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INTRODUCTION

Geosafe Corporation will implementing the in situ vitrification (ISV) technology

commercially at a Superfund site in Michigan. In preparation for the Michigan site, Geosafe

Corporation performe,t two operational acceptance tests (OATs) at the Geosafe Test Site in

Richland, Washington. The objectives were to test the performance of the equipment and to train

operating personnel. In addition, Geosafe cooperated with the Pacific Northwest Laboratory and

the U.S. Department of Energy, Office of technology Development in a full-scale field data

collection effort to obtain data characterizing the dynamic conditions in the soil created by the

advancing ISV melt. This full-scale information provides empirical data to support the current

understanding of the ISV technology for contaminated soil applications and provides verification of

the accuracy of computational modeling tools being used to evaluate the applicability of the ISV

technology to different soil sites.

The ISV technology involves the electric melting of contaminated solids (soil, sedime_t,

sludge, tailings) for purposes of 1) thermally treating (destroying/removing) hazardous organic and

inorganic compounds, 2) permanently immobilizing hazardous inorganics (e.g., heavy metals)

through chemical/physical incorporation within a vitrified residual product, 3) attainment of

significant (25-45%) volume reduction, and 4) production of a high strength, leach resistant

vitrified monolith capable of safe long-term environmental exposure. Greater detail of the ISV

technology may be found in Hansen (1991) and Buelt et al. (1987).

BACKGROUND

The 1993 OATs were the third and fourth (OAT-3 and OAT-4) of such tests performed by

Geosafe Corporation. These tests were conducted at the Geosafe test site at Richland, Washington

and differed from two previous (1991) OATs (OAT-1 and OAT-2) as follows:

parameter OAT-1 and OAT-2 QAT-_ and OAT-4

Inclusions 55-gal drums Clean Soil 0nly

Electrodes Fixed Electrodes Feeding Electrodes

Hood Fabric Metal
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The 1991 OATs contained 55-gal sealed drums of water saturated soil, used fixed

electrodes (preplaced to the designated depth), and operated with a high-temperature fabric hood.

The 1993 OATs were soil tests with no sealed containers or drums, used an electrode feeding

system (positional control of the electrode depth as the ISV melt grows downward), and operated

with a stainless steel metal shell containment hood. The four tests were performed on clean

Hanford (sandy) soils with no hazardous materials present.

OAT- 1 was successfully completed with no major problems including the processing of the

water-saturated, soil-filled drums. The flu'stOAT achieved a depth exceeding 5.8 m and produced

an ISV melt weighing an estimated 680 metric tons. During the operation of OAT-2, the hood was

damaged in an incident (Geosafe Corporation 1993). The incident involved the displacement of

molten soil which created a fire and damaged about one-third of the ISV system's off-gas

collection hocxt positioned over the ISV melt. The molten soil was displaced by an uplifting and

overflow of the melt and/or a melt flow resulting from the expansion and bursting of large (up to

3-m diameter) bubble(s) of water vapor passing through the melt.

The cause of the melt displacement event has been attributed to the intrusion of water vapor

into the melt when sealed containers (55-gaUon drums) ruptured in close proximity to the ISV melt.

This gas intrusion forms the large superheated gas bubbles as this gas is forced into and upward

through the ISV melt (Roberts et al. 1992). Two major contributing factors to the molten soil

displacement event of OAT-2 were the presence of 55-gal sealed drum containers, which initiated

the gas intrusion into the melt; and the unusual "arched" melt shape created by the fixed electrodes,

which contributed to a confinement of gases beneath the melt. Measures being implemented on

ISV melts to preclude the recurrence of such an event include the exclusion of sealed containers

(e.g., 55-gal sealed drums), use of an electrode feeding system to better control melt shape, and

use of computational computer models to determine the acceptability of water vapor generation,

and flow, rates on site specific and soil type bases.

SUMMARY

GEOSAFE OPERATIONAL ACCEPTANCE TESTS 3 AND 4

Geosafe Corporation performed two OATs on its newly revised large-scale equipment

system in April and May of 1993. The tests were highly successful. Based on the results of the

tests and the satisfactory resolution of the OAT-2 incident of 1991, Geosafe is proceeding with

initial commercial remediafion operations.
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Each OAT had numerous objectives. The primary objectives were as follows:

1) evaluate the performance of the large-scale ISV equipment system, with emphasis on the

new stainless steel off-gas collection hood (against its functional design criteria)

2) evaluate the function and performance of the full-scale feeding electrode system and related

electrodes and feeding equipment

3) provide training and to test/qualify the capabilities of the operations staff, and

4) demonstrate that the equipment, staff, and state of the ISV technology are sufficient to

qualify for processing the Michigan Superfund site.

OAT-3

i OAT-3 was positioned to melt into an adjacent, 680 metric ton, cold monolith that was

produced during OAT- 1 in 1991. An electrode separation of 5.5 m was employed to gather data

on melt width versus depth at this separation distance. The treatment zone was instrumented with

vertical and horizontal thermocouple arrays to monitor melt size and depth over time. In addition to

these thermocouple arrays, instrument arrays were also inserted to measure both the pressure and

temperature in the soil in advance of the ISV melt. Figures 1 and 2 illustrate the instrumentation

plan and side views, respectively. This instrumentation consisted of temperature and pressure

sampling points on the vertical centerline and two horizontal sets along the north-south centerline.

Temperature was measured with type K thermocouples while pressure was measured by above

ground pressure transducers connected to individual sampling points via teflon tubing. This

method for measuring the p_ssure was selected to 1) eliminate the petential temperature effects on

the transducer and 2) to allow for reuse of the transducer for future tests. The vertical array

consisted of 10 pressm'e/temperature pairs spaced 0.3 m apart and placed between the 1.5-m and

4.2-m depth. The horizontal arrays consisted of 10 pressure/temperature pairs each and were

buried at depths of 2.7 m and 3.3 m. The sensor pairs were spaced 0.3 m apart and were placed in

positions between 3.4 m and 6.1 m from the vertical centerline.

OAT-3 processing was performed for 212-hrs at an average melting rate of 3.3 cm/hr. An

estimated maximum melt depth of 5.6 m, and maximum width of 12.2 m were produced. Total

power consumption was 575 MWh, corresponding to an estimated 680 metric tons of melt being

produced. Vertical subsidence due to densification was estimated at about 1.2 m.

The processing equipment and operations staff performed well throughout the test. Some

minor equipment difficulties were experienced (e.g., failed circuit breaker); however, these
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difficulties served as good training experiences and were readily overcome without significant

downtime° Both the off-gas collection hood and the electrode feeding equipment performed within

specifications and without difficulty. The feeding electrode concept was found to offer significant

improvement in limiting electrode oxidation corrosion. The operating crew developed practical

methods for periodic addition of new electrode sections, and for periodic feeding of electrodes.

Subsequent excavation of the unified monolith (melts from OATs 1, 3, and 4) indicated that

a typical square melt with rounded comers was produced. Figure 3 illustrates the estimated melt

• shape and dimensions for the unified monolith. Measurements indicated that the maximum depth

at the maximum melt width was about 4.6 m. The OAT-3 melt fused into the cold OAT-1 melt

without any indication of disruption to the melt shape. Unmelted concave comer areas remained at

the sides between the two melts, indicating that melting into the cold monolith did not produce any

enhanced comer filling effect. In addition, cobble present between OAT-3 and OAT-1 may have

also influenced the melt shape between the "hot" and "cold" ISV monoliths.

OAT-4

OAT-4 was positioned to melt into the still very hot, partially solidified OAT-3 melt. A

4.5-m electrode separation was employed in this test to explore further the depth-to-width

relationship. This test also employed two 2.4-m x 2.4 m x. 15 m thick concrete wails to create a

comer, which was backed by 0.6 m of cobble rock, for two purposes: 1) to assess the ability to

melt into the comer, and 2) to assess the effectiveness of cobble to impede horizontal melt growth.

This concrete comer was buried approximately 1 m below soil gxade. A vertical array of

instruments was placed in the comer to measure temperature and pressure profiles. This array

consisted of 10 pressure/temperature pairs spaced 0.3 m apart and placed between the 1.8-m and

4.6-m depth. The array was placed in the comer at a distance of 0.3 m from each of the two walls.

OAT-4 processing was performed for 189-hrs at an average melting rate of 3.8 cm/hr. The

melt achieved a maximum depth of 5.5 m on the hot side (side toward OAT-3), and a maximum

depth of 6.7 m on the cold side (side away from OAT-3). A total of 506 MWh electrical power

was consumed to produce an estimated melt mass of 590 metric tons. An estimated melt width of

11.6 m was attained, with an estimated subsidence of 1.2 m.

Excavation of the complete tri-melt monolith (OAT-l, 3, and 4) confirmed the ability of

adjacent hot melts to fill in the comers between the melts (see Figure 3). No unmelted concave

comers were apparent between the OAT-3 and 4 melts. This extra melting (filling the comers)

resulted in a wider subsidence zone on the OAT-3 side of the melt. Preceding modelling analyses

indicated that the OAT-4 melt was expected to grow more in the direction away from the



2oncrete Walls

.EIGURE 3. Estimated Melt Shape of Geosafe Monolith (OAT-l, OAT-3, and OAT-4) hot OAT-3



1 Ii

hot OAT-3 melt. This prediction was confirmed by the attainment of deeper depth on the cold side

(the side away from OAT-3). Qualitative observations of the concrete comer indicated that the

cobble was effective at impeding but not stopping melt growth, ISV processing melted soil

completely into the concrete corner, both horizontally and vertically. The processing depth in the

comer was at least 4.6 m, as indicated by a thermocouple at that depth.

PNL TESTS

PNL placed instrumentation into the Geosafe OAT-3 and OAT-4 sites to collect field data

during full-scale ISV processing. The purpose of this instrumentation was to assist in resolving

the technical issue associated with melt displacement events similar to that seen during OAT-2.

The technical issue was whether such an event could occur during 1SV processing of soil sites that

contained no sealed containers. For such an event to occur, it is hypothesized that the gas pressure

in the soil column beneath the ISV melt must be equal to, or greater, than the static head of the ISV

melt to allow for a gas intrusion of a magnitude sufficient to create the large gas bubbles

responsible for a melt displacement event. Based on the density of the molten soil, the static head

increases by approximately 7 kPa for every 30-cm of molten soil height.

Figures 4 and 5 illustrate the temperature and pressure profiles from OAT-3 for the vertical

centerFne instrumentation pairs at 1.5-m and 4.2-m depths, respectively. The periodic downward

spikes in the pressure profiles for both Figures 4 and 5 are due to the temporary shutdown of the

pressure transducers to allow for the sampling line to be purged with nitrogen. This periodic

purging of the line was performed to remove any condensate that may have collected in the line.

Testing of the pressure sampling system with a known pressure source showed that the presence

of condensate can dampen the pressure measured. Once the condensate was purged from the line,

the pressure measured was accurate. As shown by Figures 4 and 5, the maximum pressure

observed below the advancing ISV melt front did not exceed 2 kPag. This 2-kPag maximum

pressure is significantly less than the static head of the molten soil, which increased to an estimated

maximum of 103 kPag (final molten soil height estimated to be 4.4 m).

The temperature profiles illustrated in Figures 4 and 5 are typical of the ISV process. As

energy is transferred to the surrounding soil, the temperature of the soil increases. Once the

temperature reaches 100°C, the temperature profile levels off as water is converted to steam and

removed from the soil. Progression of the ISV melt front is limited until the soil moisture in a

region is removed. Once removed, the energy from the ISV process heats up the soil rapidly to its

melting temperature and the melt front advances. This process is best illustrated in Figure 4. To

protect the data acquisition system (DAS) equipment from potential voltages from the ISV melt, the
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thermocouples were disconnected from the DAS once a temperature of 1200°C was reached. This

is shown in Figure 4 as a sudden drop on the temperature profile curve.

The temperature spikes shown in Figure 5 (30, 112, and 120 hours) are the result of AC

voltage on the thermocouple wires and not a reflection of physical events in the soil. This AC

voltage was caused by a stronger than expected electromagnetic field in the soil column created by

the ISV process. The AC voltage periodically exceeded the capacity of the DAS equipment and

caused extraneous readings. To combat this problem, the use of isolators was implemented for
OAT-4.

Figure 6 illustrates the temperature and pressure profiles from OAT-4 for the vertical

instrumentation pair at a 2.44-m depth. This array was placed at the edge of the ISV melt in the

corner created by the two concrete walis. The 2.44-m temperature and pressure sampling point

was approximately halfway down the concrete comer. Unlike the pressure prof'iles for OAT-3, the

pressure profile for the comer array shows a dynamic pressure spikes ranging between 0 and 9

kPag. However, whereas OAT-3 showed a continual build-up in pressure, OAT-4 only shows the

occasional instantaneous pressure spikes. As was the case for OAT-3, the periodic pressure drops

are due to the purging of the pressure lines. The dynamic changes observed in pressure are also
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reflected in the temperature proffie. Although the data from OAT-4 shows a more dynamic

pressure profile, the maximum pressure observed was less than the static head of the ISV melt.

This observation is consistent with that observed for data from OAT-3.

COMPARISON WITH COMPUTATIONAL MODELING

The empirical data collected from OAT-3 and OAT-4 illustrates that the pressure beneath an

ISV melt during Hanford (or sandy) soil applications does not approach the static head of the melt.

This suggests that gas intrusion into the melt of significant magnitude to cause a melt displacement

event is unlikely. Comparison, and agreement, between the empirical data and computational

modeling predictions will provide 1) confidence in the ISV technology as applied to specific soil

applications, and 2) confidence in the use of a predictive tool to evaluate application of the ISV

technology to other soil conditions.
i

Computer simulations of the thermal-hydraulic phenomena taking place in the soil under the

melt were performed using the TOUGH2 computer code to model the thermal-hydraulic response

in the porous soil below the melt. This computer code is an unsaturated groundwater modeling

code, capable of treating non-isothermal problems, developed by Karsten Pruess at Lawrence

Berkeley Laboratory (Pruess 1987 and 1990). TOUGH2 treats unsaturated groundwater and gas

flow in response to pressure, temperature, and liquid saturation gradients. It also computes the

changes in phase between liquid and gas and includes models for relative permeability and capillary

pressure. Most important for this applications, TOUGH2 provides estimations of pressures in

advance of the ISV melt.

Figures 7 and 8 illustrate the predicted maximum pressure in the soil column beneath the

advancing melt front without and with OAT-1 present, respectively. The presence of the OAT-1

melt block next to the OAT-3 setting prevented a simple 2-dimensional model of the thermal-

hydraulics occurring in the soil around OAT-3. The block restricts gas and liquid flow on one side

of OAT-3 and acts as a heat sink. Modelling OAT-3 in 3-dimensions is too computationally

intensive to be practical, therefore two 2-dirnensional models were used to bracket the reality of the

OAT-3 melt. Two extreme cases were examined: one with no OAT-1 present, giving a lower

boundary on pressures expected under the melt; and the other case assuming that an impermeable

barrier (the OAT-1 block) exists at a finite distance from the center of the OAT-3 melt and

completely surrounds the OAT-3 melt. This latter case approximates the phenomena occurring as

the ISV melt progresses towards the impermeable barrier and is an upper bounding case for the

actual pressures. Simulations for OAT-4 are being performed and will be presented at a later date.

I1
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The pressure oscillations seen in the centerline pressure histories are an artifact of the grid

and solution scheme used in the TOUGH2 code and not a reflection of predicted reality. The

continuum of soil is divided into small grid blocks. It is assumed that all of the soil in a given

block is at one state. This means that as the melt moves through the soil, some grid blocks are

starting to boil and some are drying out. These transitions are not smooth, gas generation is

quickly cut off when the block dries out. These abrupt changes in gas generationrate cause the

pressure oscillations seen in Figures 7 and 8.

Irrespective of the artificial pressure oscillations seen in Figures 7 and 8, the maximum

pressure predicted beneath the ISV melt based on a thermal-hydraulic model is on the order of 1 to

3 kPag. As shown by comparing Figures 7 and 8, this pressure range is the samefor both the

lower bounding case (without OAT-1 present) and the upper bounding case (with OAT-1 present).

This suggests that the presence of an impermeable barrier adjacent to an ISV melt has little effect on

the pressure created below the ISV melt. However, submission deadlines resulted in the early

termination of the computational run shown in Figure 8 before the ISV melt reached OAT-1. This

run is being continued to determine if the maximum pressure is affected once the melt reaches the

impermeable barrier created by OAT- 1. For the computational run shown in Figure 8, the ISV

melt was about 0.7 m away from the impermeable barrier.

CONCLUSIONS

Two operational acceptance tests were successfullyperformed by Geosafe Corporation

using their newly modified large-scale ISV equipment. The tests were performed at the Geosafe

test site in Richland, Washington on ..;cansite soils with no hazardous materials present. PNL

placed instrumentation in the two test sites to collect full-scale field data to assist in resolving

technical issues associated with melt displacement events during the processing of Hartford (sandy)

soil sites without inclusions (e.g., 55-gallon sealed drums). Conclusions from these two
successful tests are

1. the overall equipment system operated very efficiently and is ready for commercialuse.

Minor equipmentdifficultiesexperienced during OAT-3 were corrected for OAT-4 and not

experienced during OAT-4. Performance of the new metal off-gas collection hood and the

electrode feed system was within design specifications with no difficultiesexperienced

during the two 1993 OATs.

13
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2. excavation of the complete tri-melt monolith (OAT- 1, 3, and 4) conf'mued the ability of

adjacent hot melts to fill in the comers between the melts. This provides evidence that the

use of multiple adjacent melt settings will produce a continuous monolith and completely

treat a contaminated site without leaving "comers" of untreated material.

3. pressure measurements in the soil column beneath the ISV melt indicate that pressures in

the soil column are significantly less than the static head of the ISV melt. This suggests

that the potential for gas intrusions into the ISV melt sufficient to create a melt displacement

event are unlikely for a sandy soil site without inclusions such as sealed containers.

4. empirical data from the OATs compares very well with predictions based on simulations

modeling the thermal-hydraulic phenomena raking place in the soil under the melt. This

agreement between the computational modeling predictions and empirical data increases the

confidence in the use of the computational models as an evaluation tool for application of

the ISV technology to soil conditions different from those of the Geosafe test site.

IMPLEMENTATION OF THE TECHNOLOGY

The successful operational acceptance tests at the Geosafe test site demonstrated the

readiness of the process, equipment, and staff to undertake remediation of the Michigan Superfund

site. To address potential melt displacement concerns at the Michigan site, Geosafe had parametric

modeling runs performed to assess the vapor generation/release conditions expected at the site.

These modeling runs employed gas phase permeability data obtained from analyses on actual soil

samples from the Michigan site. The clayey, silty sand at the Michigan site shrinks upon heating,

resulting in a signifcant increase in permeability. Based on a range of permeabilities, gas pressure

beneath the ISV melt is not expected to exceed 13.8 kPag, which is not sufficient to overcome the

static head of an established ISV melt and allow for significant water vapor to enter the melt

directly. Based on these positive results, Geosafe Corporation is proceeding with implementation

of the ISV technology at the Michigan Superfund site. PNL will be instrumenting a setting at the

Michigan site to collect additional field data to verify the computational modeling predictions.
I
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