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ABSTRACT 

Helium tracer experiments were conducted to characterize 

conservative tracer behavior in a wedge-shaped lysimeter 

containing alternating layers of unsaturated silty sand, and 

clay loam. 

Experiments were conducted with trichloroethylene and 

1,1,1-trichloroethane to determine if air stripping in 

unsaturated soil could be characterized by mass transfer from 

the sorbed to the liquid to the vapor phase. Batch 

experiments were conducted to measure liquid - vapor mass 

transfer. Solid - liquid - vapor mass transfer was 

characterized by measuring the vapor phase re-equilibration 

after the air stripping experiment. 

The Discrete State Compartment model was used to simulate 

a conservative gas tracer. The results were compared to the 

helium tracer. Liquid - vapor, and solid -liquid - vapor mass 

transfer were modeled by fitting simulated data to 

experimental data. The conservative tracer, and mass transfer 

models were combined to simulate air stripping in unsaturated 

soil. 
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1. INTRODUCTION 

1.1 HISTORICAL PERSPECTIVE 

As the effect of industrialization on environmental 

quality and public health is better understood, the number of 

recognized environmental problems has grown dramatically. 

The fact that pollutants in the unsaturated zone eventually 

contaminate ground water has been confirmed by intensive 

ground water sampling and recent technological advances that 

increased the measurement sensitivity of many compounds. The 

soil is no longer . thought of as a "living filter". 

Pollutants enter the unsaturated zone in a variety of ways. 

Leaky underground storage tanks, surface discharges, spills 

and surface impoundments contribute to the problem. Petroleum 

products and chlorinated hydrocarbon solvents are among the 

most prevalent contaminants of soil and ground water. Many 

of these pollutants have high vapor pressures at ambient 

conditions, and are classified as volatile organic compounds 

(VOCs). 

In the vadose zone, a significant fraction of a VOC 

exists in the vapor phase, and highly concentrated vapor is 

often denser than air. Diffusion and density driven flow in 

the soil air pore space are mechanisms that cause VOC vapor 

to disseminate in the unsaturated zone (Sleep and Sykes, 
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1989). Dissolution of organic vapor in soil moisture and 

ground water increases the extent of the original pollution. 

In three surveys conducted in 1975, 1977, and 1978 -1979, 

the U.S. Environmental Protection Agency (USEPA) measured 

selected VOCs in the drinking water of thirty-nine cities that 

rely on ground water (USEPA, 1980) . The VOC most often 

detected was trichloroethylene (TCE), a common industrial 

solvent and degreaser. The USEPA has also estimated that 10 -

30 percent of-approximately 3.5 million underground gasoline 

storage tanks in the United States are leaking (Dowd, 1984). 

Remedial action is often necessary to remove pollutants where 

ground water contamination has occurred. 

In the last 10 years, air stripping in packed towers 

utilizing countercurrent flow of air and water has 

successfully removed VOC's at many locations (Ball et al., 

1984; Cline et al. 1985; Hand et al. 1986; Amy et al., 1987). 

In this strategy, ground water is pumped to the top of a tower 

and allowed to percolate through packing material which 

maximizes the liquid - vapor interface. Clean air is forced 

through the tower and dissolved contaminants vaporize into the 

air stream. Packed tower air stripping relies on pollutant 

mass transfer from the liquid to the vapor phase. Therefore, 

VOCs are well suited to this removal strategy. 

. By extending air stripping technology to the unsaturated 

zone, pollutants can be femoved before they reach the water 

table. In the unsaturated zone, VOCs may exist in up to four 
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phases. VOCs may be present as a free product, dissolved in 

soil water, as a vapor, or sorbed to the soil material 

(organic carbon content). The ratio of (vapor phase : aqueous 

phase : sorbed phase) is controlled by soil porosity, degree 

of saturation, fraction soil organic content, and equilibrium 

partitioning between the liquid, solid, and vapor phases. 

At equilibrium, the chemical potentials of all phases 

are equal, and net mass transfer does not occur. When clean 

air is forced into soil air pore space, it mixes with the VOC 

vapor thereby lowering the vapor phase concentration and, 

therefore the chemical potential. This induces a mass 

transfer from the liquid to the vapor, and in turn a transfer 

from the sorbed phase to the aqueous phase occurs. Continuing 

this process will eventually remove VOCs from the soil. 

Factors that influence the removal rate of VOCs from 

unsaturated soil include temperature, forced ventilation rate, 

soil permeability, porosity, degree of saturation, equilibrium 

partitioning, and rates of mass transfer between the phases. 

Different processes may be rate limiting at different stages 

in the air stripping process. 

The organic vapor that is removed from the soil may be 

incinerated, sorbed in filters of activated carbon and other 

sorbents, or vented directly to the atmosphere. 

There have recently been many successful attempts at air 

stripping in the unsaturated zone. A characteristic scenario 

begins with initial rapid extraction of VOCs followed by a 
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long time period with smaller removal rates (Hoag et al. 1987; 

Crow et al. 1987; Bruckner et al., 1986.) The rapid 

extraction step may represent removal of organic vapor from 

the soil air pore space, desorption from the aqueous phase and 

initially fast desorption from the solid phase. The rate of 

forced ventilation is important during the initial step to 

facilitate rapid removal. The nature of the slower removal 

rate is likely tied to mass transfer between the solid, 

liquid, and vapor phases, and will be explored in this 

investigation. 

1.2 PREVIOUS LABORATORY AND FIELD STUDIES 

Marley (1985) investigated forced ventilation of sand 

residually saturated with gasoline in plexiglass columns. 

For 27 experimental runs, the total gravimetrically measured 

mass removal of gasoline was 100 ± 1 percent. 

Researchers at the Texas Research Institute (1982, 1984) 

conducted soil venting experiments in a large scale model 

aquifer (20' x 10' x 4') composed of washed river sand (1982, 

1984) . Gasoline was allowed to accumulate above the water 

table, and varied well geometries and air flow rate to 

determine the effect on the soil venting process. Removal 

efficiency was found to be enhanced by increasing the 

ventilation rate, and reducing the well spacing. At the 

highest rate of flow (5.3 scfm) , 57 percent of a 75 gallon 

spill was removed in 11 days. 
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Crow et al. (1987) conducted pilot-scale experiments to 

determine the efficacy of controlling and eliminating 

hydrocarbon vapors from an unsaturated sand formation above 

a zone of gasoline-saturated soils. The most significant 

reduction in hydrocarbon vapor occurred during the first 1 to 

3 days. During a 14 day re-equilibration period, the average 

hydrocarbon concentration returned to 62 percent of the 

average baseline concentration. It was observed that the time 

required to reduce hydrocarbon vapor in the unsaturated zone 

was shorter than the time required for vapor concentrations 

to re-establish to original baseline levels. The induced 

pressure within the soil was measured and radial area of 

influence around the vapor recovery wells was determined. In 

each case, the static pressure was observed to decrease 

exponentially with an increase in radial distance. 

Hoag et al. (1987) used the soil venting process to 

remediate a gasoline spill estimated at 320 to 420 gallons. 

Three vacuum pumps were operated for 90 days, and 364 gallons 

of gasoline was recovered. Of the amount removed, 90 percent 

was recovered in the first 40 days. 

Bruckner et al. (1986) published an account of in situ 

soil ventilation to remove TCE. The first 20 to 30 days were 

characterized by removal rates greater than 20 kilograms per 

day, followed by a second stage of reduced efficiency where 

removal rates dropped to less than 5 kilograms per day. 
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1.3 STATEMENT OF PURPOSE 

The hypothesis investigated in this research was that 

mass transfer between VOC sorbed phase, dissolved phase, and 

vapor phase could be used to characterize air stripping in 

unsaturated soil. Data collected from laboratory experiments 

were used to validate a computer model that simulated air 

stripping in unsaturated soil. The objectives of this 

investigation were: 

1) to determine the mass transfer characteristics of TCE 

and 1,1,1-TCA in unsaturated soil, 

2) identify those soil properties which influence air 

stripping efficiency, and 

3) simulate the air stripping process with the Discrete 

State Compartment (DSC) model by including mass 

transfer between the solid, liquid, and vapor phases. 

This study utilized a wedge-shaped lysimeter containing 

four alternating layers of silty sand, and clay loam to 

examine the process of air stripping in layered, unsaturated 

soil. Helium tracer tests were conducted to calibrate the 

DSC model for a conservative vapor phase tracer. To simulate 

the air stripping process it was assumed that each soil grain 

was enveloped by a film of water, and that mass transfer did 

not occur directly from the soil surface to the soil 

atmosphere. Instead, transfer took place between the solid 

(soil organic matter) and liquid, and between the liquid and 

vapor phases. 
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Initially, equilibrium conditions were assumed to exist. 

The organic compounds were compartmentalized by phase using 

estimates of equilibrium partitioning coefficients from the 

literature. Mass transfer rates were measured in the 

laboratory, and converted to exchange parameters for use in 

the DSC model. The model simulated radial, forced ventilation 

of unsaturated soil with clean air. Disequilibrium conditions 

were produced when clean air mixed with organic vapor in the 

soil air pore space. This initiated mass transfer from the 

liquid to vapor, and in turn, from solid to liquid. The vapor 

was advected out of the system. 

The data collected during the air stripping experiments 

were used to validate the DSC model mass transfer algorithms, 

and conclusions were drawn about possible applications of the 

DSC model for field conditions. Figure 1.1 illustrates the 

conceptual mass transfer model, and the DSC model algorithm 

that was used to simulate it. 
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CONCEPTUAL MODEL 

organic  

mat te r  

water  -

f i lm 

so l id  -  l iqu id  

par t i t ion ing  

particle 

l iqu id  -  vapor  

par t i t ion ing  

DSC MODEL 

vapor  

Figure 1.1. The conceptual mass transfer model has a film of 
water surrounding each soil grain, and does not allow direct 
solid - vapor mass transfer. The DSC model simulates the 
conceptual model by compartmentalizing the VOC by phase, and 
preventing direct mass transfer between the solid and vapor 
phases. 
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2. THEORETICAL CONSIDERATIONS 

2.1 LIQUID - VAPOR EQUILIBRIUM PARTITIONING 

In this investigation it was assumed that the soil 

contained TCE and 1,1,1 TCA in three phases (i.e. sorbed to 

solids, dissolved in water, and as a vapor). At equilibrium, 

the relative fraction of VOC in each phase is expressed by its 

liquid - vapor, and solid - liquid partitioning coefficients. 

Henry's Law states that in dilute solutions the vapor pressure 

of a solute is proportional to its molar concentration. 

Henry's Law is assumed to hold for TCE and 1,1,1-TCA because 

both are sparingly soluble in water. The respective 

solubilities are 1080 and 1550 mg/1 (Horvath, 1982). Henry's 

Law is commonly expressed as: 

P = Kh CX (2.1) 

where p = partial pressure (atm) 

Kft = Henry's constant (atm m^ mol~l) 

C]_ = aqueous concentration (mol m~^) 

Using the ideal gas law, Equation 2.1 can be rewritten 

to produce a dimensionless Henry's constant by: 

He = p / RTCxMw (2.2) 
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where Hc = dimensionless Henry's constant 

(cm3 water cm-3 air) 

R = gas constant (cm3 atm K"1 mol-1) 

T = absolute temperature (K) 

= aqueous concentration (mg cm-3 water) 

Mw = molecular weight (mg mol-1) 

He can be calculated using the saturation vapor pressure 

and the aqueous solubility. This method suffers from the lack 

of reliable solubility data. For example, reported solubility 

values for TCE range from 700 - 2640 mg/1. Also, the vapor 

pressure of an organic compound in a water saturated system 

may be different from that of the pure compound. It is the 

latter value which is usually reported in the literature. 

Recently, Munz and Roberts (1987) conducted experiments 

to measure the temperature dependence of the Henry's constant 

on a variety of nonionic halogenated organic compounds in a 

water saturated system. The temperature dependence of the 

Henry's constant is described by: 

log He = A - B/T (2.3) 

where A,B = regression coefficients 

A linear least-squares regression was made and regression 

coefficients for Equation 2.3 were obtained for temperatures 

between 10 °C and 30 °C. For TCE, A = 6.026 and B = 1909. 
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For 1,1,1-TCA, A = 5.327 and B = 1636. 

Gossett "(1987) performed a similar study using a 

modification of the EPICS procedure (Equilibrium Partitioning 

in Closed Systems). Results were obtained from the 

measurement of vapor concentration ratios from pairs of sealed 

vials containing different liquid volumes. Figure 2.1 

illustrates that similar results were obtained by Munz and 

Roberts (1987), and Gossett (1987) . The values obtained by 

Gossett were used in this investigation. At 20 °C, He for TCE 

is 0.308, and for TCA it is 0.570. 
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Figure 2.1. The dimensionless Henry's constants determined 
in separate investigations for TCE and 1,1,1-TCA are very 
similar. 
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2.1.1 SOLID - LIQUID EQUILIBRIUM PARTITIONING 

The solid - liquid partitioning coefficient describes 

the equilibrium ratio of the sorbed concentration to the 

aqueous concentration. In a two phase solid - liquid system, 

sorption of nonionic organic compounds" can be written: 

S = KpCx (2.4) 

where S = sorbed concentration (mg g--*- soil) 

Kp = solid - liquid partitioning coefficient 

(cm3 water g_1 soil) 

= aqueous concentration (mg cm-3 water) 

Schwarzenbach and Westall (1981) observed linear sorption 

isotherms for several hydrophobic organic compounds 

partitioning between sediment and water. They noted that the 

extent to which a compound partitions to the solid phase is 

dependent on the fraction of organic material in the soil. 

A highly significant correlation was found between the 

logarithms of the average Koc values and the logarithms of the 

Kow values (r2 = 0.95). It was described by: 

log Koc = 0.72 log Kow + 0.49 (2.5) 

where Koc = (hypothetical) partitioning coefficient 

for adsorbent that is 100% organic carbon 
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Kow = octanol - water partitioning coefficient 

For a sorbent that is not 100% organic material, the 

partitioning coefficient was found by: 

log Kp = 0.72 log Kow + log fQC + 0.49 (2.6) 

where foc = mass fraction of soil organic carbon 

Chiou and Shoup (1985) conducted experiments with several 

nonionic organic compounds to determine the effect of relative 

humidity on the sorption of organic vapor on dry soil. They 

found that sorption on dry soil was nonlinear and much higher 

than for aqueous systems. It was proposed that soil behaved 

as a dual sorbent in which the organic compounds sorbed both 

to the mineral fraction, and the organic matter. As relative 

humidity increased, sorption was observed to decrease. At 90% 

relative humidity the sorption isotherms for some compounds 

closely matched those for a saturated system. It was 

hypothesized that the more polar water vapor displaced the 

organic vapor from sorption sites on soil minerals. At high 

relative humidities, the sorption of organic vapor to soil 

minerals was effectively inhibited, and partitioning with soil 

organic matter was the dominant sorption mechanism. Since the 

relative humidity in unsaturated soil is near 99% even at 

large negative moisture potentials (Hillel, 1980), the 
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relationship that describes solid - liquid partitioning of 

nonionic organic compounds in saturated systems can be used 

as an approximation in unsaturated systems. 

Peterson et al. (1988) conducted solid - vapor sorption 

experiments with simulated soil material composed of alumina 

oxide coated with humic acid. The resulting foe was 0.48. 

The synthetic soil was hydrated by exposing it to water vapor, 

and then allowing it to equilibrate in a closed chamber for 

3 days. Water contents of 8.2 percent and 11.2 percent (g H2O 

/ g solid) were achieved. They found that TCE sorption 

isotherms in unsaturated material were two orders of magnitude 

greater than in the saturated system. However, Malcom and 

MacCarthy (1986) caution that commercial humic acids are not 

representative of humic and fulvic acids found in soils. 

Both the results of Chiou and Shoup (1985) and Peterson 

et al. (1988) indicate that the value obtained for KP in a 

saturated system could be considered the lower limit for Kp 

in unsaturated soil. 

2.2 LIQUID - VAPOR MASS TRANSFER KINETICS 

At equilibrium, the chemical potentials of all phases 

are equal and no net mass transfer occurs. The driving force 

of mass transfer between phases is a chemical potential 

gradient. If an imbalance exists, mass transfer occurs down 

gradient until equilibrium is reached. Treybal (1980) used 

the two-resistance theory to describe liquid - vapor 
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partitioning. The two-resistance theory assumes that 

diffusional resistance exists in the liquid and vapor, but 

not in the interface that separates them. At the interface, 

the chemical potential of liquid and vapor is assumed to be 

equal. Mass transfer across the interface can be expressed 

in terms of an overall mass transfer coefficient which is 

related to the sum of the individual diffusional resistances 

of both phases. The time rate of change of the aqueous 

concentration can be written: 

dCx/dt = a„ ( (Ca/Hc) - Cx ) (2.8) 

where aw = liquid - vapor mass transfer rate 

coefficient (s-1) 

McKay and Leinonen (1975) demonstrated that liquid -

vapor mass transfer in substances with high Henry's constants 

(i.e. above 1.6 x 10--*- atm m^/mol) was controlled by the 

liquid phase diffusional resistance. Conversely, mass 

transfer in compounds with a smaller Henry's constant was 

controlled by vapor diffusional resistance. 

Roberts and Dandliker (1983) confirmed that liquid 

diffusional resistance controlled mass transfer for TCE and 

1,1,1-TCA. They used an agitated vessel container to cause 

turbulence in the air phase above aqueous solutions of six 

organic compounds. They found that mass transfer from the 
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aqueous to air phase was not enhanced by vapor agitation for 

TCE and 1,1,1-TCA. 

2.2.1 SOLID - LIQUID MASS TRANSFER KINETICS 

Many researchers have reported two stage sorption -

desorption kinetics in water - sediment systems (Leenheer and 

Ahlrichs, 1971; Karickhoff, 1980, 1984; Freeman and Cheung, 

1981; and Wu and Gschund, 1986) . An initial fast rate is 

theorized to be sorption or desorption from the solid surface, 

and the slower rate is attributed to diffusion through the 

solid. Freeman and Cheung (1981) assumed that the sorptive 

properties of a sediment are due primarily to its organic 

content (humin - kerogen). The humin - kerogen structure is 

pictured as consisting of highly branched polymer chains that 

form a three-dimensional, randomly oriented network bound to 

a soil mineral substrate. A liquid adsorbed by the structure 

causes the network to swell and form a gel. Different liquids 

induce different degrees of swelling. By experimenting with 

different fluids and therefore, different degrees of swelling, 

the researchers noted that the slow desorption step for a 

given compound was accelerated when the gel was more swollen. 

It follows that solute diffusion through a swollen gel should 

be faster than through a denser one. 

Another study that supports the theory that sorption 

kinetics are controlled by intra-particle diffusion was 

conducted by Wu and Gschwend (1986). They developed a radial 
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diffusion model based on chemical and particle properties that 

agrees well with experimental desorption data. 

Mass transfer from solid to liquid is similar to equation 

2.8. The aqueous concentration is adjusted by Kp to express 

a chemical potential gradient. For a single mass transfer 

rate, the change in solid concentration with time is written: 

dS/dt = as (KpC-L -S) (2.9) 

where ag = solid - liquid mass transfer rate 

coefficient (s~l) 

If two parallel mass transfer rates are present, equation 

2.9 can be rewritten by: 

6S/5t = ax (KpC-L - S-^ + a2 (KpC^ - S2) (2.10) 

where = rate coefficient for process 1 (s-1) 

(*2 = rate coefficient for process 2 (s-1) 

51 = fraction of VOC affected by rate 1 

52 = fraction of VOC affected by rate 2 

2-3 SOIL AIR PERMEABILITY 

Assuming that large scale heterogeneities are absent 

(i.e. root holes, animal burrows, or soil cracks), the air 

permeability of unsaturated soil is controlled by soil 
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porosity, pore geometry, and degree of saturation, For 

radial, incompressible, laminar flow in a homogeneous porous 

media vapor movement is described with Darcy's Law (Muskat, 

1946) by: 

q = -k/u dP/dr (2.11) 

where k = intrinsic permeability (cm2) 

P = pressure (dyne cm-^) 

U = dynamic viscosity (g cm--'- s~l) 

r = radial distance (cm) 

For the case where compressible flow occurs, an 

additional term that represents the contribution to flow by 

expanding gas (Kilbury et al.,1986) is added to the flow 

equation by: 

q = -k/u dP/dr - kdP2/2uP0dr (2.12) 

where P0 = reference pressure (atm) 

The incompressible, volumetric flow rate from an 

injection or extraction well in radial coordinates is written: 

Q = 2nrh k/u dP/dr (2.13) 

where h = height of well gravel pack (cm) 
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equation can be adapted to solve for soil air 

Separating variables and integrating Equation 

In r2/r1 = 2nhk/jiQ (P2 - P^) (2.14) 

This intermediate step shows that for radial air flow, the 

graph of P vs. In r is a straight line with a slope equal to 

the constant 2nhk/uQ. Equation 2.10 can be rewritten to solve 

for soil air conductivity as: 

Ka = kQg/u = In r 2 / r 1  Q/2nh(H2 - %) (2.15) 

where Ka = soil air permeability (cm/s) 

P2 - P± = g(H2 - Hi) 

Q = density of fluid in manometer 

g = gravitational acceleration 

Hi = static manometer fluid level (cm) 

H2 = pressurized manometer fluid level (cm) 

2.4 ADVECTION - DISPERSION PARADIGM 

The spreading out of the VOC vapor concentration profile 

of a VOC in the unsaturated soil is caused by mechanical 

dispersion, and molecular diffusion. The combination of these 

terms is called hydrodynamic dispersion. The dimensionless 

Peclet number is used to express the relative importance of 



each term, 

flow by: 
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Freeze and Cherry (1979) describe it for saturated 

Pe = qd/Dm (2.16) 

where Pe = Peclet number 

q = linear velocity (cm s~l) 

d = average particle diameter (cm) 

Dm = molecular diffusion coefficient (cm2 s-1) 

At low velocity the Peclet number is small, and 

hydrodynamic dispersion is dominated by molecular diffusion. 

In a very fine grained soil such as the confining layer in 

the experimental model, diffusion is more significant. The 

Peclet number is large at high velocity, and mechanical 

dispersion is more important. 

In unsaturated soil, the change of VOC concentration 

with time due to air stripping can be described by coupling 

the advection - dispersion equation with chemical rate 

equations. The relationship is expressed by: 

0a 5Ca/5t + 0W SCj/ot + (l-0a-0s) 5S/ot = (2.17) 

®aDa ( (o/r5r)(r5Ca/or) - q(r)5Ca/5r ) 

where ®a = air filled porosity (cm3 air cm-3 porous media) 

0W = water filled porosity 
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(cm3 Water cm-^ porous media) 

Da = hydrodynamic dispersion coefficient (cm2 s-1) 

q(r) = linear air velocity as a function of r 

(cm s-1) 

5C1/5t = aw ( (Ca/Hc) - C 1  ) 

5S/5t = as (KpCx - S) 

There is not an analytical solution available for 

equation 2.17. The DSC model was used to approximate a 

solution by combining conservative tracer simulation with 

desorption rates measured in the laboratory. 
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3. LABORATORY APPARATUS 

3.1 MODEL CONSTRUCTION 

A wedge-shaped lysimeter was constructed to simulate the 

conditions of radial forced ventilation in unsaturated soil. 

A triangular plexiglass prism with internal angles of 60 

degrees was built with sides of 1 meter each, and a height of 

1 meter. The model shape was meant to represent a segment of 

an axially symmetric flow field. Figure 3.1 is an 

illustration of the laboratory apparatus. 

The lysimeter was constructed with 1/4 inch plexiglass 

sheets fastened with machine screws every 5 inches. Weld-on 

#3, a mixture of methylene chloride and TCE (Industrial 

Polychemical Service, Los Angeles, Ca.), was used to bond the 

plexiglass sheets together. The mixture was applied to the 

seams with a small brush, and capillary force caused the 

solvent to spread across the joint interface. Machine screws 

were then tightened, and a secure bond was formed. The seams 

were sealed with at least 2 layers of Formagasket #2 (Locktite 

Corp., Mississaugua, Ontario). The removable plexiglass top 

was sealed with silicone sealant and fastened with machine 

screws. A_ supporting frame of 1J4" x 1 Y»" x 1/8" angle iron was 

constructed around the model. 
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LABORATORY APPARATUS 
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Figure 3.1. I l lustration of the laboratory apparatus used to 
conduct air stripping experiments in unsaturated soil 
material. 
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To eliminate the possibility of preferential air flow 

along the sides of the enclosure, a medium to coarse grained 

sand was glued to the plexiglass with Locktite 330 Depend 

(Locktite Corp.). Soil particles would then make direct 

contact with the irregular surface formed by the sand, and 

air would not be likely to flow preferentially between the 

soil and the plexiglass walls. 1,1,1 TCA was an active 

ingredient in Locktite 330 Depend. It was unintentionally 

introduced into the system by way of the adhesive. 

3.1.1 SOIL MATERIAL 

Two types of soil material were used in this 

investigation to provide a layering effect in the model. Soil 

A was a composite sample taken from a depth of 0 to 20 feet 

from a site in Phoenix, Arizona. Soil A was dry sieved and 

the +2 mm fraction was discarded. The remaining sample was 

classified as a yellowish brown, silty fine to medium sand. 

Soil B (Avondale Clay Loam) was taken from the University of 

Arizona's Prince Road Farm. Both soils were tested for total 

organic carbon (mass fraction) by Desert Analytics, Inc., 

Tucson, Arizona. Soil characteristics are presented in Table 

3.1. 
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PROPERTIES OF SOIL MATERIAL USED IN LABORATORY MODEL 

Soil Characteristics 

Sand 

Silt and Clay 

Fraction Organic Carbon 

Bulk Density (g cm-"*) 

Porosity 

Percent Saturation 

Intrinsic Permeability (cm^) 

Soil A Soil B 

72% 0% 

28% 100% 

0.0012 0.0012 

1.54 1.60 

0.42 0.4 

0.35 0.63 

7.3 x 10~7 1.0 x 10"9 

Table 3.1. Physical properties of the experimental soils 
material and percentages of liquid, vapor, and organic carbon 
are listed for each soil type. 
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3.1.2 SOIL LAYERING 

Figure 3.2 illustrates the soil layering with a side view 

of the model. Soil A formed the bottom layer. It was 30 cm 

thick and weighed 491 pounds. Soil A was compacted at a water 

content of 3 percent by weight. 

Soil B formed the second layer. It was 10 cm thick and 

weighed 186 pounds. Soil B was compacted at its optimum 

moisture content for compaction (12.5 percent) as determined 

by the ASTM maximum soil density test. 

A layer of soil A followed. It was 18 cm thick and 

weighed 325 pounds with 3 percent by weight water. 

The top layer was soil B. It also was 10 cm thick and 

weighed 195 pounds with 12.5 percent by weight water. 

In later experiments, a plastic sheet was spread across 

the top soil layer, and sealed to the plexiglass with silicone 

sealant. This prevented vapor diffusion through the soil into 

the model atmosphere. Approximately 2 inches of water was 

ponded on the plastic surface to prevent ballooning. 
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ARRANGEMENT OF SOIL LAYERS 
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Figure 3.2. Side view of model illustrates soil layering in 
laboratory apparatus. 
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