ND 155 727 ND NO ND 210 138.500 ND 
Cd ND ND 41 ND ND 102 NO- ND · 17.875 ND 
Cs ND ND ND ND N_D ND ND ND NO ND 
Sn 300 298 419 448 . 251 219 72 108 284.125 71 

(a) Samples Included glass phases. Also. sa01>les MB-5, M10-S, and M7-S were split to obtain saq>les MB-51, M10-S2, and M7-S2. 
(b) ND• not detected. 
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TABLE 8 6. TCLP Results of Metal Phase Samples(a) 

5PtPes SarrdeMl S::i I de M2 SarrdeMJ Avemoa Lim 

As 0.01 0.01 0.01 0.01 5.00 

Ba 0.07 0.05 0.12 0.08 100.00 

Cd 0.83 0.43 0.89 0.72 1.00 

Cr 0.32 0.65 0;22 0.40 5.00 

Pb 0.19 0.13 0.11 0.14 5.00 

Hg <0.00040 <0.00040 <0.00040 <0.00040 0.20 

Se 0.01 0.01 0.01 0.01 1.00 

Ag 0.05 0.05 0.05 0.05 5.00 

(a) Vak.les in ppm. 

8.3 SUBBQU~Cl~G SOIL A~I.XSES 

Most surrounding soil samples were analyzed primarily using SW-846 methods with one blank and 

one posttest &an1)te analyzed by XRF. Results are provided in Table 8.7. 

8.3.1 Strgntlym 

Surrounding soil analyses were relatively oonsistent for strontiJm with the exception of SalllJles X-2, 

BC-A, BC-8, 100-0, and 70-F. SafT1)le X-2 was oolected at a 3~ (1-ft) depth in Hanford soil adjacent to 

the south side of the block in the 100° to 400°C lsoband. Sample 70-F was oollected approximately 1-m 

directly below the block in Hanford soil in the 70° to 100°C isoband. Hanford soil has a higher concentra­

tion of naturally occurring strontium; oonsequently, the higher value of strontium in these two samples is 

not surprising. SaJll)les BC-A and BC-B were oollected from the soil/melt interface (crust) at the bottom of 

the block. In this narrow interfacial region, the temperatures ranged from the melting temperature of 

ORNL soil (approximately 1550°C) to just below the fusion temperature. Both samples show about twice 

the background levels of strontium. However, sa"l)les SC-A and SC-B, which are side crust samples at a 

s~tt depth at the original level of the tank sludge, do not indicate any significant increase in strontium oon­

centrations above background levels. Based on results from numerous ISV tests that show extremely 

high retentions of strontium in the vitrified product (Buell et al. 1987), it is suspected that no consistent or 

significant quantities of strontium evolved from the melt to the surrounding soils. This conclusion is 

furt_her substantiated by the mass balance information discussed in Section 8.6. 
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8.3.2 ces;um 

The data in Table 8.7 reveal that the levels of cesium in all of the surrounding soil samples are 

consistent with the range expected for background levels. It is concluded that no migration of cesium 

from the melt to surrounding•soil occurred. 

8.3.3 MeCQ.Jry 

The three samples analyzed for mercury showed no evidence of mercury contamination in the sur­

rounding soils. AdditlonaJ salT1)Ies were submitted for analyses to an offsite laboratory; however, the sam-
-- pies were contaminated during the analyses of a 1000 µgig spike. sample and were determined to be 

useless for reporting purposes. To confirm the samples were indeed contaminated and the values use­

less for reporting purposes, the mercury concentrations measured in the contaminated samples were 

used to calaJlate the equivalent quantity of mercury in the total volume of soil around the vitrified block. 

The results of the calculation indicate that the amount of mercury reported in the samples corresponded 

to a total of 15 kg (33 lb) of mercury (assuming even distribution in the soils surrounding the block that 

were represented by the samples), which is roughly two orders of magnitude more mercury than was 

available in the tank sludge. 

8.3.4 Cadmjum 

Analytical results for cadmium (presented in Table 8.7) ranged from less than 1 to 6.8 µgig. Data do 

not indicate a pattern to suggest transport of cadmium is c~.:·ing. Cadmium has a negligible vapor pres­

sure below 500°C; therefore, it is expected that any cadmium found in surrounding soils would be found 

in the soils directly adjacent to the block (crust samples) or in 400-series samples (below block). No cad­

mium contamination would be expected in the 100· to 4oo·c or the 10· to 1oo·c isobands (100- series 

and 70-series samples). However, samples 100-D and 70-F showed cadmium concentrations consistent 

with crust samples SC-A and SC-8 at concentrations similar to background levels. 

8.4 Off GAS 

The off-gas sampling results are summarized in Table 8.8. The data indicate that roughly 54% of the 

cadmium, 23% of the mercury, and only 10% of the lead were released from the melt. As expected, only 

0.05% of the nonvolatile strontium was released from the melt. The laboratory that analyzed these sam­

ples encountered extreme difficulty with the cesium analyses (the reported detection limit exceeded the 

expected concentrations); consequently, the cesium data were useless for reporting purposes. The dis­

tribution of these four species in the hood and off gas are shown in Table 8.9 and reveals that the bulk of 
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TABLE 8.7. Surrounding SoU Analytical Results tor Target Simulated-Waste Components LN I 
-&:: .j 

XAF ~ Qimm ,:},Ii SW846 Mehdl 
c:) 

I c:::::l 

Prfiest Posttest, SkJeCrusl 11 
I c::) 

ONRL 1-ft~ Pretest 5-ftDegh BggnCrust BebN Bkrls Sol Sao:llfes '° I 
u,,.i 

Qmxxm X-l X-2 D-2 -5Q:A_ 00:B ~ ~ ..m:..a 400-A 100.0 l~ 1Q£ :mE co I 

Sr 134 398 ± 20 105 125 120 250 254 153 98.7 246 57.8 432 44 .8 I 
Cs <13 <12 4.11 4.1 4 .5 4.7 . 3 ;8 7 .5 6 5.9 4.82 2.6 5 I 
Hg <3.0 <3.0 0.53 ± 0.1 NA NA NA NA NA 0.6 NA 0.6 NA <1 .0 

OD 
(0 Cd <6.9 <6.1 0.37 ± 0.13 6.8 ± 1 5.38 <5 <5 <5 0.17 ± 0.04 5.0± 2 0.40 ± 0.1 6.7 <1 .0 

Pb 39.7 9.9 11.6 <1 3 .3 <1 <1 50/7.2 15.3 <1 13.9 · <1 11 .6 

Notes: 1. All values are In µg/g. 
2. NA Indicates sample not analyzed for the component. 
3. Crust samples were collected from the partially fused soil zone lnvnedlately adjacent to the vitrified block. 
4. Alter microwave digestion, vials were cooled before opening to reduce volatile losses. 
5. Samples X-2 and 70-F contained Hanford soll, which has a slgnlflcantly higher concentration of naturally ocrurrlng strontlµm. 



TABLE 8 8. Hood and Off-Gas San1)1e Co"""°sition Sumrna,y for Target Sirn.llated-Waste 
~ 

Pera!r1aJe 
Pretest 8emertal . TOlal in Hood ard Released 

ae:rre,i Q2ran iiamn (gl~> Off.(""'-1:i Sarmles (g}(C) m:im tt:Ja Malt ~<al 
Cd 70.21 38.21 54.43 

Hg 259.56 59.90 23.08 

Pb 4784.18 482.58 10.09 

Sr 2104.07 0.99 0.05 

(a) Cs data unavailable (see discussion in Section 8.4). 
(b) The pretest elemental concentration .includes the quantity from the 

~e. tank structure, limestone, and soil consumed by the melt. 
(c) The totaJ in hood and off-gas is a caJculated vak.le representing the total 

mass of each element released from the melt based on representative · 
smear samples of the hood and off-gas line, ground cover and heat 
shield samples, and MM5 filters and impinger solutions s~les. 

TABLE a 9. Bemental Distribution of Target Simulated-Sludge Components in the Off Gas<•l 

Gard Hea 
eiamari Cover SJiefd 

Cd 0.16 0.09 
Hg .0.06 0.01 
Pb 1.15 0:50 
Sr 0.59 0.01 

(a) Al vak.les are in grams. 
(b) No analysis. 

Hood~all Hood Bgm 
0.34 0.05 
0.07 0.01 

16.38 2.59 
0.25 0.02 

TotalEneriYJ 
SmbS\tstem Total 

~'s4•il-S Released 
Qtf::Gas Line MM5Eillm:s llllliD!mCi tmmMatt 

0.04 37.46 0.07 38.21 
0.30 0.18 56.26 56.90 
2.21 459.41 0.34 482.58 
0.03 -O(b) 0.09 0.98 

the more volatile contaminants released to the off gas were captured either on the EPA Modified 

Method 5 (MM5) filter or in the MMS impinger solutions in the case of mercury. Strontium tended to stay in 

the hood rather than be carried out in the off-gas stream as i~dicated by the strontium values on the 

ground cover (0.59 g) and on the hood walls (0.25 g). 

Off-gas analyses following off-gas treatment for the stack MM% sampler are provided in Table 8.1 0. 

No strontium or cadmium were detected on the stack MMS filters or impinger solution samples. A total of 

0.61 g of mercury and 0.58 g of lead was exhausted out the stack after off-gas treatment during the 65-h 
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· TABLE 8,10. Stack Off-Gas Composition for Target Simulated-Sludge Components(a) 

"1)iiger 

MMSAter SolJli:>n Total Exhausted 

Elemert Iotals{UQ'gl !otalc;(IDJ:1,) Q.4 ttia Stad< (g) 

Cd 0 0 0 

Hg 258 0.31 0.61 

Pb 116 0.32 0.58 

Sr 0 0 0 

(a) Data unavailable for Cs. 

sampling period. Assuming all the lead and mercury in the sludge layer was released from the melt over a 

13-h period (the time required to melt through the sludge layer), concentrations in the off gas would be 52 

and 49 µg/m3 for mercury and lead, respectively, at an off-gas flow rate of 10 m3/min. 

Note that the presence of the hollow vent pipe may have decreased the melt retention of the vola­

tile and semivolatile metals. The vent was essentially an open pathway to the off-gas hood. 

Detailed worksheets •3.t ~1larizing all analytical results and calculations for the hood and off-gas line 

smear ~amples, ground cover and heat shield fabric samples from the hood, and the MM5 filter and 

impinger solution analyses from the off-gas line and stack are included in Appendix B. 

8.5 WATER BALANCE 

An attempt was made to account for all water originally present in the pretest soils, concrete, lime­

stone, sludge, and for air in the form of humidity drawn into the off-gas hood to determine if there was a 

net movement of water vapor away from the melt. This is a significant issue relative to the potential migra­

tion of water-soluble contaminants or other species with appreciable vapor pressure. Previous test data 

tend to support the theory that there is actually a net movement of water toward the melt; this has been 

described in several reports (e.g., Timmerman and Peterson 1990). 

The two separate phases of this test caused difficulty in measuring the water balance since the initial 

test phase was halted after 19 hat ,a 1.06-m melt depth. The thermal flux from this melt continued to drive 

downward for the next three weeks, which dried out the surrounding soils until the restart at grade level. 

However, the method of accounting for water using the MMS samplers is straightforward. An isokinetic off­

gas sample is drawn through the impingers that are housed in an ice bath to condense water vapor in the 

8.11 



sar11)Ie. Arr/ remaining water vapor in the off-gas stream is removed by a column of silica gel. The total 

volume o~ water that passed through the off-gas line during the sampling period is detennined on a gravi­

metric basis using the ratio of off-gas volume-to-sample volume. 

The entire pretest region had a mass of 4186 kg (9209 lb) of water, induding the water in the soil 

consumed by the melt. the surrounding soil volume, the concrete components, the limestone, and the 

sludge and soil in the tank. The first phase of the test, including the three-week restart or test recovery 

period. removed a total of 1712 kg (3766 lb) of water either in the soil and tank region that was melted or in 

the surrounding soil thennally Influenced by the process. The second phase of the test removed the 

remaining 2477 kg (5449 lb) of water in the test site. The MMS sampling occurred over a 57.1-h period 

and was initiated In the second test phase only after the majority of the initial melt was remelted and the 

lower regions of the tank were beginning to heat. Assuming that the 57 .1-h MMS sa~ling period occur­

red when the majority of water from the second test phase was evaporating, the 2477 kg (5499 lb) <;>f water 

would have evaporated during this 57.1-h sampling period (the upper regions that had to be remelted 

were already dry as a result of the initial test phase). A total of 2536 kg (5579 lb) of water was collected 

during the 57.1-h sampling period. Using these assumptions and the actual value of water recovered in 

the second phase. a total of 102% of the water originally present in the test site is accounted for. This 

value is remarkabty ci>se to a 100% accountability of the water and undoubtedly has some error associ­

ated with the assumptiQns. These results should be considered qualitative but they generally support the 

theory and obs~r •~ons that there was no net movement of water fNiay from the vitrified zone. (The work­

sheets and data regarding the MMS samplers are includ~ !n Appendix B.) 

8.6 TOTAL MASS BALANCE 

A mass balance for the target simulated-waste species was performed to assess the overall perfonn­

ance of the ISV process including the melt and the off-gas treatment. The mass balance is summarized in 

Table 8.11. The tabulated data reveal that the mass balance is difficult to verify because the quantities of 

strontium, cadmiJm, cesium, and lead accounted for in the samples are greater than the maximum 

possible quantities-by factors of 1.3 to 3.9. The amount of mercury accounted for in the system is only 

32% of the total in the system. The mass balance calrulations assume a homogenous distribution of each 

species in each of the product phases based on the average analytical value. It is suspected that the wide 

standard deviation in the metal phase s~les contributes to the error. Additionally, most of the glass 

samples were collected from the ~nter core of the bottom third of the vitrified mass, and the assumed 

homogenous distribution throughout the entire mass is likely incorrect. For example, glass sample PTRA-

13 was the only sample collected near the outer edge of the block and has a strontium value approxi­

mately 50% less than the samples taken from the core of the block, consistent with background soil con- · 

centrations. While it is generally true that the convective currents in the melt unifonnly mix the inorganic 
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TABLE B 11 . Mass Balance Distribution of Elemental Target Sirrulated-Sludge Components(a) 

~!:mill Pret~ Tgtals (gl (bl Mel(gl SQB (gl Mmal(gl f-md(gl Off .("~s Stade: (Cl 

Cd 70.21 159.9 0 60.4 41 .23 0 

Cs 283.74 375.2 0 0 unknown unknown 

Hg 259.56 17.2 0 0 65.28 0.84 

Pb 4784.18 4636.9 0 1857.9 519.80 0.79 

Sr 2104.07 6556.9 0 23.65 0.98 0 

(a) Cs data for hood and off gas are unavailable. 
(b) Pretest totals include the sum of each element in the pretest soils, metal, sludge, concrete, and 

limestone. in grams. 

species throughout the entire waste form, previous studies have shown that this mixing does not result in 

an absokrtely uniform distribution (Timmerman and Oma 1984). It is suspected that the contaminants were 

distributed only throughout the center core of the vitrified block. 

The samples that best reflect the reliability of analyses involve the il'll)inger solutions and glass fiber 

filters of the MMS sal'll)lers. Consequently, the values fr r t ... 3 amount of each species released to the off 

gas are judged relatively accurate. Considering the amount of each species released from the melt, the 

quantity of strontium retained in the melt and in the metal phase represents 99.96% of the total inventory. 

Using this same approach, 89.91% of the lead was retained in the melt or metal phase. The quantity of 

cadmium released to the off gas amounted to 54.43% of the original inventory. The total quantity of the 

mera.iry could not be accounted for using either the soil or off-gas analytical approach: 23.08% of the total 

mercury inventory was accounted for in off-gas releases from the melt. However, only an additional 6.6% 

of the mercury could be accounted for in the vitrified product, the metal phases, and the surrounding 

soils. Therefore, the overall distribution of mercury cannot be conclusively established. A summary distri­

bution of the target sludge species based on the off-gas and surrounding soil analyses is provided as 

Table 8.12. 
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TABLE B 12. Summary Distriootion of Target Sk.ldge Species Based on Off _Gas and 
Suroun:irYJ Soi~ 

~ MeM..1-(%) · SQif!',;} 1-mdOTGas~<a} 

Cd 45.57 0 54.43 
Hg 76.92(b) 0 23.08 

Pb 89.91 0 10.09 
Sr 99.96 0 0.04 

(a) Cs data unavailable from off-gas analyses; soil results 
indicated no surrounding soil contamination. 

(b) A Hg retention value of 76.920/o is indicated but suspect. 
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APPENDIX A 

MODELING PRESSURE PULSES DURING IN SITU YIIRIEIGAJION 

A.1 INJBOQUCTION 

This appendix describes the technical bases of computer code P3-ISV (Pressure Pulse Predidor -

In Situ Vitrification) and its use in interpreting a particular pressurization event. P3-ISV is a set of coffl)Uter­

based algorithms for estimating pressure and temperature transients in the containment hood during a 

vitrification process that is interrupted by an eruption of gas, soil, and lava in the hood followed by the 

exposure of the melt surface. The code describes the dynamic heat transfer and flow processes that 

. occur during such an event. 

A.2 TRANSIENT RESPONSE Of THE MODEL 

The following desaiptions of the eruption and melt exposure phases of the pressurization event 

are only qualitative. A detailed technical basis showing equations and numerical methods is beyond the 

scope of this appendix. 

The two principal parts of P3-ISV are numerical solutions of unsteady-state difiere1"!"'f.l equations for 

the coupled mass and energy balances of the hood gas space. These balances and their important com­

ponents are described here. The mass balance (gas space mole balance) is the simpler of the two bal­

ances. A vacuum exhaust system is assumed to provide a constant outflow from the hood. The inflow 

resistance is calculated from this outflow at normal vacuum (1.8-in. W.C.). During a pressurization event, 

the hood can exhaust through two other paths. The first path is the normal inflow path when hood 

vacuum becomes negative. A second path is opened up when hood vacuum exceeds -1-in. W .C. and 

remains open. This path has a flow resistance assumed equal to the normal inflow resistance. The gas 

volume is assumed to be well-mixed and to obey the ideal gas law. The temperature of the gas is obtained 

from the energy balance. 

Airborne dust from the eruption is allowed to reach a maximum concentration of 10 g/rn3 (a stable 

aerosol for short-term events). The aerosol is depleted by inflow and outflow following the eruption. No 

gravitational settling of particles is presently modeled mechanistically for the short duration event. This 

airborne dust is critical for absorbing melt and lava radiation and reradiation to the hood surfaces. 

The gas space .energy balance has input'output flow enthalpy rates from gas inflow and outflow, 

radiative transfer as mentioned above, and convective transfer from cooling lava and melt surfaces. For 
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the short duration of the modeled event, no net convective transfer of heat is modeled from the gas to the 

hood walls. A net enthalpy term ex~s for convection to. the gas space equal to the amount required to 

heat gas leaking into the hood during preevent conditions. 

The eruption phase of the pressurization event is charaderized by an initial slow eruption (corre­

sponding to the iniUaJ gas release) that rapidly accelerates, resulting in the exposure of the melt surface. 

P3-ISV approximates this eruption with the ejection of gases, partictes, and molten lava at an accelerating 

rate. The particles ant aJlowed to transfer excess enthalpy into the gas upon becoming airborne. The lava 

ejected from the melt is assumed to puddle and commence the release of both convedive and radiative 

heat to the hood gas space. At the end of the short eruption phase, the melt surface exposure phase 

begins. 

The melt exposure phase is characterized by radiation and free convective heat transfer to the hood 

gas (suspended particulate) from the melt and lava surfaces. The temperature difference between the 

melt and gas drives the free convection. With 1 O g/m3 of suspenqed particles in the hood, almost no .radia­

tion initlally penetrates directly to the hood walls. Penetration can occur once the aerosol is sufficiently 

diluted. 

A.3 SJMULATION o·f P3-JSY JO PJLOT-SCALE JANK TEST 

I i :11!ot-scale tank test pressurization event produced temperature and pressure data that served as 

bases of comparison for adjustment of model parameters and for quantitatively interpreting the event­

controlling parameters. A suitable set of parameters was obtained for the event. 

Figure A.1 contains the actuaJ temperature and pressure data as recorded during the initial 1 O s of 

the pressurization event. The pressure sensor has a cutoff response at -5-in. W.C. vacuum, and the 

thermocouple has an inherent time response constant of approximately 1 O s. Figure A.2 contains the 

caJculated traces of the same instruments as simulated b)' P3-ISV. The temperature match is very close. 

The pressure match reveals a discrepancy after 5 s. F19ure A.3 is a plot of the actual hood pressure and 

temperature as calculated by P3-ISV. The hood reached a maximum overpressure of 82-in. W.C. at 5 s 

and a maxirrum temperature of 640"C at 8 s. With data from Figures A.1 and A.2 in mind, it is probably safe 

to conclude that the maxirrum overpressure was probably too high. 
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The following P3-ISV input parameters were initiatly fixed, and were not adjusted to minimize experi-

mental data/caJaJlated data dfflerP~.<;.;11!~ • 

initial hood gas temperature, 335·c 
initlaJ hood vacuum, 1.8-in. W.C. 

melt surface c:lameter, 61 m (2-ft-dlameter hole in cold cap responsible for thermal radiation) 

mel and 1ava·emissivity, 0.8 

radiation aneooatJon coeffldent tor airborne partldes, 1 µm 

volume of soil particles erupted, 0.1 m3 (3.53 ft3) 

gas erupted, 0.72 gmoles 

bulk density of soil erupted, 1500 kg/m3 

porosity of soil erupted, 0.5 

mass of lava erupted, 20 kg {44 lb) 

duration of eruption, 3 s 
. 

normal gas flow out of hood, 15 m3/min 

temperature of inleakage gas, 25"C. 
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· The following P3-ISV input parameters were obtained by adjusting calculated output to match 

experimental data: 

initial lava temperature, 1 sso·c 

initial melt temperature, 1700"C 

temperature of gas and soil erupted, 375"C. 

The pressure response curves generated by P3-ISV could be produced more realistically by improv­

ing the outflow resistance of the pressure relief system and by including a gas generation term for the soil 

that is pressure sensitive. The longer (> 1 O s) response time of the temperature curve could be suspect if · 

analyzed. Therefore, a more corll)lete heat transfer model might be indicated. Additional features that 

would likely improve the predictive capability of the model include the following: 

• a model of the pressure relief system as a HEPA filter 

• a model of gas outflow from the soil 

• a modet of the soil as a gas storage reservoir that could store hood gases during 
rising hood pressure and could release the stored gases during falling hood 
pressure 

• a modet of appropriate flow resistances for the soil reservoir 

• a model of the hood dome and any interior equipment for appropriate heat 
transfer. 
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APPENDIXB 

OFF-GAS PATA FROM METHOD s SAMPLERS 



·' 
Sr 

~ 
Cd 
Pb 

Notes: 

Percent Retention 

Total Consumed by melt 
grams (1) 

2104.07 
259.56 

70.21 
4784.18 

Total in Off-gas and hood 
grams (2) 

0.9842 
65 .2832 
41.2356 

519.8096 

Percentage in off-gas 
% (3) 

0.05% 
25.15% 
58.73% 
10.87% 

(1) soil, limestone, metal(tank), sludge consumed In a volume of 356.8 cu.ft. 
(2) mass of Sr, Hg, Cd, Pb as found via smear samples and MMS data 
(3) -(col.d/col.bt1 oo 
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GAOLtlD COVEF HEAT SHIELD SMEAR MM5FILTEAS MM500UNE OFF-GAS TOTAL 
FABRIC FABRIC TOTALS OGUNE IMPINGEAS STREAM OFFGAS 
G~ GRAMS GRAMS GRAMS GRAMS GAM4S GAAMS 

Ba 1.0036 0.0043 0.1447 0.0675 0.2126 0.2801 1.4327 
Ml 20.1596 0.1667 4.4513 4 .:::.531 0 .2338 4.4869 29.2645 
Sn 0 .0405 0 .0021 0.0874 0 .1: 101 . 0 0 .4301 0.5601 
Tl 0.0297 0.0111 0.0356 0.3082 0.0259 0.3341 0.4105 
V 0.2588 0.0061 0 .0624 0.0720 0 0.072 0.3993 

Na 6 .3648 0.2598 3.4995 20.4081 5 .1879 25.596 35.7201 
M:> 0 .1056 0 .0188 0 .2217 0 .3001 0.0439 0.344 0.6901 
Al 75 .0041 0.276 18.7564 10.8056 0.9278 11.7334 105.7699 
Sb 0.05~4 0 0.0469 0.0776 0.0334 0.111 0.2133 0 

::: Be 0 0 0 0.0000 0 0 0 I 

G> 
CD Ca 69 .5461 0 .1774 16.2331 6.1592 3 .4719 9.6311 95.5877 fl: I\) 

Zn 0.625 0.065 3 .318 289.3188 0.0848 289.4036 293.4116 -t 
0 

Cu · 0 .1303 0.0314 0.5811 0.7549 0 0.7549 1.4977 ii> 
in Ao 0 .0139 0.0008 0 0.0286 0 0 .0286 0.0433 

Fb 1.1532 0.4982 21.1903 496.7584 0 .2095 496.9679 519.8096 
Tl 0 .8979 0 .0413 0.1612 0.4069 0 0.4069 1.5073 
Cd 0 .1593 o·.0952 0.4414 40.5048 0.0449 40.5497 4L2356 
Co 0.0701 0.0137 0.1001 0 .2560 0 .0249 0.2809 0.4648 
NI 0.2386 0.4399 4 .4871 46.9773 0.0499 47.0272 52.1928 
K 23 .2407 0 .2079 4 .938 34.2428 0.8081 35.0509 63.4375 

M1 1.3029 0 .0145 2 .1734 0.5439 0 .5587 1.1026 4.5934 
Fe 67 .1692 5.7075 101.9531 540.1503 0 , 1097 540.26 715.0898 
Cr 0.4 789 0.0142 2 .6433 21.1083 0 21.1083 24.2447 ·~ 0 .0643 0.0096 0 .3839 0.1948 64.6306 64.8254 65.2832 
Sr 0.5898 0.0066 0.3 0 0 .0878 0.0878 0.9842 



Total Smears 

t-OCOFO:f' HCOOWALLS OGUNE TOTAL 
GRAMS GRAMS GRAMS GRAMS 

Ba 0.0112 0.0709 0.0626 0.1447 
MJ 0.3738 2.3599 1.7176 4.4513 
Sn 0.0091 0.0572 0.0211 0.0874 
Tl 0.0027 0.0169 0.016 0.0356 
V 0.0061 0.0388 0.0175 0.0624 

. Na 0.2866 1.8092 1.4037 3.4995 
MJ 0.0253 0.1599 0.0365 0.2217 
Al 1.7216 10.8685 6.1663 18.7564 
Sb 0.0048 0.0305 0.0116 . 0.0469 
Be 0 0.0000 0 0 
Ca 1.4869 9.3871 5.3591 16.2331 
Zn 0.405 2.5565 0.3565 3.318 
Cu 0.0729 0.4602 0.048 0.5811 
Ag 0 0.0000 0 0 
Pb 2.5959 · 16.3880 2.2064 21.1903 
Ti 0.0133 0.0842 0.0637 0.1612 
Cd 0.0544. 0.3435 0;0435 0.4414 
Co 0.01 ~9 0.0749 0.0133 0.1001 
Ni 0.5836 3.6840 0.2195 4.4871 
K 0.4278 2.7007 1.8095 4.938 

M, 0.2866 1.8092 0.0776 2.1734 
Fe 12.9171 81.5468 7.4892 101.9531 
Cr 0.3032 1.9141 0.426 2.6433 
HJ 0.0091 0.0721 0.3027 0.3839 
Sr 0.0204 0.2478 0.0318 0.3 

8.3 



Hood Roof Smears 

SAMPLE# SAMPLE 'Nf. SAMPLE AREA AREA OF TOTAL MASS 
HSPT ug/g GRNIIS FT.2 ROOFFT2 GR.AMS 

Ba 5.41 5.1 0.1056 43 0.0112 

~ 180 5.1 0.1056 43 0.3738 
Sn 4.36 5.1 0.1 056 43 0.0091 
Tl 1.29 5.1 0.1056 43 0.0027 
V 2.96 5.1 0.1056 43 0.0061 

Na 138 5.1 0.1 056 43 0.2866 
Ml 12.2 5.1 0.1056 43 0.0253 
Al 829 5.1 0.1056 43 1.7216 
Sb 2.33 5 .1 0.1056 43 0.0048 
Be 0 5.1 0.1056 43 0.0000 
ca 716 5.1 0.1056 43 1 .4869 
Zn 195 5.1 0.1056 43 0.4050 

Cu 35.1 5.1 0.1056 43 0.0729 
Ag 0 5.1 0.1056 43 0.0000 

Pb 1250 5.1 0.1056 43 2.5959 
Tl 6.42 5.1 0.1056 43 0.0133 
Cd 26.2 · 5.1 0.1056 43 0.0544 

Co 5.71 5.1 ,:L, ns6 43 0.0119 
Ni 281 5.1 0.1056 43 0.5836 
K 206 5.1 0.1056 43 0.4278 

M, 138 5.1 , 0.1056 43 0.2866 

Fe 6220 5.1 0.1056 43 12.9171 

Cr 146 5.1 0.1056 43 0.3032 

~ 4.38 5.1 0.1056 43 0.0091 

Sr 9.82 5.1 0.1056 43 0.0204 

8 .4 
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Hood Wall Smear 

SAMPLE# SAMPLE WT. SAMPLE AREA AREA OF TOTAL MASS 
PTOS ug/g GRAMS FT 2 WALLS FT2 GPAA1S . 

Ba 5.41 4.06 0.1056 341 0.0709 

MJ 180 4.06 0.1056 341 2.3599 

Sn 4.36 4.06 0.1056 341 0.0572 

Tl 1.29 4.06 0.1056 341 0.0169 

V 2.96 4.06 0.1056 341 0.0388 

Na 138 4.06 0.1056 341 1.8092 

MJ 12.2 4.06 0.1056 341 0.1599 

Al 829 4.06 0.1056 341 10.8685 

Sb. 2.33 4.06 0.1056 341 0.0305 

Be 0 4.06 0.1056 341 0.0000 

ca 716 4.06 0.1056 341 9.3871 

Zn 195 4.06 0.1056 341 2.5565 

Cu 35.1 4.06 0.1056 341 0.4602 

Ag 0 4.06 0.1056 341 0.0000 

Pb 1250 4.06 0.1056 341 16.3880 

Ti 6.42 4.06 0.1056 341 0.0842 

Cd 26.2 4.06 0.1056 341 0.3435 . 

Co 5.71 4.06 0.1056 341 0.0749. 

Ni 281 4.06 0.1056 341 3.6840 

K 206 4.06 0.1056 341 2.7007 
M, 138 4.06 0.1056 341 1.8092 

Fe 6220 4.06 0.1056 341 81.5468 

Cr 146 4.06 ·0.1056 341 1.9141 

1-1;; 5.5 4.06 0.1056 341 0.0721 

Sr 18.9 4.06 0.1056 341 0.2478 

8 .5 



Off-Gas Line Smear 

SAMPLE II SAMPLE WT. SAMPLE AREA AREA OF TOTAL MASS 
OGL 2 ug/g GP.AMS FT.2 LINE FT2 GRAM.S 

Ba 27.9 5.76 0.1736 67.58 0.0626 
MJ 766 5.76 0.1736 67.58 1.7176 
Sn 9.4 5.76 0.1736 67.58 0.0211 
Tl 7.12 5.76 0.1736 67.58 0.0160 
V 7.79 5.76 0.1736 67.58 0.0175 

Na 626 5.76 0.1736 67.58 1.4037 
Ml 16.3 5.76 0.1736 67.58 0.0365 
Al 2750 5.76 0.1736 67.58 6.1663 
Sb 5.16 5.76 0.1736 67.58 0.0116 
Be 0 .S.76 0.1736 67.58 0.0000 
ca 2390 5.76 0.1736 67.58 5.3591 
Zn 159 5.76 0.1736 67.58 0.3565 
Cu 21.4 5.76 0.1736 67.58 0.0480 
Ag 0 5.76 0.1736 67.58 0.0000 
Pb · 984 5.76 0.1736 67.58 2.2064 
Tl 28.4 5.76 o. 1736 67.58 0.0637 
Cd 19.4 5.76 0.1736 67.58 0.0435 
Co 5.91 5.76 0.1736 67.58 0.0133 
NI 97.9 5.76 0.1736 67.58 0.2195 
K 807 5.76 0.1736 67.58 1.8095 

M, 34.6 5.76 0.1736 67.58 0.0776 
Fe · 3340 5.76 0.1736 67.58 7 .4-892 
Cr 190 5.76 0.1736 67.58 0.4260 
~ 135 5.76 0.1736 67.58 0.3027 
Sr 14.18 5.76 0.1736 67.58 0.0318 

8.6 
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Heat Shield Ground Cover Totals 

GROUND COVEF HEAT SHIELD TOTAL 
GP.AMS GP.AMS GP.AMS 

Ba 1.0036 0.0043 1.0079 

~ 20.1596 0.1667 20.3263 
Sn 0.0405 0.0021 0.0426 
Tl 0.0297 0.0111 0.0408 
V 0.2588 0.0061 0.2649 

Na 6.3648 0.2598 6.6246 
M) 0.1056 0.0188 0.1244 
Al 75.0041 0.276 75.2801 
Sb 0.0554 0 0.0554 
Be 0 0 0 

• 
Ca 69.5461 0.1774 69.7235 
Zn 0.625 0.065 0.69 
Cu 0.1303 0.0314 0.1617 
Ag 0.0139 0.0008 0.0147 
Pb . 1.1532 0.4982 1.6514 
Tl 0.8979 0.0413 0.9392 
Cd 0.1593 0.0852 0.2445 
Co 0.0701 0.0137 0.0838 
Ni 0.2386 0.4399 0.6785 
K 23.2407 0.2079 23.4486 

Ml l.3029 0.0145 1.3174 
Fe 67.1692 5.7075 72.8767 
Cr 0.4789 0.0142 0.4931 

HJ 0.0643 0.0096 0.0739 
Sr 0.5898 0.0066 0.5964 

I 
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Ground Cloth Analysis 

SAMPLE# SAMPLE 'NT. 3ROUNOCOVEF TOTAL MASS 
K A2 GAA'AS FABRIC 'NT. G. GRAMS 

Ba 114 8.54 8803.3 1.0036 

~ 2290 8.54 8803.3 20.1596 
Sn 4.6 8.54 8803.3 0.0405 
Tl 3.37 8.54 8803.3 0.0297 
V 29.4 8.54 8803.3 0.2588 

Na 723 8.54 8803.3 6.3648 
M:> 12 8.54 8803.3 0.1 056 
Al 8520 8.54 8803.3 75.0041 
Sb 6.29 8.54 8803.3 0.0554 
Be 0 8.54 8803.3 0.0000 
Ca 7900 8.54 8803.3 69-.5461 
Zn 71 8.54 8803.3 0.6250 
Cu 14.8 8.54 8803.3 0.1303 
Ag 1.58 8.54 8803.3 0.0139 
Pb 131 8.54 8803.3 1.1532 
Tl 102 8.54 8803.3 0.8979 
Cd 18.1 8.54 8803.3 0.1593 
~ 7.96 8.54. 8803.3 0.0701 
NI 27.1 8.54 8803.3 0.2386 
K 2640 8.54 8803.3 23.2407 

M, 148 8.54 8803.3 1.3029 
Fe 7630 8.54 8803.3 67.1692 
Cr 54.4 8.54 8803.3 0.4 789 

~ 7.3 8.54 8803.3 0.0643 

Sr 67 8.54 8803.3 0.5898 

8.8 
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Heat Shield Fabric Analysis 

SAMPLE# SAMPLE'NT. HEAT SHIELD TOTAL MASS 
HS A2 GP.AMS FABRIC WT. GRAMS . 

Ba 4.78 6.76 896 0.0043 

MJ 186 6.76 896 0.1667 
( 

Sn 2.33 . 6.76 896 0.0021 
Tl 12.4 6.76 896 0.0111 
V 6.84 6.76 896 0.0061 

Na. 290 6.76 896 0.2598 
Ml 21 6.76 896 0.0188 
Al 308 6.76 896 0.2760 
Sb 0 6.76 896 0.0000 
Be 0 6.76 896 · 0.0000 
ca 1 98 6.76 896 0.1774 
Zn 72 .6 · 6 .76 896 0.0650 
Cu 35.1 6.76 896 0.0314 
Ag 0.882 6.76 896 0.0008 
Pb 556 6.76 896 0.4982 
Ti · 46.1 6.76 896 0.0413 
Cd 95 .1 6.76 896 0.0852 
Co 15.3 6.76 896 0.0137 
Ni 491 6.76 896 0.4399 
K 232 6.76 896 0.2079 

Mi 16.2 6.76 896 0.0145 
Fe 6370 6.76 896 5.7075 
Cr 15.9 6.76 896 0.0142 
1-'g 10.7 6.76 896 0.0096 
Sr 7 .35 6.76 896 0.0066 

B.9 



Restart MMS Calculations, Oft-Gas Line 

Area of stack ft. squared 
temperature off-gas degrees R 
pressure at sample point in. Hg 
barometric pressure In. Hg 
apressure pitot tube 
~H across ttow orifice 
Average temp meter degrees R 
dry gas meter factor 
sample volume cf 
sample time 
water gain lmpingers ml 
water gain silica gel grams 
dla. nozzte In. 
pltot tube coefficient 
Particulate collected grams 
degrees F tD degrees R• F+460 

totaJ off-~~ flow (cfm) 
323.25 

DATA 

0.35 
810 
30 
30 

0.05 
0.81 
580 

1 
1803 
3428 
1712 
189 

0.375 
0.84 
2.68 

B. 10 

CALCULATIONS 

standard sample volume metered 
1649.008 

water gained in impingers std. cu. ft. 
80.584 

.water gained in silica gel std. cu. ft. 
8.911 

moisture in off-gas 
0.051 

mole weight of off-gas lb./lb*mole 
30.000 

wet mole weight of off-gas lb./lb. *mole 
29.382 

off-gas velocity ftJsec. 
15.393 

off-gas flowrate dscf/hr. 
12023.898 

sample flowrate cu.ft./min. 
0.511 
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Phase 1 MMS Calculations, Off-Gas Line 

Area of stack ft. squared 
temperature off-gas degrees R 
pressure at sample point in. Hg 
barometric pressure in. Hg 
apressure pitot tube 
aH across flow orifice 
Average temp meter degrees R 
dry gas meter factor 
sample volume cf 
sample time min. 
water gain impingers ml 
water gain silica_ gel grams 
dia nozzJe in. 
pitot tube coefficient 
Particulate collected grams 
degrees F to degrees R• F+460 

Total off-gas flow (cfm) 
336.45 

DATA 

0.35 
847.75 

29 
29 

0.05 
1.3 

580.3 
1 

259 
330 
272 

0 
0.375 
0.84 

2.079 

B.n 

CALCULATIONS 

standard sample volume metered 
229.164 

water gained in impingers std. cu. ft. 
12.803 

water gained in silica gel std. cu. ft. 
0.000 

moisture in off-gas 
0.0529 

mole weight of off-gas lb./lb*mole 
30.000 

wet mole weight of off-gas lb.fib. •mole 
29.365 

off-gas velocity ft.Isac. 
16.021 

off-gas flowrate dscf/hr. 
11541.504 

sample flowrate cu.ft./min. 
0.509 



flemtUll Concen11 ,ulon ug/g FIiier Wt II gt. Concent11Uon ug/g filllll WI. gt. 00 lowrale Sample Vol Sample lime Total In ollgaa liller ,. 
flll1r 12 filler 12 DSCf/mln ma= an. grams e~ 6 . -44 2.182 72.71 1.077 349.63 1149 3421 0 .0075 t.\l 1560 2.682 1660 1.077 349.53 1849 3421 4.2531 Sn 181 2.082 88.9 1.077 349.63 1149 3421 0 .4301 Tl 118 2.082 105 1.077 349.63 1849 3421 0 .3082 V 36.08 2.882 2 .17 1.077 349.53 1849 3421 0 .0720 0 Nit 10100 2.682 827 1.077 349.63 1849 3421 20.4081 :::i: 17.4 1.077 349.63 1149 ' 

M> 1-47 2.682 
3421 0 .3001 G) Al 43 20 2.082 3050 1.077 349.53 1149 3421 10.8058 I» 

(II Sb 39.8 2.682 0 1.077 349.53 1149 3421 0 .0718 
C Ott 0 2.682 0 1.071 349.63 1149 3421 0 .0000 ::, c:.. 2000 2.882 28110 1.077 349.63 1849 3421 , . ,512 C1) 

(D Zn 145858.3 2.682 UBS.2 1.077 3-41.63 1141 .3421 219.3181 ~ ~ a, 365 .02 2.682 65.17 1.077 349.63 1849 3421 0 .7549 ~ I\) 
Ag 14.87 2.882 0 .06 1.077 349.53 1141 3421 0 .0288 en 
Pb 200Ui8 .0000 2.882 1383-t3.I 1 .077 349.53 1849 3421 498.7584 :n Tl 80.3 2.882 320 1.077 · 349.63 1141 3421 0 .4069 (D Cd 195 71 2.682 3022.38 1.077 349.63 1849 3421 40.5048 

... 
Co 128 .73 2.882 8 .82 1.077 349.63 1149 3421 0 .2560 -t 

0 NI 2•068.8 2.882 97.62 1.077 349.63 1849 3421 41.9713 -I» K 16700 2.682 2170 1.077 349.63 1141 3421 34 .2428 in Ml 190 .-45 2.682 220.8 1.077 349.63 1149 3421 0 .5439 h 2736 55.5 2.882 8780 1.077 349.63 1149 3421 640.1503 Cr . 10020 . 7 2.682 26 .91 1.077 349.63 1849 3421 21.1083 tg 58 .96 2.882 102.14 1.077 3411.63 11411 3421 0 .1848 
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Off-Gas Line lmpinger Totals 

0G UNEMMS 
SOLlJrtON SOLlJrtON TOTAL 

CONCENTRATION VOLUME TOTAL OGUNE 
·mg/I LITERS GPAMS GRAMS 

( Ba 0.23 1.272 0.0003 0.2126 

~ 0.253 1.272 0.0003 0 :2338 
Sn 0 1.272 0.0000 0.0000 
Tl 0.052 1.272 0.0001 0.0481 

· v 0 1.272 0.0000 0.0000 
Na 10.4 1.272 . 0.0132 9.6120 
M) 0.088 1.272 · 0.0001 0.0813 
Al 1.86 1.272 0.0024 1.7191 
Sb 0.067 1.272 0.0001 0.0619 
Be 0 1.272 0.0000 0.0000 
Ca 6.96 1.272 0.0089 6.4327 

Zn 0.17 1.272 0.0002 0.1571 

Cu 0 1.272 0.0000 0.0000 
Ag 0 1.272 0 .0000 0.0000 
Pb 0.42 1.272 0.0005 0.3882 
Ti 0 1 .. 272 0.0000 0 .co:o 
Cd 0.09 1.272 0.0001 0.D&-.>2 

Co 0.05 1.272 0.0001 0.0462 
Ni 0.1 1.272 0.0001 0.0924 
K 1.62 1.272 0.0021 1 .4973 

Ml 1.12 1.272 0.0014 1 .0351 
Fe 0.22 1.272 0.0003 0.2033 
Cr 0 1.272 0.0000 0.0000 

HJ 2.13 1.272 0.0027 1.9686 
Sr 0.176 1.272 0.0002 0.1627 
1-g 224 0.385 0.0862 62.6620 

8 .1 3 



Phase 1 MMS Calculations, Stack 

Area of stack ft. squar~ 
temperature off-gas degrees A 
pressure at sample point in. Hg 
barometric pressure in. Hg 
·41pressure pitot tube 
'1H across flow orifice 
Average temp meter degrees A 
dry gas meter factor 
sample volume cf 
sample time min. 
water gain impingers ml 
water gain smca gel grams 
dia. nozz.le In. 
pltot tube coefficient 
Particulate collected grams 
degrees F to degrees A• F+460 

stack ftowrate ( cfm) 
508.61 

DATA 

0.2006 
655.5 
29.01 

29 
0.45 
1.4 
580 

1 
929 

1375 
902 
75 

0.25 
. o~s4 

0 

8 .14 

CALCULATIONS 

standard sample volume metered 
822.616 

water gained in impingers std. cu. ft. 
42.457 

water gained in silica gel std. cu. ft. 
3.536 

moisture in off-ga!? 
0.053 

mole weight of off-gas lb.Jlb·mole 
30.000 

wet mole weight of off-gas lb./tb. ·mole 
29.365 

off-gas velocity ft/sec. 
42.257 

off-gas flowrate dscf /hr. 
22571.206 

sample ffowrate cu.tt./min . 
0~771 



t 

Restart MMS Calctilations, Stack 

Area of stack ft. squared 
temperature off-gas degrees R 
pressure at sample point in. Hg 
barometric pressure in. Hg 
~ressure pitot tube 
~H across flow orifice 
Average temp meter degrees R 
dry gas meter factor 
sample volume cf 
sample time · min. 
water gain lmpingers ml 
water gain silica gel grams 
dia. nozzJe in. 
pilot tube coefficient 
particulate .collected grams 
degrees F to degrees R- F+460 

Stack Flowrate (CFM) 
479.04 

DATA 

0.2006 
668.4 

30 
30 
0.4 

1.27 
578.2 

0.9425 
2565 
3889 

. 3435 
795.5 
0.25 
0.84 
0.11 

8.15 

CALCULATIONS 

standard sample volume metered 
2220.414 

water gained in impingers std. cu. ft. 
161.685 

water gained in silica gel std. cu. ft. 
37.508 

moisture in off-gas 
0.082 

mole weight of off-gas lb./lb*mole 
30.000 

wet mole weight of off-gas lb./lb. *inole 
29.012 

off-gas velocity ft.Isac. 
39.801 

off-gas flowrate dscf/hr. 
20891 .625 

sample flowrate cu.ft./min. 
0.710 



MMS Stack lmpinger Totals 

OGUNEMMS 
SOLLmON SOLVTTON TOTAL 

CONCENTRATION VOUM: TOTAL STACK 
mg/I LITERS ~ GP.AMS 

Ba 0 3.435 0.0000 0.0000 
MJ 0 3.435 0.0000 0.0000 
Sn · O 3.435 0.0000 0.0000 
Tl 0 3.435 0.0000 0.0000 
V 0 3.435 o.o·ooo 0.0000 

Na 0.528 3.435 · 0.0018 0.8887 
M) 0 3.435 0.0000 0.0000 
Al 0 3.435 0.0000 0.0000 
Sb 0 3.435 0.0000 0.0000 
Be 0 3.435 0.0000 0.0000 
ca 0.657 3.435 0.0023 1.1058 
Zn 0 3.435 0.0000 0.0000 
Cu 0 3.435 0.0000 0.0000 
Ag 0 3.435 0.0000 0.0000 
Pb 0.32 3.435 0.0011 0.5386 
Ti 0 3.435 0.0000 0.0000 . 
Cd C 3.435 0.0000 0.0000 
Co 0 3.435 0.0000 0.0000 
Ni 0 3.435 0.0000 0.0000 
K 0.268 3.435 0.0009 ' 0.4511 

Mi 0.75 3.435 0.0026 1.2624 
Fe 0 3.435 0.0000 0.0000 
Cr 0 3.435 0.0000 0.0000 
1-g 0.31 3.435 0.0011 0.5218 
Sr 0 3.435 0.0000 0.0000 

8.16 



Element Concentration Filler Wt. OG flowrale Sample Vol. Sample Time Total In off gas 
ug/g grams DSCF/mln. OSCF min. grams 

Ba 0 0 .62 349.5 2355.9 3889 0 .0000 
Ml 96 .7 0.62 349.5 2355.9 3889 0.0346 "'-0 Sn 85.1 0 .62 349.5 2355.9 3889 0 .0304 cr-,.., -Tl 0 0.62 349.5 2355.9 · 3889 0 .0000 (J,J 

-+= V 0 0 .62 349.5 2355.9 3889 0.0000 c::::, 
c::) Na 4 l 8 0 .62 349.5 2355.9 3889 0 .1495 ~ 

Ml 0 0 .62 349.5 2355.9 3889 0.0000 C:l 

"° Al 392 0.62 349.5 2355 .9 3889 0 .1402 c..n 
{.Tl Sb 0 0 .62 349.5 2355 .9 3889 0 .0000 en Be 0 0 .62 349 .5 2355 .9 3889 0 .0000 ~ 

~ Ca 1590 0 .62 349.5 2355.9 3889 0 .5687 

~ 
CD 

Zn 57 0 .62 349.5 2355.9 3889 ..4 0.0204 ..._, 
Cu 0 0.62 349.5 2355.9 ·3999 Q.0000 :!1 Ag 0 0.62 349.5 2355.9 3889 0.0000 if Pb 1 1 6 0 .62 349.5 2355.9 3889 0.041 5 'r} 
Tl 63 .3 0 .62 349.5 2355 .9 3889 0 .0226 ~ Cd 0 0.62 349.5 2355 .9 3889 0 .0000 
Co 0 0.62 349.5 2355 .9 3889 0 .0000 
NI 0 0 .62 349.5 2355.9 3889 0 .0000 
K 51 0 .62 349.5 2355.9 3889 0 .018 2 

Ml 0 0.62 349 .5 2355.9 3889 0 .0000 
Fe 128 0.62 349.5 2355.9 3889 0 .0458 
Cr 0 0 .62 349.5 2355 .9 3889 0 .0000 
~~ 258 0 .62 349.5 2355 .9 3889 0 .0923 
Sr 0 0 .62 349.5 2355 .9 3889 0 .0000 
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