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Abstract. An in-situ remediation procedure is proposed to remove Volatile Organic Compounds (VOCs) 
dissolved in groundwater. This is accomplished by injecton of air into a well, using a combined technique 
of air-lift pumping with a form of vapor stripping. When air is injected into a well, it causes water to 
be lifted and forces groundwater flow towards the well, creating a recirculating cleanup zone. During this 
process, VOCs are transferred from the contaminated water to the rising air bubbles inside the well. The 
air bubbles are separated from the liquid near the top of the well, and the VOC vapor is collected and 
treated. In this system, water is not permitted to be lifted to the ground surface. Rather, the water is 
diverted into the unsaturated zone through a series of drains that are installed beneath the root-zone. 
The water then, free of a portion of VOCs, infiltrates back to the water table. As water continues to 
circuIate, the VOC concentrations are graduaIly reduced. 

The feasibility of the proposed method was analyzed using concepts of mass transfer of VOCs from 
water to air-bubbles. Calculations indicate that the method has promise because equilibrium partitioning 
between the contaminated liquid and the gas bubbles is rapidly established. 

Key words. Aquifier remediation, in-situ vapor stripping, air-lift pumping, mass transfer, Volatile 
Organic Compounds~ bubbles. 

1. Introduction 

During the last decade, over 1200 hazardous waste sites in the U.S. have been 
placed on the EPA National Priorities List for remedial investigation and cleanup 
(Porter, 1989). However, current remediation methods are often very expensive, 
and alternative concepts and techniques are needed. This paper focuses on Volatile 
Organic Compounds (VOCs) which pose a significant threat to groundwater 
supplies and are commonly detected in groundwater. 

The most common class of VOC pollutants are the petroleum products, such as 
gasoline and jet fuels. The U.S. EPA estimates that there are more than 2 million 
underground tanks in the United States and that 20% of them leak and contami- 
nate groundwater. Such tanks leak benzene, toluene and their derivatives which 
become dissolved in groundwater. Another important group of VOC pollutants is 
c h l o r i n a t e d  h y d r o c a r b o n s ,  n o t a b l y  T C E  ( t r i c h l o r o e t h y l e n e ,  CHCI~---CC12) a n d  its 

d e g r a d a t i o n  p r o d u c t s .  

O n e  c h a l l e n g e  fo r  h y d r o l o g i s t s  a n d  e n v i r o n m e n t a l  e n g i n e e r s  is to  d e v e l o p  n e w  

in - s i t u  r e m e d i a t i o n  m e t h o d s  f o r  r e m o v i n g  t he  d i s s o l v e d  o r g a n i c  c o n t a m i n a n t s  in  a 
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simple, cheap and efficient manner. At many contaminated sites, it is common for 
the majority of the organic pollutants to exist as separate liquid phases. A portion 
may dissove into groundwater or may evaporate into the gas phase of the 
unsaturated zone (Schwille, 1988). Once in the groundwater, the dissolved organic 
contaminants are transported as plumes. During aquifer remediation, the main body 
of organic liquid is usually removed from groundwater by skimming or pumping with 
subsequent above ground treatment. A portion of the liquid phase that is retained 
by capillary forces (Hoag and Marley, 1986), may continue to slowly dissolve. 
Remedial action may also include forced vacuum extraction through the unsaturated 
zone to remove the gas phase of the toxic substances (Baehr, 1989). Unfortunately, 
the dissolved portion is not treated in-situ, when remediation technologies are limited 
to 'pump-and-treat' (i.e., above ground) methods. 

The newly developed method of biorestoration may provide an alternative for 
some specific cases. This method is aimed at enhancing biodegradation of organic 
compounds through the introduction or stimulation of natural microorganisms 
along with injection of nutrients and oxygen. Lately, methanogenic microorganisms 
have been discovered in natural systems that are able to co-metabolize TCE under 
reducing conditions after controlled stimulation (Wilson and Wilson, 1985; Mc- 
Carty, 1988). Although in the early phase of technology development, these 
methods may become practical and effective. However, these methods are limited to 
very specific conditions; for example, in-situ bioremediation of TCE-containing 
water is apparently limited to fluids containing less than about 100 ppm of TCE, as 
higher concentrations seem to be toxic (Abelson, 1990). This fact is relevant to this 
work because the method suggested is capable of remediating water containing high 
concentrations of VOCs. Alternatively, an in-situ remediation technique using an 
under-pressure vaporizer floating device was introduced by Herrling et al. (1990). 

This paper suggests a new concept for in-situ removal of dissolved VOCs from the 
saturated zone. It avoids standard 'pump-and-treat' methods. It is a combined air-lift 
pumping technique and in-situ vapor stripping method. The idea is to inject air into 
wells which lifts the contaminated water in the well. During the process, VOCs are 
transferred from the water to the air bubbles. The VOCs are then collected at the 
top of the well by vapor extraction. The partially treated liquid is forced into the 
unsaturated zone where it reinfiltrates; it is never brought to the ground surface. The 
rate of air injection can be adjusted to create substantial groundwater circulation 
toward the well and to control the rate ofin-situ volatilization of VOCs. Our analysis 
of this method is based on concepts developed to study the dynamics of flow through 
pipes containing mixtures of air bubbles and water. Mass exchange rates are 
approximated for VOC movement between the liquid and gas phases. 

2. Literature Review 

To our knowledge, an in-situ aquifer remediation method that employs air-lift 
pumping as a means of producing gas bubbles to remove VOCs from groundwater 
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is not mentioned in the literature. Related studies have inspected the effects of air 
bubbles on various hydrologic, geologic and engineering processes. The general 
behavior of air bubbles in groundwater is mentioned in the hydrological literature 
in relation to its effect on decreasing hydraulic conductivity (Parker et al., 1987; 
Ronen et al., 1989), its effect on soil moisture hysteresis (Lenhard and Parker, 1987; 
Stonestrom and Rubin, 1989) and its effect on water table fluctuations (Peck, 1960). 
Lately, Goldenberg et al. (1989)  suggested that air bubbles might serve as carriers 
of suspended particles such as clay minerals in porous media, due to their special 
interface properties. In the petroleum engineering literature, the behavior of gas 
bubbles is mentioned by many researchers regarding their effect on oil reservoirs 
(e.g., Gardescu, 1930; Leverett, 1941; Morrow and Heller, 1985). Transport by gas 
bubbles in the free liquid phase has received attention in fields as diverse as 
oceanography, where bubbles are mentioned as important carriers of organic 
matter to the sea-surface (Sutcliffe et al., 1963) and in flotation techniques for the 
processing of ores (Hornsby and Leja, 1982). 

Air-liquid mass exchange is already being applied in two different processes. First 
is 'gas stripping' of industrial wastewater using larger towers above the ground 
(Tchobanoglous and Schroeder, 1987) and second, the 'purge and trap' laboratory 
technique for analysis of concentrations of trace volatile chemicals (Kirshman, 1984). 
This water-gas phase mass transfer is very efficient. In the case of gas stripping it is 
possible to reduce concentrations in the aqueous phase to the water quality standards 
which are frequently at the detection limit. It is interesting to note that today gas 
stripping is used as a standard method for removing volatile chemicals from pumped 
groundwater in contaminated sites before its supply for domestic usage (Kavanaugh 
and TrusseI1, 1981). The purge and trap method in the laboratory is also an effective 
removal method for many compounds (Wilson, 1981). 

3. The Method 

The in-situ vapor stripping method involves a combination of various technologies 
and draws upon techniques already developed in petroleum engineering, hydrogeol- 
ogy, chemical engineering, and environmental engineering. The well installation for 
the system we suggest is shown schematically in Figure 1 and its operation in Figure 
2. In both figures there is a well that is screened in the saturated zone, to allow 
contaminated water flow into the well. It is cased elsewhere. Inside the well casing, 
an air line is introduced into which air or other gases are injected. The air is 
released beneath the water table, creating bubbles that rise. Due to the density 
difference between the water column outside the well and the water-bubble mixture 
column inside the well, a lift is created. In other words, water rises up the well and 
water inside the aquifer flows towards the well. The water and air-bubble mixture 
flows upward in the annular space around the air line. In this system, water is not 
permitted to be lifted to the ground surface, thereby reducing costs and protecting 
the biotic environment above the root zone. Rather, the water is permitted to flow 
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Fig. 1. Schematic installation of a well designated for aquifer remediation using the in-situ vapor 
stripping system. The well is installed with an air line and a drainage infiltration system beneath the root 
zone. Vacuum extraction system for soil gases is not shown. 

into the unsaturated zone through a series of drains that are installed beneath the 

ground surface in the unsaturated zone. These drains emanate horizontally from the 

well and their purpose is to return the air-lifted water to the aquifer by allowing the 

water to infiltrate through the unsaturated zone. In this way, a water circulation cell 

is created in the vicinity of the well. 

Simultaneously, an air-stripping 'chamber' is created within the well-casing. 

During the period in which the air bubbles flow through the water in the well, 

VOCs are transferred from the water to the gas phase. The effectiveness of vapor 

stripping will be based on the concentration gradient, the time span available for 

mass exchange, the temperature, and the interface area of the air bubbles. The air 

bubbles, including the VOC vapor are collected using vapor extraction techniques 

at the top of the well. To enable collection of VOC vapor in the well, the air must 

be separated from the water. This can be accomplished using a simple deflection 
plate (Figures 1 and 2) that enables the bubbles to be released and collected 
through the vapor extraction line. The organic rich vapor is treated using existing 

methods such as sorption onto activated carbon. 
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Fig. 2. The remediation circulation cell under steady-state conditions�9 Water (solid arrows) is lifted in 
the well, forced into the unsaturated zone, infiltrates to the aquifer, and flows back to well. Air (outlined 
arrows) is injected into the well, bubbles rise, and are collected at the top of the well. Also shown are 
the definitions of total pumping lift and pumping submergence depth, under pumping conditions. 

A second air-stripping 'chamber' is created in the unsaturated zone while water 
infiltrates back to the water table. During this stage, the VOCs continue to be 
released into the soil gas. Soil gas evacuation can be used to remove the VOCs 
from the unsaturated zone. Because the pumped water drains continuously to the 
water table, the unsaturated zone can be used as a natural 'vapor stripping tower'. 
As this process continues, water circulates from the aquifer to the well and then 
back to the water table. The concentration of  VOCs is reduced, and after a 
sufficient number of  circulation cycles, they will reach the permitted concentration 
standards. 
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In the sections that follows we assess the feasibility of the In-situ Vapor Stripping 
method. Our analysis relies on a combination of engineering, mass balance and 
empirical relationships. 

4. Water-Air Mixture Flow in Pipes 

4.1. FLOW PATTERN 

The vertical flow of gas-liquid mixtures in pipes is widely encountered in the 
petroleum and chemical industries. In the comprehensive work of Govier and Aziz 
(1972) the behavior of an air-water system flowing upwards in a vertical cylindrical 
pipe is discussed. The flow pattern is a function of both the air and water velocities 
in the pipe. Two flow patterns, bubble and slug, which occur at successively higher 
air rates, are relevant to our method, and are summarized in Figure 3. At a low air 
velocity, the gas is dispersed in the form of discrete bubbles some of which may 
increase in size by coalescence. When bubbles are generated continuously, a 
pseudo-equilibrium condition is achieved where the size, shape and number per unit 
volume become relatively stable and are no longer affected by coalescence. This is 
the 'bubble pattern' flow. With an increase in gas flow, some of the bubbles coalesce 
to form larger cap-shaped bubbles nearly spanning the tube. This marks the 
beginning of the 'slug pattern' flow. The transition from a bubble to a slug flow 
pattern usually occurs when the volume fraction of the gas phase is between 
0.25-0.70, and depends on the velocities of both phases. As the air rate is further 
increased, these bubbles become larger and each assume a bullet shape. The slug 
flow pattern is characterized by bullet-shaped bubbles surrounded by a thin water 

A B 

Fig. 3. Flow patterns of water-air mixture in a vertical pipe: (A) a 'bubble flow pattern' where the air 
volume fraction is 67%; and (B) a 'slug flow pattern' (containing bullet-shaped bubbles) where the 
air-volume fraction is 70%. See Table I for details. Figure after Govier and Aziz (1972), p. 324, examples 
B and C. 
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annulus alternating with slugs of water containing small bubbles. A further increase 
in air rate, beyond that of interest here, will create a continuous air phase. 

4.2. VARIATION WITH TIME IN BUBBLE VOLUME 

The variation in bubble radius during its life is controlled by the competition 
between the tendency to increase due to constantly reducing hydrostatic pressure 
while ascending, and the tendency to decrease due to dissolution of the air in the 
water (Memery and Merlivat, 1985). For small bubbles, the variations in the bubble 
radii are controlled by the gas exchange from air to liquid, and thus they tend to 
dissolve and disappear. In contrast, large bubbles tend to grow. Memery and 
Merlivat (1985) found the limiting bubble radius separating these two opposite 
possibilities as a function of water column height. They calculated the limiting 
radius to be about 100 #m for bubbles beneath 10 m of water and 300 #m for 
bubbles beneath 100 m of water. 

4.3. BUBBLE ASCENT VELOCITY 

When a single bubble is released from an orifice in a stagnant liquid, a distance of 
only a few bubble radii is needed to reach a constant velocity (Garretson, 1973). 
The terminal velocity occurs when buoyancy forces are balanced by viscous forces. 
Levich (1962) found that the ascent velocity of a single bubble in a free and 
stationary liquid phase was a function of the bubble radius and the water viscosity, 
and cannot exceed 30 cm/sec. 

Obviously, adjacent bubbles influence each other. Below a certain minimum 
separation distance, oscillation, spiraling and random motion could cause collision, 
adherence or coalescence. Furthermore, the vortex disturbance created by a rising 
bubble slows the rise of the trailing bubble. In fact, it was found that the velocity 
of a continuous swarm of bubbles in a stagnant liquid is significantly less than that 
of a single bubble. 

When a swarm of bubbles rises with a vertically flowing stream of water, the 
mutual influence of the two flowing phases has to be considered. During vertical 
flow of a liquid-gas mixture in a pipe there is a 'holdup' effect, also known as the 
'slip' effect, (Govier and Aziz, 1972). That is, the gas tends to flow at a higher 
average velocity than does the liquid. It was experimentally found that the abso- 
lute rise velocity of bubbles in rising water will be a simple vector sum of the 
bubble velocity in a stagnant liquid and the local absolute velocity of the flowing 
liquid. There are some difficulties in applying the vector-sum concept to determine 
the average absolute rise velocity of bubbles in a flowing liquid because of 
nonuniformities in velocities, the variability in bubble concentration, and the 
liquid velocity distributions across the pipe. For our purpose (Figure 2), the 
difficulty in calculating the water and air velocity arises from the unstable flow 
pattern of the liquid-gas mixture, and the complex phase geometry inside the 
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annular space. Consequently, gas and water ascent velocities must be predicted 
based on empirical relations. 

4.4. AIR-LIFT PUMPING 

The technique of pumping groundwater by injecting air into a well is an accepted 
method of well development (Driscoll, 1986). It is also commonly used as a method 
for petroleum extraction (Govier and Aziz, 1972). The method is well understood 
in theory and practice for the purpose of water well development and petroleum 
recovery, but has not been used as a combined pumping and vapor-stripping 
method to remove VOCs in-situ as we suggest. 

Given an initial static water level, the compressor used for air injection must 
overcome the initial water head dictated by the submergence depth of the air line 
(Figure 1). This head is called the starting submergence. When injection of air 
starts, the water column becomes partly aerated, causing water in the well to rise, 
followed by drawdown in the aquifer due to flow into the well. Given sufficient 
time, a steady-state condition will be developed with a constant flow rate and a 
steady drawdown. This defines the final pumping submergence depth and the total 
pumping lift (Figure 2). 

For practical purposes, empirical rules have been established to determine the air 
volume required to pump (or air-lift) a certain volume of water. It depends on the 
total lift, the submergence of the air line below the water table, and the annular 
area (Johnson, 1975). Water discharge versus percent submergence can be calcu- 
lated if the air injection is known (see Figure 4). For example: when using standard 
diameters (see Johnson, 1975) of casing and air-line, and it is desired to lift the 
water 10 m above the water table under steady-state flow conditions (as in Figure 
2), and the pumping submergence depth is 5 m, i.e., 33% of 15 m, then for every 
liter of injected air, 0.33 liter of water will be pumped (Figure 4). 

For cases in which there is concern that air injection will force bubbles into the 
aquifer, a modified design is possible as shown in Figure 5. An eductor pipe can be 
installed between the air-line and the well casing, creating a well-within-a-well. Then 
air injected into the air-line would be contained within this 'inner well'. Water and 
air would rise towards the ground surface within the eductor pipe, forcing addi- 
tional water to flow from the aquifer into the eductor pipe. Furthermore, the 
eductor pipe may be slotted and baffled to prevent gas bubbles from escaping 
horizontally. With this modification, it is impossible for air bubbles to enter the 
aquifer because the bubbles are fully contained within the eductor pipe. 

5. Mass Exchange at the Water-Air Interface 

Because of the complexity of the water-bubble system, VOC mass exchange rates 
can only be approximated. Our estimates are based on much simpler geometries 
than we would obtain in reality, but our calculations indicate that the method has 
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Water flow is shown by solid arrows and air flow is shown by outlined arrows. 
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promise because equilibrium partitioning between the contaminated liquid and the 
air bubbles is rapidly established. The mechanism by which the dissolved VOCs are 
transferred between aqueous and gaseous phases is described by a mass flux in the 
presence of a concentration gradient. We have to distinguish between two possibil- 
ities: equilibrium and non-equilibrium conditions, The question addressed in this 
section is: How rapidly do the rising bubbles become saturated with VOC vapor? 

5,1. EQUILIBRIUM CONDITIONS 

The distribution of volatile compounds between air and water is often expressed by 
Henry's law, which is a linear relationship between the equilibrium concentration of 
a volatile compound in the aqueous and gaseous phases. Dilling (1977) states 
Henry's law for a system at equilibrium, based on the 'ideal gas' law, as 

H C,i~ 16.04P v M 
Cwate r T S  ' (1) 

where H is the dimensionless Henry's coefficient, C, ir and Cwate r a r e  the mass 
concentrations of VOCs in the air and water phases (g/m3), respectively, Pv is the 
vapor pressure (mm Hg) [note: 1 mm Hg equals 133.29 Pa] measured above the pure 
liquid organic phase, M is the molecular weight of the solute (g/mole), T is the 
temperature (~ and S is the equilibrium solubility of the solute in the water (g/m3). 

5.2. NON-EQUILIBRIUM CONDITIONS 

We adopt a first-order expression where the force driving mass transfer is propor- 
tional to the departure from equilibrium (Hines and Maddox, 1985). The propor- 
tionality constant is an overall mass transfer coefficient reflecting the contribution 
of gemoetry and the complicated structure of the interface between phases. This 
approach has been used recently by Sleep and Skyes (1989) who formulated the rate 
of dissolution, volatilization and gas-water partitioning of organic compounds in 
porous media. Applying the first-order mass exchange concept to the rates of 
change in concentration of VOCs in the liquid and gas phases yields: 

--0wator h5 =0a r -- 

where 0,,r and 0water are the volume fraction of air and water in porous media, Kp 
is the overall mass transfer coefficient for gas-liquid partitioning (1/sec), and t is 
time (sec). 

5.3. THE IN-WELL WATER-AIR SYSTEM 

The effectiveness of VOC removal in the proposed remediation process can be 
roughly estimated by applying chemical engineering analysis. Consider a pipe 
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Fig. 6. Water and air bubble mixture flowing in a pipe, demonstrating the VOC mass transfer model 
across the liquid boundary layer (its thickness designated by 'h'). 

containing water and air bubbles flowing vertically in which dissovled VOCs are 
transferred at the water-gas interface. Such a system is illustrated in Figure 6. For 
volatile substances, the mass transfer from the liquid to the gas phases is 'liquid- 
phase-controlled' (Mackay et al., 1979). Consequently, a thin water film (boundary 
layer) is assumed to exist next to the air-water interface, across which a concentra- 
tion gradient of VOCs is developed. 

Assuming local equilibrium across the water-gas interface, the VOC concentra- 
tion on the liquid side of the interface is int Cwater = Ca~r/H where Ca~r is the VOC 
concentration in the gas bubble (which is assumed to be well mixed). While flowing 
in the pipe, the concentration of the VOCs, Cair, in the bubble increases. Based on 
a first-order mass transfer rate relationship, during flow along a length of pipe, the 
change in vapor concentration in the bubble is: 

dCair _ KLabA (Cwate r __ cint ter)  KLa b ( Cair" ~ 
dx Q a ~  =U-~-0 _Cwater H i '  (3) 

where: int Cwater = the mass concentration of VOCs in the water at the interface 
(g/m3), 

KL = the liquid mass transfer coefficient (m/sec), 
ab = the bubble surface area per unit volume of mixture (m2/m3), 
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A = the cross sectional area of the pipe (m2), 
Qair = the volumetric gas flow rate (m3/sec), 

x = length (m), and 
Uo = Qair/A is the surficial air velocity (m/sec). 

Equation (3) assumes that the mass transfer of the dissolved VOCs is sufficiently 
small, so that Qair is nearly constant, which is quite reasonable. It is noteworthy 
that KI. is affected by the bubble diameter, whose estimation is shown in the next 
section. 

Air entering the bottom of the pipe (Figure 6) is free of VOC, so Cair(X = O) = O, 

thus, the solution to Equation (3) is 

I / KLab  q 
Cair(X) = He'water 1 - e x p ~ - ~ U ~ 0 ) x  j .  (4) 

This solution assumes that during its life time, a bubble is in contact with water 
containing a constant concentration of VOC that is achieved at the top of the well, 
Cw~ter. There, the VOC concentration in the water is the lowest within the column. 
This approximation yields a conservative estimate (underestimate) of the mass 
exchange rate. 

5.4. ESTIMATION OF MASS TRANSFER COEFFICIENT 

The key question is, what is the travel distance, Xsat, required to achieve vapor 
saturation (i.e., equilibrium conditions)? It can be seen from Equation (4) that the 
critical unknown parameter which controls the rate of vapor equilibration is KL, the 
mass transfer coefficient. It can be estimated using a semi-empirical approach 
employed in chemical engineering. The mass transfer coefficient is incorporated in 
the dimensionless Sherwood number, Sh (Skelland, 1974): 

Sh _ K L d b  (5) 
DL ' 

where db is the average bubble diameter (m), and DL is the diffusivity of the 
dissolved VOC in water (m2/sec). The Sherwood number can be calculated by 
considering the contribution of flow conditions and molecular diffusion (Rucken- 
stein, 1981). The Sherwood number has been developed for different systems in 
chemical and biochemical engineering. The industrial air-sparged reactors, in which 
bubbles are produced in swarms, are most relevant to our system. The mass transfer 
coefficient at the gas bubble interface was measured by Calderbank and Moo- 
Young (1961) and by Akita and Yoshida (1974). For air-lift operations where large 
bubbles change their shape while rising, the following correlation was verified 
(Bailey and Ollis, 1986) 

Sh = 0.5 Gr 1/3 Sc 1/2, (6) 
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where Gr and Sc are the dimensionless Grashof  and Schmidt numbers, characteriz- 
ing flow conditions and molecular diffusion, respectively, and are 

d 3 Gr - d3pw(Pw - Pa) _--~ b (7a) 
#a w - v 2 

v 
Sc = - -  (7b) 

DI~ 
where: Pw and Pa are the water and air mass densities (g/m3), respectively, #w is the 
water viscosity (g/m/sec), and v = #w/Pw is the water kinematic viscosity (m2/sec). 
The Grashof  number is the characteristic dimensionless value that describes the 
flow conditions (similar to the Reynolds number) for situations where the density 
difference (buoyancy) provides the major driving force for fluid motion. 

Equations (6) and (7) were used to estimate KL for our proposed in-situ vapor 
stripping system. The change in vapor saturation that occurs while water and air 
bubbles rise in the well was calculated for a variety of flow conditions. Consider 
two of the cases of bubble and slug flow patterns described by Govier and Aziz 
(1972, pages 324-325). These two cases correspond to Figures 3a, b. The first case 
involves an average bubble size of 0.64 cm. The second case involves two different 
types of coexisting bubbles. For  that case, calculations of vapor saturation were 
done separately for the small bubbles in slugs of water and for the elongated 
bullet-shaped bubbles. The calculations below show that for water containing TCE, 
the vapor becomes saturated after flowing only several meters for both cases. Using 
Equation (4) and (6) and the values in Table I, we conclude that in most cases when 
dealing with contaminated sites where the well casing is more than 10 meters long 
the rising air bubbles can be considered as chemically saturated with TCE vapor. 

6. Circulation Requirements for Vapor-Stripping Remediation 

To determine the feasibility of the in-situ vapor stripping method we must calculate 
the time-span needed to approach the Maximum Permitted Concentration (MPC) 
for a particular VOC in groundwater. It is noteworthy that rigorous modeling of 
the vapor stripping system involves saturated-unsaturated transport of water and 
solutes. At this stage of investigation we adopt a far simpler model. We start by 
assuming that liquid-vapor transfer occurs only inside the well, and determine the 
number of pore volumes that must be circulated to reduce the VOC concentration 
in the water to the MPC. The effect of mass transfer that occurs during flow 
through the unsaturated zone has been the topic of others (e.g., Thornton and 
Wootan, 1982). Although not the topic of this paper VOCs will also be released 
during infiltration through the unsaturated zone while the pumped water is returned 
to the water table. The VOCs that are released there can be vacuum extracted by 
pumping air from the soil (Baehr et al., 1989). The unsaturated zone serves as an 
effective air-stripping environment as the flow direction of the water is vertical and 
the ventilation air is predominantly horizontal. Therefore, the actual number of 
circulation steps shown in this section represent an upper limit. 
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Table I. TCE mass transfer calcualtions for bubble and slug flow patterns in a pipe 

parameter Symbol Bubble Slug flow b Units 
f low a 

Small Large 

Air/water volume ratio G 2.0 2.3 
Air volume fraction 0.67 0.70 - 

Water kinematic viscosity v 10 - 6  10 -6 mZ/sec 
TCE diffusivity in water D L 9.5 x 10 -~~ 9.5 x 10 lo mZ/sec 

Schmidt number Sc 1050 1050 - 
Average bubble diameter d b 6.4 x 10 3 6.4 x 10 3 2.3 x 10 -2 m 

Grashof number Gr 2.6 x 105 2.6 x 105 1.2 • 10 7 

Sherwood number Sh 1000 1000 3700 - 
Mass transfer coefficient KL 1.5 • 10 -4 1.5 x 10 -4 1.5 x 10 -4 m/sec 
Specific interfacial area a b 630 430 140 m2/m 3 
Superficial air velocity U 0 0.15 0.31 m/sec 
TCE Henry's Const. H 0.4 0.4 - 
Fractional saturation ~ (3 m well) S(x = 3) 0.99 0.79 0.40 - 
Fractional saturation ~ (6 m well) S(x = 6) 1.00 0.96 0.64 
Fractional saturation ~ (9 m well) S(x = 9) 1.00 0.99 0.78 - 

aBased on Govier and Aziz (1972) and corresponds to Figure 3a. 
bSlug flow consists of two bubble types and corresponds to Figure 3b; small bubbles inside the liquid 
slug and large bullet-shaped bubbles between liquid slugs. 

CFractional saturation is defined by 

S(x) 
nf*w . . . .  1_ ~ "  " ~ "  " U o a b / f l  _] 

A single step o f  the  r e m e d i a t i o n  p rocess  is def ined  as the  t ime  it  t akes  fo r  all  

w a t e r  in one  s a t u r a t e d  p o r e  v o l u m e  wi th in  the  ' in f luence  zone '  to en te r  t ha t  well.  I t  

will  be  s h o w n  in la te r  e x a m p l e s  tha t  this inf luence  z o n e  can  easi ly ex t end  20 m 

rad ia l ly  f r o m  the  well.  D u r i n g  this t ime  the  c o n t a m i n a t e d  w a t e r  equ i l ib ra t e s  w i th  

the  air  bubb les  inside the  well. In i t ia l ly ,  we a s s u m e d  tha t  the  c o n t a m i n a n t  does  n o t  

so rb  ( this  a s s u m p t i o n  will  be  r e l axed  later) .  U n d e r  s t eady-s ta te  f low cond i t i ons ,  the  

ra t io  b e t w e e n  the  w a t e r  a n d  air  v o l u m e s  inside the  well  is cons t an t .  T h e  V O C  mass  

ba l ance  be tween  w a t e r  a n d  air  d u r i n g  the n - t h  step is 

( C a i  r n -  1 n 1 n n __ C a i r  ) U a i  r = ( C w a t e  r __ C w a t e r ) U w a t e r ,  ( 8 )  

where  C is c o n c e n t r a t i o n  a n d  U is v o l u m e  in the  well. A s s u m i n g  the  air  in jec ted  in to  

the  well  is a lways  free o f  V O C s ,  C~ir I ~ 0, a n d  a s s u m i n g  a c o n s t a n t  ra t io  o f  a i r  to 

wa t e r  v o l u m e ,  G = U, ir/Uwat,,, then:  

n __ n - - 1  n 
C w a t e  r - -  C w a t e  r - G C a i  r .  (9) 

G i v e n  chemica l  equ i l i b r ium,  H e n r y ' s  L a w  m a y  be  used,  C~ir = HC~t~.  W e  then  

have:  

( 1  cn, 
C n a t e r =  l ~ /  water" ( 1 0 )  
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The VOC concentration in groundwater at the end of the p th  step can be defined 

using a recursive series that is a function of the initial concentration in the 
groundwater: 

wator = 1 +  C / - / )  --wator, (1 l )  

where p is the number of steps after initiation of circulation. Defining R as the 
reduction ratio, such that 

c f i n a l  p 
w a t e r  C w a t e r  

R 
c i n i t i a I  0 

w a t e r  C w a t e r  

then the number of steps needed to reduce the initial concentration to the desired 

one can be derived by taking the log of both sides of (11) and rearranging, or 

- l o g  R 

P - log (1 + GH)" (12) 

The following examples illustrate the possible effectiveness of the in-situ vapor 

stripping method. Consider a case where the groundwater temperature is 20~ and 

one must reduce the concentration of TCE (H = 0.4) and PCE (H = 0.9) from 

100 ppm to 1 ppm (R = 0.01). Here we will assume that VOC concentrations are 

reduced only inside the well. Figures 7 and 8 summarize the results. 

The number of circulation steps needed to reduce the concentrations of TCE and 

PCE dissolved in the groundwater for an in-well air/water volume ratio, G, of 2 is 

2 0  . . . . . .  " i  ' ' ' '  ' ' " 1  ' ' ' ' ' ' '  

B u b b l e  f low pat tern ,  G = 2.0 

o_ ~ 1 5  

c 
0 -fl 
-5 10 o 

E 5 
z 

0 I r i I l l l l l  i ~ I l I F l ~ l  I i I I p l ~  

.0001 .001 .01 .1 
Reduction ratio (R) 

Fig. 7. Required number of circulation steps vs. the reduction ratio for TCE and PCE for bubble flow 
pattern (G = 2.0). 
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Fig. 8. Required number of circulation steps vs. the air/water volume ratio for TCE and PCE for a 
reduction ratio of 0.01. 

shown in Figure 7. This ratio is representative of a 'bubble flow pattern' (Figure 3a 
and Table I). The most important result is that a reduction in concentration by 2 
orders of magnitude (R = 0.01) will occur in about 10 flow cycles for TCE and 5 for 
PCE. Figure 8 shows the number of circulation steps needed to reduce the con- 
centration of these compounds by 2 orders of magnitude (R = 0.01) under various 
air to water volume ratios in the well. Under equilibrium conditions larger G values 
correspond to the removal of a greater mass of VOCs than do smaller G values. 
This fact accounts for the reduced number of circulation steps corresponding to 
large G values. It can be seen that even for very low air injection rates (G = 1), the 
number of circulation steps is less than 15 for TCE and less than 10 for PCE. 

7. Flow Field in the Vapor-Str ipping Zone 

The conceptual flow circulation system involves a central well surrounded by an 
infiltration gallery. This gallery, called the drainage infiltration system in Figure 1, 
consists of a series of buried pipes emanating from the well. At the end of each pipe 
the water is permitted to infiltrate back to the water table through a narrow 
infiltration zone. In this paper we present the concept underlying our proposed 
system and have not optimized the flow circulation system. That is a topic of 
on-going investigation. However, in order to estimate the likely groundwater 
circulation pattern that the air-lift and reinfiltration system would produce, we have 
conducted some simple simulations and particle travel time analyses. We approxi- 
mate the infiltration gallery as a donut-shaped ring around the well. That is, the 
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infiltration gallery consists of a number of buried pipes which feed into a slotted 
circular ring. The water rises up the pumped well, flows away from the pumped well 
in the buried pipes and then reinfiltrates in a one meter wide ring surrounding the 
well (see Figure 1). The distance from the central well to the beginning of the 
infiltration zone was fixed at 4.9 m in one of our simulations and 14.9 m in another 
so that we could see the influence of infiltration location on the flow circulation 
pattern. 

Simulations were conducted assuming radial flow conditions for an isotropic 
homogeneous aquifer. The simulation of this system is based on the radial flow 
equation for steady-state conditions: 

- -  Qwater = 0, (13)  & 2~rK +~z 27rrK + * 

where h = the hydraulic head h(r, z), (m); 
K = the hydraulic conductivity, (m/sec); 
r = the radial distance from the well, (m); 
z = the vertical coordinate, (m); 

Q water = the pumping rate (m/sec); and 
7z = 3.1416. 

Equation (13) was solved using the finite difference model M O D F L O W  (Mc- 
Donald and Harbaugh, 1984), and the particle velocities were determined using the 
tracking routine MODPATH (Pollock, 1988). The relevant parameters for the 
simulation model are hydraulic conductivity of 10 5 m/sec, effective porosity of  0.2, 
pumping rate of 0.375 liters/sec, and a well radius of  0.1 m. The hydraulic head 
distributions in cross-section for the radial flow system given reinfiltration at two 
different distances away from the well are shown in Figure 9. Also shown are the 
flow paths corresponding to each reinfiltration system. In both cases most of  the 
flow recirculates within 20 m of the well. 

Under steady state conditions, time of transport through the unsaturated zone 
will be directly related to the thickness of the unsaturated zone and to the flux of 
water coming from the well. At this preliminary stage of investigation, we only 
approximate in a gross fashion the transport time-span for flow through the 
unsaturated zone. Assuming a 10 m thick unsaturated zone beneath the drainage 
infiltration system and a pumping rate of 0.375 liters/sec, it will take 10.5 days for 
water to infiltrate to the water table, given a ring 1 m wide and having a radial 
distance of 5 m from the well. Similarly, at steady state it will take 30 days for the 
water to infiltrate to the water table, for an infiltration ring having a radial distance 
of 15 m from the well. 

The travel times were computed for 100 particles released 0.25 m beneath the water 
table and released at distances from the well of 4 .9 -5 .9m (Figure 9a) and 
14.9-15.9 m (Figure 9b). The travel time is defined as the time taken for a particle 
to move back to the well through advection only. Travel time plots for the two release 
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Fig. 9. Cross-section showing hydraulic head distributions and flow paths for radial flow systems given 
reinfiltration at approximately 5 m (9a) and 15 m (gb) from the central well. 

d is tances  are shown in F igure  10. F o r  either inf i l t ra t ion dis tance 95% of  the 

par t ic les  re turn  to the well within 7 days  and mos t  part icles  have a t ravel  t ime o f  

abou t  1 or  2 days.  A single flow ci rcula t ion will sweep a zone having a d iamete r  o f  

40 m a r o u n d  the centra l  well. The  cyl indrical  space a round  the well that  conta ins  

the water- f low pa ths  is defined as the ' influence zone '  o f  the well dur ing  the 

remedia t ion  process.  
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Fig. 10. Travel times for 100 particles released 0.25 m beneath the water table for the radial flow 
systems with reinfiltration at distances of  5 and 15 m from the air-injection well. 

The above calculation ignores the effect of sorption. However this effect can be 
approximated assuming equilibrium liquid-solid partitioning. Halogenated hydrocar- 
bons commonly are retarded by factors ranging from 2 to 9 depending upon the 
composition of the porous media and the specific compound (Roberts et  al., 1986). If 
we take a value of 3 for the retardation factor of PCE (Roberts et  al., 1986), then the 
travel times of individual particles shown in Figure 10 must be multiplied by 3. In such 
a case a single flow circulation would take about 21 days in the saturated zone. 

9. Summary 

We propose a possible method aimed at removing VOCs dissolved in groundwater. 
The idea is to drive the VOCs from the dissolved phase into the gas phase by 
injecting air or other gas into a well using combined air-lift pumping with a form 
of in-situ air stripping. The lifted water, free of a portion of  VOCs, infiltrates 
through the unsaturated zone back to the water table. As water circulates through 
the in-situ treatment system, the VOC concentrations are gradually reduced. The 
VOCs that are released into the gaseous phase in both the well and the unsaturated 
zone can be removed at the top of the well and treated using vapor extratraction. 
This technique is very simple and would avoid pump-and-treat restoration. It would 
reduce above-ground treatment. Using this system it is not necessary to bring the 
contaminted water to the ground surface. 

The feasibility of this method was shown through mass transfer calculations and 
flow simulations. Of course, the method cannot be proven worthwhile until field 
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tests are done. However, given the encouraging theoretical results so far, further 
research is directed towards laboratory and field testing. Mass-transfer calculations 
considered equilibrium and non-equilibrium effects. Calculations indicate it is likely 
that vapor saturation will occur within air bubbles when they reach the top of the 
well. The flow simulations assume a homogeneous and isotropic medium, without 
chemical sources and sinks (e.g., entrapped NAPL ganglia and unequilibrated soil 
adsorption). In field cases more complex factors have to be considered. 

Usually a contaminated aquifer is much larger than the influence zone of a single 
well. For practical purposes several wells may be needed. The optimal design of the 
well field and its optimal operation conditions have to be determined separately for 
any remediation site according to its characteristics. The relevant parameters for 
such a design will be the aquifer characteristics (thicknesses of the saturated and 
unsaturated zones, the regional flow regime, and horizontal and vertical permeabil- 
ities), the remediation requirements (final permitted VOC concentrations, and 
required time frame for cleanup), and the well characteristics (screened interval, and 
rate of air injection). 
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