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Introduction i_ _ _o_ E = _ _ _

Soil heating technologies have been proposed as a method to accelerate contaminant

removal from subsurface soils. These methods include the use of hot air, steam,

conductive heaters, in-situ resistive heating and in-situ radiofrequency heating (Buettner

et.al., EPA, Dev et.al., Heath et.al.). Criteria for selection of a particular soil heating

technology is a complex function of contaminant and soil properties, and efficiency in

energy delivery and contaminant removal technologies. The work presented here seeks to

expand the understanding of the interactions of subsurface water, contaminant, heat and

vacuum extraction through model predictions and field data collection. Field

demonstration will involve the combination of two soil heating technologies (resistive and

dielectric) with a vacuum vapor extraction system and will occur during the summer of
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Project Site

The Thermal Enhanced Vapor Extraction System (TEVES) is planned for demonstration at

the Sandia National Laboratories (SNL) Chemical Waste Landfill (CWL). This landfill was

created in 1962 to accept waste chemicals generated by SNL facilities and was designed

to segregate incoming wastes by chemical group to minimize any adverse chemical

reactions. Individual disposal pits were excavated for each chemical group. The concept

of waste segregation was developed from the initial design of the landfill and included the

following waste types: oxidizers, reducers, acids, metals, and organics. Typically, these

pits were small, about 4.5 m wide by 13.7 m long by 4.5 m deep. The disposal cells were

generally not lined and the soils were not amended to alter the natural soil texture or

structure.

The location of the TEVES demonstration is planned for Pit 3, one of the organic waste

disposal pits at the CWL. A chemical waste disposal ticket system was used to track

waste picked up from SNL facilities until disposal at the CWL. Disposal tickets were found

for the period of 1975 to !982 and allowed for an evaluation of the types and quantities

of wastes disposed into waste group disposal cells. Approximately 100,000 liters of

waste were disposed into Pit 3, with about one third of the volume being oil products

(motor, vacuum pump, heat transfer fluids). Most of the wastes were cleaning solvents

(TCE, PCE, TCA, etc.); however, other waste chemicals included ketones, substituted

benzenes (xylene, toluene, etc.), alcohols and freons. This mix of chemical constituents

includes a broad range of boiling points and water solubilities. As such, traditional vacuum

vapor extraction may have limited success in removing higher boiling compounds and

contaminants in solutior_ with the waste oils.
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Heating and Extraction System

The heating system consists of three rows of electrodes that are placed through an

organic waste disposal cell (tri-plate array configuration) down to a depth of 8 meters.

The center row electrodes are connected as the excitor (energy input) source and the two

exterior rows are used as ground/guard electrodes to help contain the input energy to the

treatment zone. Surface hardware connecting the electrodes are then installed. Two dual-

purpose vacuum vapor extraction wells/electrodes are installed as part of the excitor array.

A vacuum blower and off-gas treatment system is provided for the removal of heated soil

contaminants. Figure 1 shows the gener31 TEVES setup.

Resistive heating technology passes powerline frequency (60Hz) energy through the soil

using the conductive path of the residual soil water. Powerline frequency energy input is

controlled through a multi-tap transformer to allow for the changing impedance of the soil

as soil water is removed. Voltages begin at --200V and can be increased in steps up to

1600V. Water addition to the excitor electrodes is necessary to moderate the increased

soil resistance caused by removal of the soil water. The soil heating technology vaporizes

the added water into steam and also provides another mechanism for enhancing

contaminant removal. When the temperature nears 100°C, the resistive heating energy

input becomes constrained by the increased soil resistance (lack of residual soil water as a

current conducting path). At this point, it is not effective to continue with the resistive

J heating mode, and switching to the radiofrequency heating method is indicated.

Radiofrequency (RF) heating uses high-frequency radiowaves (2 - 20 MHz) to heat the soil

by a mechanism known as dielectric heating. The RF energy is transmitted through the
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soils without using residual soil water as the concluctive path. Energy deposition is a

function of the frequency applied and the dielectric features of the soil medium.

Frequency selection is based on tradeoffs of wave penetratien depth (lower frequencies

penetrate further) and the dielectric constant of the soil profile. Typical frequencies used

are around 6.78 MHz. The energy output from the radiofrequency transmitter is passed

through a network of capacitors to match the impedance of the soil in the treatment zone

to the output of the power transmitter. This hardware is necessary to minimize the energy

reflected from the soil and maximize the energy absorbed by the soil. By adjustment of

the transmitter frequency and matching network, soil heating can continue up to 250°C or

greater.

Energy Requirements

The basis for thermal enhanced vapor extraction technologies is to efficiently add heat to

the subsurface soils. Since the contaminant, soil and soil water are thermodynamically

coupled, it is very difficult to heat only the contaminant without heating the soil and

water. Thus, soil heating becomes a matter of engineering an efficient heat injection

system for the entire soil system. The thermal properties of the soil and soil water can

show the energy requirements needed to reach the desired soil temperature. With a

volumetric heat capacity of 0.25 cal/cm _ °C for dry soil and 1.0 cal/cm 3 °C for water, one

can estimate the energy needed to heat a unit volume of soil. Figure 2 shows the energy

requirements for heating one cubic meter of various soil types versus water content up to

100°C. Most vadose zone soils would fall into the 100 to 300 kWh/m _ - which
qlm

corresponds to $10 to 30/m 3 at $0.10 per kWh for a 100% efficient energy delivery

system and no heat losses.

_
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For the TEVES project, the energy budget needed to heat lO00m 3 has been broken down

into energy needed to heat soil and soil water using the powerline frequency heating

system (for up to 90°C) and the radiofrequency heating system (for up to 200°C). Figure

3 shows the breakdown and indicates that bringing the soil up to 90°C with the more

efficient energy delivery system of the resistive heating will provide a significant energy

cost savings; however, the only method to reach the desired treatment temperature of

200°C is with the RF heating system.

Model Predictions

Simulations of the TEVES project have been performed using the T2VOC code (Finsterle

and Pruess, 1993) which is based on TOUGH2 (Pruess, 1991) and STMVOC (Falta and

Pruess, 1991). T2VOC models flow and heat transport in a porous media including water

(liquid and vapor), air, and a single component VOC (NAPL and vapor phase). Two signif-

icant limitations of the T2VOC code are the assumption of a single component NAPL and

that a phase may not completely disappear as will become apparent in some of the results

- shown later. These limitations have been overcome with the recent development of

M2NOTS (Adenekan, et.al., 1993), which is also based on the TOUGH2 computer pro-

gram. Future calculations of the performance of the TEVES project will use M2NOTS when

- it becomes available to investigate multi-component NAPL issues.

The dimensions of the heated zone in the model are 6.1mx 15.2m x 5.6mdeep. Insu-

lation covers the entire top of the heated zone and extends 1.8m beyond the heated zone

in all directions. A vapor barrier extends an additional 0.9m beyond the insulation to pro-

vide for a more complete air sweep of the heated zone. Vapor extraction can either occur
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through two vapor extraction wells located near the center on the heated zone, or through

four guard electrodes located on the edge of the heated zone. The simulations presented

in this paper consider vapor extraction through the two vapor extraction wells; simulation

results for vapor extraction through the guard electrodes are given by Webb (1994). The

vapor extraction wells are 1.6cm inches in diameter and are active for the heated depth of

5.6m.

Nominal operation of TEVES uses a borehole vacuum of approximately 2.5 kPa (10 in. of

water). Borehole vacuums of 1.0 kPa (4 in.) and 0.5 kPa (2 in.) were also explored to

investigate the effect of borehole vacuum on contaminant removal. Results for 2.5 kPa

and 0.5 kPa borehole vacuum are presented in this paper; all three cases are given by

Webb (1994). The ambient pressure used in these calculations is 85 kPa based on local

(Albuquerque) conditions.

Heat is added to the treatment zone at the rate of 100 kW which is assumed to be

uniformly distributed over the entire zone, for a volumetric heating rate of approximately

190 W/m 3. The vapor barrier is assumed to be impermeable to flow. Uniform soil

properties are used with a permeability of 50 darcies, a porosity of 0.333, and an initial

saturation of 0.20, which is less than the liquid residual saturation. Results for a lower

soil permeability are given in Webb (1994) and are not presented here. An initial o-xylene

saturation of 0.05 in the heated zone only is assumed to simulate an initial NAPL invento-

ry.

The Parker et al. three-phase characteristic curves (Parker et. al., 1987) have been used in

the model based on actual soil measurements (D.B. Stephens, 1989) although with an
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initial water saturation of 0.20 and an assumed initial o-xylene saturation of 0.05, both

liquid phases are initially immobile since the liquid residual saturation is 0.28. In the

present model, liquid transport only occurs due to evaporation and condensation

phenomena, not due to transport of the liquid phase unless evaporation and condensation

processes locally increase the saturations sufficiently to mobilize a liquid phase.

The soil is assumed to be initially at ambient conditions of 20°C, and heating and venting

occur simultaneously. As time proceeds, the soil heats up, and liquid water and NAPL are

vaporized and generally transported toward the borehole in the vapor phase due to the air

sweep. At 60 days, heating is stopped but venting continues. The soil cools down while

steam condenses in the heated region.

Quarter symmetry was employed to simplify the simulation model. Even with quarter

symmetry, the model consists of over 2200 elements. The model covers a surface equiv-

alent to 36.6m by 45.7m (18.3m by 22.9m in quarter symmetry) with a depth of 19.0m.

A schematic of the model with symmetry planes are noted in Figure 4 for the top view,

Figures 5 and 6 give the side views for the model looking at the long and short side of the

heated zone, respectively. Due to the quarter symmetry, only 1/2 of a well is modeled.

The results presented in this section have been scaled, however, to reflect the entire

heated zone. When masses or flow rates are given, they refer to the entire heated zone or

to the 2 wells, not to the results from the quarter symmetry model.

Results



Nominal Borehole Vacuum (2.5 kPa vacuum - 10 in. water)

The time variation of the soil temperature in the heated zone (average, minimum, and

maximum) out to 180 days is shown in Figure 7. The maximum soil temperature in the

heated zone increaqes to about 95 °C, in about 10 days where it levels out as the liquid

water evaporates. The temperature then starts to increase again at about 18 days. After

60 days, the heated zone average temperature is about 236°C. At this time, the minimum

and maximum heated zone temperatures are 135 and 353 °C, respectively - with the

difference primarily due to the cooling by incoming air and conduction losses. After the

heating is stopped, the temperatures decrease with the average heated zone temperature

is 37°C at 180 days.

Figures 8 and 9 show the temperature contours at 60 days looking from the long side and

the top of the model. Only one plane is shown for each view. For the long view, the

vertical plane is nearest the plane of symmetry. For the top view, the horizontal plane is

just above the center of the heated zone. The temperature contours generally increase

outward from the center of the heated zone, although the temperature is depressed around

the borehole due to the higher local gas velocities. The influence of the heating on soil

temperatures extends well beyond the heated zone.

Figure 10 gives the time variation of the water and NAPL liquid masses in the heated zone

for the first 60 days. The liquid water in the heated zone decreases from an initial mass of

35,000 kg to 700 kg at 60 days. This decrease toanon-zero number is due to an

assumption in T2VOC that a phase may not completely disappear as discussed above.

Figure 10 also shows the o-xylene liquid mass variation, which decreases from an initial
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8000 kg to less than 1 kg at 8 days. As in the case of liquid water, the o-xylene liquid

mass is prevented from completely disappearing. There is no migration of o-xylene from

the heated zone to the unheated soil; all the o-xylene is evaporated and is transported to

the vapor extraction wells. Figure 11 shows the variation in the heated zone water mass

for the entire transient. When the soil is heated, water evaporates as expected. After

heating is discontinued, the water mass in the heated zone increases slightly due to con-

densation of some of the steam as the soil cools down.

Figure 12 shows the various mass flow rates into the borehole. The total mass flow rate

into the borehole increases in the early stages of heating due to the evaporation of the

NAPL (VOC) component and the water in the heated soil; the mass flow rate into the

borehole is predominantly air. After heating is stopped, the air flow rate into the borehole

increases as temperature decreases. This increase in flow rate is due to an increase in air

density and a decrease in air viscosity resulting in a higher mass flow rate for the same

pressure drop. Figure 13 shows the evaporation rate in the heated and unheated zones

along with the vapor flow rate into the borehole. Early in the transient, the heated zone

evaporation rate dominates, while the unheated zone evaporation is the major source of

vapor later in the transient. The vapor flow rate into the borehole is essentially the same

as the heated zone evaporation rate in the early stages. During the later stages, the vapor

flow rate is greater than the heated zone evaporation rate. The heated zone evaporation

rate is negative after heating is stopped since condensation is occurring. The unheated

zone evaporation rate is always positive, indicating no migration of water from the heated

soil into the unheated zone. The vapor flow rate into the borehole is always slightly

greater than the sum of the evaporation rates due to vapor in the ambient air.
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Liquid saturation contours at 60 days are shown in Figures 14 and 15 for water. Again,

the zone of influence for saturation is much larger than just the heated zone. Although not

shown, after heating is stopped, the liquid saturation in the heated zone increases slightly

due to condensation. The liquid saturation in the unheated zone, however, continues to

decrease due to evaporation into the air flowing to the borehole. Therefore, the liquid

saturation zone of influence increases with time even after heating is discontinued.

Figures 16 and 17 show the NAPL saturation contours at 4.5 days looking from the long

side and the top of the model. The saturation contours generally indicate flow towards the

borehole, with slightly higher than original saturations around the borehole and under the

insulation near the symmetry planes. The higher than original saturation around the

borehole is probably a numerical artifact due to the simplified borehole model employed in

this study. The higher saturation under the insulation is probably due to low air sweep

flow rates in this region and VOC flow and condensation into this area as a result of lower

temperatures due to heat losses.

Gas flow velocity vectors at 60 days are given in Figures 18 and 19. For velocities, the

side view vertical plane is approximately in the middle of the heated zone, not near the

plane of symmetry as in the temperature and saturation figures. The effect of the vapor

blanket on the flow velocities is obvious, as flow from the atmosphere into the soil only

occurs outside the vapor blanket zone. In the long side views, gas flow is vertically up-

ward in the entire heated zone and extends well below the borehole. The top view indi-

cates gas velocities generally directly toward the borehole. The relatively low flow rate

under the insulation near the symmetry planes can be clearly seen.
I
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Lower Borehole Vacuum (0.5 kPa vacuum - 2 in. water)

For the lower borehole vacuum, temperatures are generally slightly higher than for the

higher borehole vacuum case, although only by a few degrees, indicating that most of the

heat goes into heating the soil and evaporating the liquids rather than into heating the gas

flowing through the soil.

The liquid mass in the heated zone is given in Figure 20. The evaporation rate of water

and NAPL is slower for the lower borehole vacuum, extending nearly twice as long for the

NAPL. Figure 21 presents the NAPL mass variation showing unwanted NAPL migration

into the unheated zone at about 14 days due to evaporation in the heated zone, vapor

convection into the unheated soil, and condensation in the cooler regions. While all the

NAPL eventually disappears from the unheated soil due to continued heating and venting,

migration from the heated zone to the unheated soil is undesirable from a containment

viewpoint.

Figure 22 shows the borehole flow rates for the lower vacuum. The total mass flow rate

into the borehole is considerably lower than for the above case as expected. However, the

mass flow rate is dominated by VOC and vapor flow rates during most of the heating time.

The smaller flow rate of air relative to VOC and/or vapor flow rates indicates that minimal

air sweep of the heated zone is occurring. Figure 23 shows the vapor flow rate into the

borehole and the heated and unheated zone evaporation rates. At about 13 days, the

heated zone evaporation rate becomes less than the vapor flow rate into the borehole. At

this time, water vapor flows from the heated zone into the unheated soil and condenses as

indicated by the negative unheated zone evaporation rate. This undesirable migration of
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fluid from the heated zone to the unheated soil is due to insufficient air sweep.

The temperature contours for this case are very similar to those given earlier with slightly

higher temperatures and are not shown. Figure 24 and 25 shows the water liquid

saturation contours at 30 days indicating walter migration from the heated zone to the

unheated soil, especia!ly right under the borehole, probably since flow only occurs into the

sides of the borehole and not the bottom.

Figure 26 and 27 gives NAPL saturation contours for 8 days and 11.6 days. Zones of

increased NAPL saturation occur right under the insulation and in the furthest corners of

the heated zone, probably due to heat loss to the unheated soil and insufficient air sweep.

NAPL migration into the unheated soil occurs at about 14 days as mentioned above in the

lower left hand corner in the side view. Gas velocity vectors at 11.6 days are shown in

- Figure 28 indicating poor air sweep in r_e lower corner of the heated zone where the NAPL

migration into the unheated zone occurs.

Conclusions

Simulations of the TEVES project using T2VOC have provided considerable insight into

water and NAPL behavior. Sufficient air flow rate through the heated zone must be pro-

vided to contain the NAPL within the heated zone. if the air flow rate is too low, migra-

tion of water and NAPL outside of the heated zone may occur. The condition of

contaminant migration out of the treatmenll zone may also occur because of low air sweep

due to lower permeability soils. In these situations, lower heating rates will be necessary

to match the air sweep to the thermal expansion driving soil water and contaminants away

12
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from the extraction system.
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CAPTIONS

Figure 1. TEVES project demonstration

Figure 2. Energy needed to heat one cubic meter of soil to 100°C

Figure 3. Energy Requirements for TEVES demonstration

Figure 4. Calculational domain -- top view

Figure 5. Calculational domain --long side view

Figure 6. Calculational domain -- short side view

Figure 7. Heated zone temperatures - 2.5 kPa water vacuum

Figure 8. Side view of temperature contours at 60 days

Figure 9. Top view of temperature contours at 60 days

Figure 10. Heated zone fluid masses from 0-60 days

Figure 1 1. Heated zone water mass from 0-180 days

Figure 1 2. Mass flow rates into boreholes -- 2.5 kPa water vacuum

Figure 13. Evaporation and vapor mass rates -- 2.5 kPa" water vacuum

Figure 14. Water saturation contours -- side view

Figure 1 5. Water saturation contours -- top view

Figure 16. NAPL saturation contours -- side view

Figure 17. NAPL saturation contours -- top view

Figure 18. Gas velocity vectors -- side view

Figure 19. Gas velocity vectors -- top view

Figure 20. Heated zone fluid masses from 0-60 days

Figure 21. Heated and unheated zone NAPLmass

Figure 22. Mass flow rates into boreholes -- 0.5 kPa water vacuum
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Figure 23. Evaporation and vapor mass rates -- 0.5 kPa water vacuum

Figure 24. Water saturation contours -- side view

Figure 25. Water saturation contours -- top view

Figure 26. NAPL saturation contours -- side view, 8 days

Figure 27. NAPL saturation contours -- side view, 11.6 days

Figure 28. Gas velocity vectors -- side view, 30 days
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