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The paper presents a mechanistic model for simulation of mass removal during air sparging. Model
takes into account several processes which are commonly neglected, such as air channeling and advection
by the water phase. Diffusion of contaminants towards the air channels is modeled as a first order kinetic
between the two water compartments. The adopted model of contaminant evaporation at the air-water
interface is verified by comparison with reported experimental results. Model is used for simulation of
two-dimensional air sparging laboratory experiment conducted by Reddy and Tekola (2004). Good overall
agreement is observed. It is showed that natural groundwater flow can influence the efficiency of the air

sparging.
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1. INTRODUCTION

The in-situ air sparging (IAS) is one of available
technologies for removal of volatile organic
compounds (VOCs) from groundwater”. The
concept of remediation is relatively simple: air is
injected into the saturated zone and contaminant
removal is promoted through volatilization into the
air plume and enhancement of biodegradation by
increasing the dissolved oxygen in groundwater.

Optimal design of IAS system requires
prediction of air distribution in the saturated zone as
well as the rate of mass transfer into the air stream.
Both quantities depend on soil properties,
contaminant  characteristics and  operational
parameters such as air injection flow rate. From the
point of numerical modeling, there are two issues
considering air sparging: modeling of air flow and
distribution and modeling of mass transport and
transfer.

A number of researchers have studied air
sparging by the experimental observations on the
laboratory”™ or in situ® scales. Reported results
indicate that there are two air flow patterns,
depending on average grain size of porous media:
air flow through the network of discrete channels
and bubbly flow pattern. Brooks et al.” summarized
the published experimental observations and also
conducted their own experiments with glass beads.
They concluded that channel flow occurs in porous

media up to 1 to 2mm, and bubble flow in media
greater than 1 to 2mm. According to the Unified
Soil Classification System, this transition zone
occurs in medium sand. As they admitted,
identification of the air flow pattern is subjective in
nature, and cannot always be clearly distinguished.

To date, several numerical models are published
for simulation of air flow in saturated soils®”. All of
them are based on the multiphase theory with
relative permeability concept. Chen et al, for
example, showed that this approach produces very
good predictions of air saturations®. They used X-
ray computed tomography imaging to measure air
content of the soil. However, hydraulic properties of
the soil have to be very well characterized in order
to apply a numerical model.

Mass transfer modeling during air sparging
appears to be a more difficult task. There are
generally two types of current models for simulation
of mass removal”. First type represents mechanistic
models based on multidimensional governing flow
and transport equations. Second group make
simplified, so called “reactor” models, where mass
removal is related to the quantity of fluids
circulating in the reactor zone. Models of McCray
and Falta'” and Unger et al.'” are the mechanistic
ones. In these models hydrodynamics and mass
transport within each phase is simulated. However,
both models assume instantaneous equilibrium
between liquid and gas phase (Henry’s law) which is
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shown to give significantly “optimistic” results
considering required time of remediation'?*'?,

Rabideau et al. (1999) proposed a “reactor”
model which takes into account diffusion towards
the air channels. They succeeded to reconstruct
source zone tailing and rebound behavior, often
observed at the air sparging sites. In this model the
sparging region is modeled as a reactor consisting of
two mixed compartments, where only one of these
compartments exchange mass with the air phase.
Model, however, does not include transport of
contaminants by the air phase and advection by the
water phase.

Similar model is proposed by Elder et al. (1999).
This model considers air flow in discrete air
channels, diffusion between the air channels and
rate limited mass transfer into the air phase. Water
phase is assumed as stationary and sorption is
neglected. Air phase distribution is assumed in this
model, based on air injection flow rate. Therefore, it
is not clear how to model nonhomogeneous porous
media, or how to model several sparging wells with
overlapping radius of influence.

In this paper, a numerical model is presented
which considers all of aforementioned properties
relevant for mass transfer during the air sparging.
Model includes hydrodynamics of air and water
phase. Calculated air volume content is divided into
a number of air channels surrounded by the water
phase, which is divided into two compartments.
First compartment is immobile and it is in contact
with air phase, while the second compartment is
mobile. This “mobile-immobile” formulation is a
common approach for description of solute transport
by groundwater. Mass transfer between two water
compartments is modeled as a first order kinetic,
where the mass transfer coefficient, representing
diffusion and advection in the water phase towards
the air channels, is parameter needed to be
calibrated. Sorption for both water compartments is
considered.

2. MODEL FORMULATION

(1) Two-phase flow model

Prior to mass transport/transfer calculation, at
the each time step air and water flow fields have to
be obtained. Here, the two-phase model described in
Jacimovic et al. (2006) is used. Governing equations
for laminar, two phase (air and water) flow of
incompressible fluids in rigid porous media are as
follows:
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where p, is the p-phase density (M/L?), 0, is the
volumetric content of the phase ‘p’ (L/L°), M, 1s the
fluid viscosity (M/LT), g; the gravitational
acceleration (M/T°), U, the pore velocity of the
phase ‘p’ (L/T), p, the phase pressure (M/LT?) and ¢
is the “effective” porosity (dimensionless).
Subscription ‘p’ denotes phase (‘a’ for the air and
‘w’ for the water). The last term in equation (2)
represents the drag term comprising the influence of
porous media and presence of another fluid through
the parameter A, which is, according to relative
permeability concept, defined as:

iy = “
P
where £ is the intrinsic permeability of the porous
media (L), and k,, 1s the relative permeability
(dimensionless). The phase content can also be
expressed as saturation (S,) by relation S,=6,/¢.
Model includes acceleration terms in momentum
equations, since in some cases it can be significant,
as discussed by Jacimovic et al. (2006).

(2) Mass transport model

The mechanisms affecting volatile contaminant
removal during air sparging include: air advection,
air diffusion, volatilization, water advection, water
diffusion/dispersion, sorption and chemical/
biological reactions. Depending on the soil and
contaminant properties, some of these processes can
be more or less significant.

‘We assume that a continuous film of water, which
is the wetting fluid, coats the soil grains so that mass
transfer between soil and air is possible only via the
water phase. Water phase is divided into two
compartments, which coincide with “clear” and
“dirty” zones in the conceptual model of Rabideau
et al. (1999). The immobile water compartment is in
contact with the air phase, while the mobile water
compartment is not. Partitioning between water and
soil is assumed as an instantaneous equilibrium.

The mass conservation equations for the air,
immobile water and mobile water phase in Cartesian
coordinates are:
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where C,, C,; and C,, are the air, immobile water
and mobile water concentrations (M/L%), 6, is the
immobile water volume content, K, is the air-water
mass transfer coefficient (L/7), 4 is the contact
surface between air and water phase per unit volume
of porous media (L?/L?), H is the Henry’s constant
(dimensionless), K is the immobile-mobile water
transfer coefficient (T '), p, is the soil dry bulk
density (M/L’), fis the fraction of sorbent associated
with immobile water compartment (dimensionless)
and D, is the water dispersion coefficients (L*/T).

The air-water mass transfer coefficient (K,,) is
estimated in the same way as in the conceptual
model of Elder et al. (1999). It is assumed that K,
is a function of resistance of the air and liquid film
at the interface. Considering water film as a stagnant,
a penetration theory'® can be applied for calculation
of the water film resistance. In that case, K,,, can be
expressed as:
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where D, and D,, are the air and water diffusion
coefficients (L*T), d is the air channel diameter (L),
L is the air channel length (L), Re and Sc are the
Raynolds and Schmidt numbers, respectively. These
nondimensional numbers are defined as:
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The air-water interface area is estimated under
assumption that air channels are evenly distributed
in the horizontal plane of one calculation cell:
460

il (11)

where T is the tortuosity of the air channels
(dimensionless). Assuming a hexagonal pattern of
air channel distribution, calculated interface area by
Elder and Benson (1999) was in good agreement

with earlier published results'.

A=

Equilibrium partitioning between the dissolved
and the solid phase (sorption) is modeled as a
Freundlich isotherm:

Cs =Ky[fCi + (1= 1)C, ], (12)
where C; is the soil concentration (M/M), K, is the
distribution coefficient (L’/M), usually expressed as
a product of mass fraction of organic carbon in the
soil and organic carbon partitioning coefficient
(Kg=focKoe). 1t is assumed that sorbent is uniformly
distributed between immobile and mobile water,
resulting that fraction of sorbent associated with
immobile water can be calculated as f/=0,,/( 0,,+ 6,,).

In the presented model, the immobile water
content is taken as constant and equal to the residual
water content.

3. VALIDATION OF THE AIR-WATER
MASS TRANSFER ESTIMATE

There are two important parameters in the model:
air-water mass transfer (K,,) and mobile-immobile
water mass transfer (K). Generally, the air-water
interface area (4) can not be experimentally
determined. Therefore, it is a common practice to
measure the lumped value of mass transfer (K,,,A4).
As stated earlier, the same approach for K,,A4
modeling is used in the conceptual model of Elder et
al. (1999), however, no explicit validation of
equations (8) and (11) is published in the literature
yet. That was the main motive of the study
described in this section.

In order to test adopted method for estimation of
air-water mass transfer, it will be applied on
published experimental results. Chao et al. (1998)
reported one-dimensional experiments in order to
investigate air-water mass transfer of VOCs'®. Their
experimental setup consisted of a Plexiglas column,
9.5cm in diameter and 40.6 cm in height, in which
the clean soil was placed. The soil was then
saturated with contaminated water, sealed and
allowed to equilibrate before air injection. Air was
injected into the bottom of the column and
concentration of VOCs in the effluent air was
measured  periodically. From the simple
mathematical model, the best fitting values of the
air-water mass transfer were reported. For model
validation in this study, the experiments with coarse
sand are used.

The one-dimensional numerical model is used to
calculate a steady air saturation for a given air
injection flow rate. The hydraulic permeability and
porosity of the soil are reported by the authors,
however, parameters of capillary pressure and
relative permeability curves are calibrated from the
reported values of total volume of air channels for a
given air flow rate. For example, in the case of
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Fig. 1. Comparison of calculated (lines) and measured (dots) values of lumped air-water mass transfer coefticients

coarse sand, at the air flow rate of 5.0 L/min,
reported total volume of the air channels was
0.089L.

For capillary pressure and relative permeability
curves, van Genuchten model is utilized:

(=P (spam " (13)
aaw
2
krw=siv/2{1—(1—slv/mr} , (14)
2
kyq =(1_SW)1/2(1_Siv/m) m’ (15)

where p.=p,-p, is the capillary pressure, m=1-1/n
and ¢, are the fitting parameters. Used parameter
values are shown in Table 1.

Assuming the average value of the air channel
diameter from the reported values in the literature,
the air-water interface area is calculated from
equation (11) and transfer coefficient from equation
(8). Figure 1 shows comparison between calculated
and measured values of lumped mass transfer
coefficients as a function of air Darcy-velocities for
several VOCs. Considering complexity of the
process and a number of approximations adopted, a
good overall agreement is achieved. Sensitivity
analysis showed that air channel diameter has the
greatest influence on obtained results. In the
experimental work of Elder and Benson (1999),
reported air channel diameters for several types of
the soil were between Imm and 11.5mm. In the
absence of more reliable information, it can be
recommended to use a higher values, in which case
the error is conservative.

Table 1. Soil parameters used for calculation of air-water
mass transfer

Parameter Value

Hydraulic permeability 5.49 x 10™ [m/s]
Porosity 0.41 [-]
Residual water content 0.06 [-]

o parameter in eq. (13) 10.0 [1/m]

n parameter in egs. (13) - (15) 1.2 [-]

Soil column length 0.305 [m]

Air channel diameter 0.01 [m]

Air channel tortuosity 0.9 []

Organic carbon content (f,,.) 0.3 [%]

4. APPLICATION TO 2D AIR SPARGING
EXPERIMENT

Presented model is verified by the application on
2D air-sparging experiments reported by Reddy and
Tekola'”. Their 2D apparatus consisted of 111cm x
72cm x 10cm Plexiglas tank which was divided into
3 compartments. The middle compartment was soil
chamber, 91cm in length. Two other compartments,
each measuring 10 cm in length, were placed on two
sides of the middle one, representing reservoirs with
fixed water level (Figure 2). By changing the water
level in the reservoirs, natural groundwater flow can
be simulated in the soil chamber.

Uniform coarse sand with hydraulic permeability
of 0.05 cm/s and porosity 0.4 was used. As VOC
contaminant, trichloroethylene (TCE) solution was
prepared and injected into the soil profile prior the
air sparging. During the air sparging course, a TCE
concentration was measured in the sampling points
(SP) showed in Fig. 2.

The numerical grid consists of elements that
represent one-inch squares. Constant atmospheric
gas pressure is maintained at the top boundary and
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Fig. 2. Laboratory setup for air sparging simulation. Values in
brackets represent initial TCE concentrations (mg/L) for
air sparging simulation (Reddy and Tekola, 2004.).

Table 2. Soil parameters adopted for simulation

Parameter Value
Residual water content 0.06 [-]

o parameter in eq. (13) 9.0 [1/m]
n parameter in egs. (13) - (15) 3.21[-]
Soil column length 0.305 [m]
Air channel tortuosity 0.9[-]
Longitudinal dispersivity 0.01 [m]
Transverse dispersivity 0.001 [m]
Organic carbon content (f;.) 0.1 [%]

hydrostatic pressure is imposed at the side walls of
the soil chamber. The initial condition for air
sparging simulation is obtained by imposing
prescribed water level and running the simulation
until the equilibrium between gravity and capillary
forces is reached. The soil parameters, which are
not reported by the authors are assumed as typical
for the sand soil (Table 2). Characteristics of a TCE
contaminant are taken the same as in the previous
section.

The only calibrated parameter is the mobile-
immobile water transfer coefficient (K). This
parameter represents diffusion and advection of the
contaminants towards the air channels. Since the
representative diffusion length depends on the
number of air channels, i.e. the distance between
them, the K coefficient must depend on the air
saturation. Approximating the K as a inversely
proportional to the square of channel distance
(Rabideau et al., 1999) and the air channels as
uniformly distributed in the horizontal plane of
calculation cell, it can be easily shown that K is
proportional to the air phase content. Therefore, we
propose a following dependence for the coefficient

K:
K =K0[1 4 Ya }
240

where K, is a mass transfer coefficient, calibrated at
the referent air phase content () for specific soil.

(16)
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Fig. 3. Comparison of calculated and measured TCE
concentrations: a) Sampling point ‘s12’, b) Sampling
point ‘s13’.

(1) Simulation with static groundwater condition

First, model is applied to the case of static
groundwater condition. Figure 2 shows SP initial
concentrations (Reddy and Tekola, 2004). In this
study, an air injection rate of 7.125 L/min is
simulated. Calibrated value of mobile-immobile
transfer coefficient is estimated as K;=2.1x10™* 1/s at
the air phase content of 4,,=0.11.

Comparison of simulated and measured TCE
concentrations at SP ‘s12’ and ‘s13’ is showed in
Fig. 3. As it can be seen in Figure 3-b), the
agreement of simulated concentrations at the point
‘s13”is very good. At the SP ‘s12’, however, there is
some discrepancy, but overall agreement is still very
well. There are two possible reasons for this
discrepancy: (1) values of initial concentrations
between sampling points are linearly interpolated,
which probably was not the real case; (2) initial
concentrations between sampling points and the free
surface is unknown and it is possible that density
driven flow occurred which caused almost constant
concentration in the period between 20 and 100 min.
after start of air sparging.

As a comparison, the same scenario is simulated
with instant equilibrium assumption between air and
the water phase (Eq. model). Results for the SP
‘s12” are showed in Fig. 3-a). At the SP ‘s13’ the
mass removal is even faster because of higher air
saturation.

(2) Simulation with groundwater flow

As illustration of the groundwater flow effect on
air sparging performance, two simulations are
conducted with different air injection flow rates.
Initial conditions, as well as computational
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Fig. 4. Air saturation contours for air flow rate of 4.0L/min and
water hydraulic gradient 0.03.
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Fig. 5. Comparison of calculated TCE concentrations (mg/L)
2.5h after start of simulation: a) 1.5 L/min air injection
rate, b) 4.0 L/min air injection rate.

parameters are the same as the previous case with
stagnant groundwater. The only difference is the
0.03 hydraulic gradient, imposed by rising the water
level of the left reservoir. Two air injection flow
rates are simulated: 1.5 L/min and 4.0 L/min.

Air saturation contours for the case of 4.0L/min
air flow rate is showed in Fig. 4. It is observed that
water flow slightly affects air distribution, so it is
not symmetric. Concentration distribution, 2.5 hours
after start of air sparging, is showed in Fig. 5. It can
be seen that some amount of contamination
“escapes” the zone of influence of the sparging well.
At the air flow rate of 1.5L/min the observed
concentrations are about 70% higher than in the case
of 4.0L/min air flow rate. It is clear that natural
ground water flow has to be considered in the air
sparging simulations.

5. CONCLUSIONS

A new, mechanistic model for simulation of mass
transfer/transport during air sparging has been
developed. Application to reported experiments
showed capability of the presented model to

simulate observed contaminant removal. It was
confirmed that equilibrium assumption is inadequate
for air sparging simulations. It is also shown that
natural groundwater flow has to be considered
during the design of optimal air sparging system.
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