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Groundwater Cleanup by In-Situ Sparging. XIV.
An Air Channeling Model for Biosparging with
a Horizontal Pipe

DAVID J. WILSON, ROBERT D. NORRIS, and ANN N. CLARKE
ECKENFELDER INC.
227 FRENCH LANDING DRIVE, NASHVILLE, TENNESSEE 37228, USA

ABSTRACT

A mathematical model is developed for biosparging with a horizontal slotted
pipe. Biological processes are handled by means of Monod kinetics; biomass,
oxygen, and substrate concentrations are assumed to be significant. The injected
air is assumed to move through persistent channels in the aquifer. Distributed
nonaqueous phase liquid may be present. The dependence of model results on
some of the model parameters is explored. The sparging and biosparging of non-
aqueous phase liquid volatile organic compounds of quite low water solubility
(such as n-octane) are shown to be extremely slow. High dispersivities (perhaps
the result of pulsed air injection) result in very markedly increased remediation
rates.

INTRODUCTION

The use of air sparging and biosparging for the cleanup of aquifers con-
taminated with volatile and/or biodegradable organic compounds is be-
coming more common, and it has been discussed in several recent books
and reports (1-6, for example).

It is now known that when air is injected into an aquifer it moves up
to the water table in persistent channels, rather than as random, isolated
bubbles, and that the steady injection of air into an aquifer does not gener-
ate a bulk circulation of water in the vicinity of the injection well (2,7-11).
The implications of these facts for the rate of mass transport of volatile
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98 WILSON, NORRIS, AND CLARKE

organic compounds (VOC) from the aquifer to the sparging gas are un-
pleasant, and suggest that initial optimism about the technique was exces-
sive. Nevertheless, a recent review of sparging case studies by Bass and
Brown (12) indicates that, in fact, sparging generally performs rather well.
Sparging models which we have developed and which include air channel-
ing show reasonably rapid rates of remediation (13-15). A somewhat more
sophisticated approach used by Clayton (16), which includes both pore
and macroscopic scale air fingering, also yielded reasonably fast remedia-
tions.

We recently published a mathematical air channeling model for
biosparging in a one-dimensional laboratory column (17). Monod kinetics
were used to describe the biological processes, and it was assumed that
oxygen, biomass, and substrate provided an adequate description of
these—that nitrate, phosphate, etc. were not growth-limiting and their
concentrations could therefore be ignored.

The model omits consideration of the sorption of contaminant on the
aquifer medium. Sorption, if it occurs to any significant extent, will in-
crease the time required for cleanup in two ways. First, the sorption equi-
librium decreases the concentration of contaminant dissolved in the aque-
ous phase, thereby also reducing the gas-phase concentration via Henry's
law. Second, the kinetics of desorption may be quite slow. Fortunately,
sorption is not generally a serious problem with common organics of low
molecular weight.

Here we apply the above approach to biosparging to sparging with a
horizontal slotted pipe, a configuration currently in use at Savannah River.
The mathematical complexity of the system is such that a full-fledged two-
or three-dimensional biosparging model for microcomputers strains the
resources presently available. Therefore the approach used is to first
mathematically construct "tubes of influence" around air channels, and
then to examine the biosparging of contaminant in selected tubes of in-
fluence.

The next section of the paper presents the physical picture of biosparg-
ing being examined and the mathematical analysis. This is followed by a
section on results.

ANALYSIS

The system geometry addressed here is that of a long horizontal sparging
pipe as indicated in Fig. 1. Cartesian coordinates x (horizontal) and z
(vertical) are used, and the z-component of the molar gas flux field is
postulated in the same way as was done in an earlier sparging model (18).
The air is then assumed to move in persistent channels, the density of
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GROUNDWATER CLEANUP BY IN-SITU SPARGING. XIV 99

air channel
tube of \_
influence

FIG. 1 Schematic diagram of the geometry of the horizontal biosparging well being mod-
eled.

which in any particular region is proportional to the local volumetric gas
flux. The solution of nonaqueous phase liquid (NAPL) droplets, if present,
is also handled as it was in that paper; the rate of solution of a NAPL
droplet is assumed to be controlled by the rate of steady-state diffusion
of VOC through a stagnant aqueous boundary layer around it. Dissolved
VOC moves through the aqueous medium to the air channels by disper-
sion, and oxygen moves from the air channels into the aqueous medium
by the same mechanism. Oxygen and VOC boundary conditions at the
air channel-water interface are assumed to be governed by Henry's law.

Biodegradation of VOC is handled by Monod kinetics, and a factor
permitting toxic inhibition by excessively high concentrations of VOC is
included. This approach was used in the earlier model for biosparging in
a column (17). Modeling of biodegradation requires the inclusion of bio-
mass and dissolved oxygen in addition to the NAPL and dissolved VOC
required for the modeling of simple air sparging. Modeling of biodegrada-
tion also adds substantially to the quantity of computation which must be
carried out for each time step in the numerical integration. These factors
make the development of a full-fledged two-dimensional model for pres-
ently available personal computers infeasible; the time and RAM require-
ments of such a model would be too great.

We therefore turn to the task of modeling the biosparging process in
the tube of influence around a single air channel, which is assumed to
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100 WILSON, NORRIS, AND CLARKE

follow along a streamline of the volumetric gas flux field. A tube of influ-
ence is that portion of the aquifer from which VOC diffuses to the air
channel running along its axis. One of these tubes of influence is indicated
in Fig. 1, and a schematic drawing of a tube "straightened out" and parti-
tioned for mathematical analysis is shown in Fig. 2. The partitioning of
one of the tube segments A V,- into annular volume subelements A Vv is
shown in Fig. 3. Dispersion transport takes place between the annular
volume subelements, and between the innermost one of them and the air
channel.

The analysis is as follows. Let

L = length of horizontal slotted sparging pipe, m
h = depth of sparging pipe below the water table, m
Lx = half-width of the domain of interest, m
q = volumetric air flow rate, standard m3/s
Q = molar air flow rate, mol/s
a = lateral half-range of air flow at top of aquifer, m
m, n = exponents describing the gas flow pattern. See Eq. (1)
v'x = .v-component of the molar air flux, mol/m2-s
v'z = z-component of the molar air flux, mol/m2-s
vx = x-component of the superficial air flow velocity, m3/m2-s
vz = z-component of the superficial air flow velocity, m3/m2-s
s = arc length measured from the air injection pipe along an air flow

line, m
/is = number of cylindrical volume elements A V,- into which the tube of

influence about an air channel is partitioned for analysis

ore length of chonnel

n
— - e

L_
n-l

i r t low
i. l i 3

chann
2

1
1

I2oc

FIG. 2 Mathematical partitioning of the tube of influence surrounding an air channel.
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GROUNDWATER CLEANUP BY IN-SITU SPARGING. XIV 101

air channel

As

FIG. 3 A single section of a tube of influence showing the annular volume elements used
in the modeling of dispersion.

/;u = number of annular volume subelements A V,y into which the volume
element A V,- is partitioned for modeling dispersion

bi = radius of A Vit m
Ail/ = thickness of the annular wall of A Vu, m
P(z) = hydrostatic pressure at height z above the air injection pipe, atm
a = 0.09675 atm/m
flc = mean radius of air channel, m
•Vmax = .v-coordinate of the center of the upper end of the tube of influence

of interest, m
v = porosity of aquifer medium, dimensionless
Psoii = density of saturated aquifer medium, kg/m3

Ds = dispersivity of VOC and dissolved O2, m2/s
D{ = diffusivity of VOC, m2/s
pvoc = density of NAPL VOC, kg/m3

AH = Henry's constant of VOC, dimensionless
Csat = aqueous solubility of VOC, kg/m3

fld = mean NAPL droplet radius, m
Co1 = initial NAPL concentration, kg/m3 of soil
Cov = initial dissolved VOC concentration, kg/m3 of water
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102 WILSON, NORRIS, AND CLARKE

C,y = NAPL concentration in A V,y, kg/m3 of soil
C w = dissolved VOC concentration in A Vy, kg/m3 of water
Cf = channel gas phase VOC concentration in A V,, kg/m3

01 = gas phase O2 concentration in injected gas, kg/m3

Of = channel gas phase O2 concentration in A Vt, kg/m3

Ow = dissolved O2 concentration in A Vv, kg/m3

.Ko = Henry's constant of O2, dimensionless
Kbio = Monod specific rate factor for biodegradation, kg/m3<s
Adie = first order biomass die-off constant, s"1

By = biomass concentration, kg/m3 of soil
Bin = biomass Monod parameter, kg/m3 of soil
Cw7 = VOC Monod parameter, kg/m3 of water
Ow

2 = dissolved O2 Monod parameter, kg/m3 of water
Cĵ x = VOC toxic inhibition parameter, kg/m3 of water
"tox = VOC toxic inhibition exponent, dimensionless
"bio = weight biomass formed/weight VOC consumed
nOxy = weight oxygen consumed/weight VOC consumed
A/ = time increment in numerical integration, s

Gas Flow

We avoid a difficult problem in multiphasic flow by postulating a physi-
cally reasonable form for the z-component of the molar gas flux. The right
half of the domain of interest is modeled. Postulate

v't(x, z) = A{zH{zJh)m - (x/a)"}, x < a(z/h)ml"

= 0, x > a(zlh)mln

The function A(z) is obtained from the requirement that
ra(z/h)nlm

Q = 2LA(z) [{zlh)n - (x/a)"]dx (2)
Jo

This yields

A ^ = ?¥„„ {z/h)-im+m/ni (3)

The ^-component of the molar gas flux, v*, is obtained from the require-
ment that

V-v' = 0 (4)
or
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GROUNDWATER CLEANUP BY IN-SITU SPARGING. XIV 103

where

v'z = ^ ~ ^ - {z/li)-0'l+"l/n)l(z/li)'" ~ (x/a)"] (6)

Equation (6) is differentiated with respect to z, dv'Jdx is obtained from
Eq. (5), and integrated from 0 to .v to give v'x. The result is

v'x =
 Q°2^J^"X {z/li)-il+m+l"Ml(z/hr - {x/a)"] (7)

The mean superficial gas velocity v is then given by

v = v'RT/P(z) (8)

where R is the gas constant (m3-atm/mol-deg), T is the temperature (deg
K), and P(z) is the hydrostatic pressure ata height z above the well. P{z)
is given by

P(z) = <r{h - z) + 1 atm (9)

Streamlines are obtained by integrating the equation

- = - = — (10)
dx vx mx • U U )

which yields

x(z) = xlop(zJh)""" (11)

Tubes of Influence

Consider an air channel which terminates at xtOp, as shown in Fig. 1.
Its arc length from the pipe to any elevation z is given by

s(z) = f * [1 + (dx/dz)2]mdz (12)
Jo

where dxldz is obtained from Eq. (11). The mean superficial velocity of
the air at any point (.v, z) along the trajectory is given by Eqs. (6), (7),
and (8). The mean superficial speed is then given by

H = {vi + v\yn (i3)

It is assumed that the air channel density is directly proportional to |v|:

number of air channels per unit area = K.\v\ (14)

The cross-sectional area of the tube of influence around a channel at z is
therefore given by l/(A"|ii|), and the radius of the tube of influence at a
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104 WILSON, NORRIS, AND CLARKE

height z along the channel is given by

(15)

The arc length s of the streamline along which the channel is assumed
to run is calculated, and the tube of influence is partitioned into ns volume
elements AV,-, each of length As = s/ns. These volume elements are ap-
proximated as cylinders, each having a radius &,-, where

b, = U[TtK\v{zt)\Yn (16)

and

z, = z[(i - l/2)As], i = 1,2, ii, (17)

See Fig. 2.
The gas flow through the air channel is given by

Channel = \l>Ub2 = UK (18)

independent of the channel being considered or the position along the
channel.

Biological Processes

See Fig. 3 for the partitioning of a cylindrical volume element A V,- into
a set of annular volume subelements A Vo. The rate of change of aqueous
VOC concentration in the yth subelement due to biodegradation is repre-
sented by

_ _K . Bo w/ u^ I
dt J b i o

(19)

The first three factors on the right are the usual Monod kinetics factors;
the fourth factor permits inclusion of inhibitory effects of excessively high
aqueous concentrations of the VOC if desired. No effects of such nutrients
as nitrate or phosphate are included, since such effects are usually not
observed, the additional parameters would be difficult to assign, and the
computational complexity of the model would be increased.

The rate of change of biomass concentration Bu is then assumed to be
given by

dB0 rac w l
~df= ~'lb'w\~lt~\ ~

L Jbio

( 2 0 )
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GROUNDWATER CLEANUP BY IN-SITU SPARGING. XIV 105

where the second term on the right corresponds to biomass die-off. Typi-
cally, «bio is approximately 0.5. The biomass is assumed to be attached
and stationary.

The rate of change of the dissolved oxygen concentration associated
with biological activity is taken to be

M l - = "oxy h r ,
L -Ibio L Jbio

Since no term is included for the oxygen demand of decomposing biomass,
the value of/?oxy is assumed to be that appropriate for the total mineraliza-
tion of the VOC, which can readily be calculated from the stoichiometry
of the reaction for the oxidation of the VOC to CO2, water, etc. Values
of /iOxy are typically in the 3-3.5 range.

Dispersion Transport of Aqueous VOC
and Dissolved Oxygen

The geometry under consideration is shown in Fig. 3. Dissolved VOC
moves by dispersion to the central air channel, while oxygen is dissolved
at the air channel/water interface and then moves by dispersion away from
the air channel. The thickness of the annular wall of A Vu is given by

AH, = (b, - flc)//iu (22)

where ac is the air channel radius and b; is the radius of A V,-, the /th
volume element along the air channel of interest. The inner radius of this
volume subelement is

nj = ac + (j - I) A in (23)
Then

AVU = •nAs(rjJ+l - /*) (24)

Mass balances with respect to dispersion transport lead to

(C c +

j = 2,3,... ,nu - 1 (25)

' ' .nuvw./ iu — 1 ^i.nu)

a/ ..
-Jdisp

dt ,. vAVnAin1 n ( c w _ c w } ] ( 2 7 )
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106 WILSON, NORRIS, AND CLARKE

Mass balances for dispersion transport of dissolved oxygen lead to simi-
lar expressions:

2*DsAs . ,nWji_ o y ) + r / ( / + i ( 0 w + i _ o w ) L

I

j = 2, 3, . . . ,nu - 1 (28)

•i.n.iOZu-l ~ OW,u) (29)

- Ow)] (30)
Jdisp ' '

Solution of NAPL Droplets

The solution of NAPL droplets is handled by assuming that the process
is controlled by the rate of diffusion of dissolved VOC away from a droplet
through a quiescent boundary layer, and that this diffusion process can
be approximated as being in a steady state. The analysis is described in
detail elsewhere (14), and leads to Eq. (31):

It is assumed here that the thickness of the quiescent boundary layer is
large in comparison to the droplet radius.

Gaseous Transport of VOC and Oxygen

It was shown earlier (see Eq. 18) that the volumetric air flow through
any channel is given by q = \IK m3/s. Carrying out a mass balance on
gaseous VOC in the air channel segment in A V, then yields

- Cf] - 4vD£Sae (CflKH - C,Y)

(32)

where the first term on the right-hand side corresponds to advective trans-
port in the gas phase and the second corresponds to dispersion transport
of VOC into the air channel from the surrounding aqueous phase. The
quotient of pressures in the first term corrects for the decrease in vapor-
phase VOC concentration with decreasing pressure as the gas rises from
the injection well. Note that as the pressure decreases the volumetric flux
of the gas must increase correspondingly, resulting in an increased air
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GROUNDWATER CLEANUP BY IN-SITU SPARGING. XIV 107

channel density as well. A virtually identical equation is obtained for gas-
eous oxygen:

^ l) - Of] -^^(Of/KQ - Ow)

(33)

To avoid a system of equations which is mathematically stiff, we make
the steady-state approximation for Eqs. (32) and (33), setting the deriva-
tives on the left-hand sides equal to zero and solving for Cf and Of. This
yields

and

where

C ' = C + D ( 3 4 )

A O f + , - f _ ,
1 C + D' l j

* = ^rxr (37)

C = ^ 5 A T (38)

D = ^ ~ (39)

£>' = 4.°* (40)

The Henry's constant for oxygen, needed in Eqs. (28) and (40), is calcu-
lated by means of a least squares fit cubic expression in the temperature
(here only, T = °C),

KO(T) (dimensionless) = Co + T(Ct + T(C2 + TC3)) (41)

where Co = 21.1043, Cx = 0.5195226, C2 = 2.171502 x lO"3, C3 =
-1.06668 x 10 ~4, and the coefficient of determination over the tempera-
ture range 0-30°C is 0.9999965. Data for the fit were taken from Thibo-
deaux's book (19).
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108 WILSON, NORRIS, AND CLARKE

The Model

The model consists of sets of differential equations for the Bu, C}},
C w , and O w , together with Eqs. (34) and (35) for the Cf and Of. The Bu

and Cfi are obtained from Eqs. (20) and (31). The Cg and 0 W are obtained
from

ram racn
at I \ dt I l a / , K '

L Jbio L Jdisp L Jsoln

and

dt L dt j • I at j

As the numerical integration proceeds, Eqs. (34) and (35) can be solved
recursively since the values of Cf,s + i and 0£s +i are known. The value
of Cf,s+i is 0, assuming that the influent sparging air is uncontaminated.
The value of Ofls+1 is given by P(0)/P(h) times the ambient atmospheric
concentration of oxygen (0.21 atm x 0.032 kg/mol)/(8.206 x 10~5m3-atm/
mol-deg X T°K).

The total residual mass of VOC remaining at time / is obtained from

+ Cj)1) (44)

RESULTS

The model was implemented in TurboB ASIC and run on Dell Dimension
XPS computers with Pentium microprocessors operating at 75 and 133
MHz. Default values of the parameters used in the runs are given in Table
1. A typical run took approximately an hour on the faster machine.

The effect of the size of Kb\o, the maximum rate of substrate degrada-
tion, is seen in Fig. 4. The values of ATbiO in these runs are 0, 0.1, 0.25,
1.0, 5, and 20 mg/kg/day, from top to bottom. Evidently the removal rate
is not very sensitive to the value of Kb[O, provided that it is 1 mg/kg/day
or greater. Under these conditions the transport of oxygen from the air
channels is the limiting factor. If Kbio = 0, so that there is no biodegrada-
tion, very pronounced tailing occurs as VOC at low concentrations must
diffuse to the air channel. If biodegradation is occurring, on the other
hand, diffusion limitation is due to the rate of transport of oxygen, which
is diffusing from a high concentration in the air channel throughout the
duration of the run. This reduces or eliminates the tailing observed in the
absence of biodegradation.
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GROUNDWATER CLEANUP BY IN-SITU SPARGING. XIV 109

TABLE 1
Default Parameter Values Used in the Modeling Runs

Depth of horizontal pipe
Half-width of air distribution at top of aquifer
Length of horizontal pipe
qz(x, z) = A(z)-[(zJh)m - (xla)"]: m, n
Average air injection rate
Air channel density parameter K
Air channel mean diameter 2ac

Aquifer porosity
Density of wet porous medium
Dispersivity
Temperature
jc-Coordinate of top of tube of influence of channel
Identity of VOC
VOC solubility
Henry's constant of VOC (dimensionless)
Density of VOC
Diffusivity of VOC in boundary layer
NAPL concentration
NAPL droplet diameter
Initial dissolved VOC concentration
Monod /Tbio
Biomass die-off constant A\jic
Biomass Monod parameter Bin
VOC Monod parameter C%
Oxygen Monod parameter O}/2
VOC toxic inhibitory term Cw

x

VOC toxic inhibitory exponent nlox

Weight biomass formed/weight substrate consumed
Weight oxygen consumed/weight substrate consumed
Initial biomass concentration
A/
Duration of run

10 m
10 m
50 m
1,3
0.283 m'/min (10 SCFM)
1 x 10s s/m3

1.0 cm
0.4
1.84 g/cm'
5 x 10-&m7s
15°C
9m
Toluene
515 mg/L
0.2081
0.8716 g/cm3

2 x 10-lom7s
0 mg/kg of soil
0.1 cm
20 mg/L
0, 20 mg/kg/day
2.5 x 10 ' 2 day- '
5 mg/kg of soil
5 mg/L of water
1 mg/L of water
2000 mg/L of water
3
0.5
3.126
5 mg/kg of soil
500 s
500 days

Comparison of Figs. 4, 5, 6, and 7 shows the effect of the air injection
rate on the rates of cleanup by biosparging (bottom curves) and simple
stripping (top curves). The air injection rates are 10,25,50, and 100 SCFM,
respectively (1 SCFM = 4.719 x 10~4 nrVs). In these plots the values
of K, the air channel density parameter, were adjusted to give the same
air channel densities in all the runs. These values are K = 10.0, 4.0, 2.0,
and 1.0 x 105 s/m3, respectively.

Comparison of Figs. 4, 8, and 9 shows the variation in cleanup rate as
one moves from an air channel out near the periphery of the domain of
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110 WILSON, NORRIS, AND CLARKE

250,days 500

FIG. 4 Plots of reduced contaminant mass M(t)IMd) versus /; effect of Kb\o. A'bio = 0,
0.1, 0.25, 1.0, 5, and 20 mg/kg-day from the top down. Other parameters as in Table 1.

influence of the well (x-coordinate at the top of the channel = 9 m—Fig.
4) to more centrally located air channels. In Fig. 8 the ^-coordinate at the
top of the channel is 8 m; in Fig. 9 it is 7 m. The top and bottom curves
of Fig. 4 should be used in these comparisons. In all cases, Kb\a is equal
to 0 for the top curve and has a value of 20 mg/kg/day for the bottom

250 days 500

FIG. 5 Plots of reduced contaminant mass versus /; Kt,\a = 0 and 20 mg/kg-day from the
top down; air flow rate = 25 SCFM, K - 4 x 105 s/m3; other parameters as in Table 1.
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1.0 r

111

250 days 500

FIG. 6 Plots of reduced contaminant mass versus /; Kbio = 0 and 20 mg/kg-day from the
top down; air flow rate = 50 SCFM, K = 2 x 105 s/m3; other parameters as in Table 1.

curve. Out near the periphery of the domain the air flux is substantially
reduced, so the channels are relatively far apart and remediation is slower
than it is in tubes of influence which are more centrally located. Evidently
one should space both sparging and biosparging wells sufficiently closely
that there is substantial overlap between them in order to avoid having

1.0 r

250 days 500

FIG. 7 Plots of reduced contaminant mass versus t; A'biO = 0 and 20 mg/kg-day from the
top down; air flow rate = 100 SCFM, K = 1 x 105 s/m3; other parameters as in Table 1.
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25Odays 5 0 0

FIG. 8 Plots of reduced contaminant mass versus /; Kb\o = 0 and 20 mg/kg-day from the
top down; jt-coordinate at top of tube of influence of channel = 8 m; other parameters as

in Table 1.

domains which are remediated too slowly. Closer spacing (overlap) also
reduces the size of the area low in the domain between adjacent wells
which receives no air. With both horizontal and vertical wells one expects
that the width of the domain aerated increases as one moves up through
the aquifer toward the water table. Using the width of the domain of

250days 5 0 0

FIG. 9 Plots of reduced contaminant mass versus /; A'b;o = 0 and 20 mg/kg-day from the
top down; .r-coordinate at top of tube of influence of channel = 7 m; other parameters as

in Table 1.
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influence at the top of the aquifer as a basis for spacing the wells is likely
to leave extensive regions in the lower portions of the contaminated zone
which are not aerated and therefore not cleaned up.

Comparison of Fig. 6 with Fig. 10 shows the effect of the air channel
density parameter K, which is 105 s/m3 for the runs in Fig. 6 and 10s s/
m3 for those in Fig. 10. In both sets of runs the initial dissolved VOC
concentration is 20 mg/L. As expected, cleanup rates are drastically re-
duced as K decreases. The air channel density is proportional to K, so
the spacings between channels (and the radii of the tubes of influence)
increase with decreasing K, producing this result. One would expect aqui-
fers with highly heterogeneous permeabilities to have relatively small val-
ues of K.

Comparison of Fig. 4 with Fig. 11 shows the effect of the diffusivity.
In Fig. 4 the diffusivity is 5 x 10~8 m2/s; in Fig. 11 it is 2.5 x 10~8 m2/
s. A twofold increase in the diffusivity is seen to result in very substantial
increases in the rates of both biosparging and simple sparging without
biodegradation. A number of workers have noted that one can increase the
effective diffusivity by pulsed air injection, which produces local transient
velocities in the groundwater in the vicinity of the sparging well.

Figures 4 and 12 show the effect of increasing the initial dissolved tolu-
ene concentration; in Fig. 4 this is 20 mg/L, while in Fig. 12 it is 100 mg/
L. The top and bottom curves of Fig. 4 should be used for the comparisons.
As expected, on a reduced mass basis there is no effect of initial concentra-

250 days soa
FIG. 10 Plots of reduced contaminant mass versus t; A'bk, = 0 and 20 mg/kg-day from the
top down; air flow rate = 50 SCFM; K = 1 x 105 s/m3; other parameters as in Table 1.
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50Q

FIG. 11 Plots of reduced contaminant mass versus /; ATbio = 0 and 20 mg/kg-day from the
top down; dispersivity = 2.5 x 10~8 m2/s; other parameters as in Table 1.

tion on the rate of removal by simple sparging. (The equations for this
case are all linear.) For biosparging, the rate of reduced mass reduction
is seen to decrease somewhat with increasing initial concentration. Since
biodegradation goes from a first-order limit at very low VOC concentra-
tion to a zero-order limit at very high VOC concentrations, this result is
expected.

I.Or

250 days 500

FIG. 12 Plots of reduced contaminant mass versus t; Kbto = 0 and 20 mg/kg-day from the
top down; initial dissolved contaminant concentration = 100 mg/L; other parameters as in

Table 1.
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Figures 4 and 13 compare the sparging and biosparging of toluene (Fig.
4) and n-octane (Fig. 13). The initial dissolved toluene concentration is
20 mg/L; the initial dissolved «-octane concentration is 0.67 mg/L (the
assumed solubility), with a NAPL concentration of 19.33 mg/kg. As noted
earlier (14, 17), the removal, by either simple sparging or biosparging, of
a NAPL of quite low water solubility is an agonizingly slow process. The
very low water solubility of /j-octane implies that VOC concentration
gradients will of necessity be quite small, so that mass transport of VOC
to the air channels by dispersion will be quite small. Also, the very low
maximum VOC concentrations which can be present mean that biodegra-
dation rates will be quite small as well.

Figure 14 plots the radius of a tube of influence about an air channel
which terminates at the water table at an ^-coordinate of 9 m—i.e., the
upper end of the air channel is at (x, z) = (9, 10). In this figure s is the
arc length along the air channel measured from its upper end. We see the
expected decrease in radius toward zero as the air injection point [at (0,
0)] is approached. The slight increase in the radius of the tube of influence
as one moves down from the water table is perhaps unexpected. It is due
to the fact that as one moves deeper below the surface of the aquifer, the
hydrostatic pressure increases. This compresses the gas, resulting in a
decrease in the volumetric gas flux. Since the air channel density is as-
sumed proportional to the volumetric gas flux, this results in a decrease

1.0

O.5

25Odays 500

FIG. 13 Plots of reduced contaminant mass (n-octane) versus /; KbiO = 0 and 20 mg/kg-day
from the top down; initial dissolved n-octane concentration = 0.67 mg/L; VOC solubility
= 0.67 mg/L; VOC Henry's constant = 131 (dimensionless); VOC density = 0.7925 g/mL;
initial NAPL concentration = 19.33 mg/kg; mass of O2 consumed per unit mass of VOC

consumed = 3.502; other parameters as in Table 1.
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36r-cm

18

b(s)

0 7m 14

FIG. 14 Plot of radius of tube of influence about an air channel terminating at (9 m, 10 m).
Parameters as in Table 1.

in air channel density and a corresponding modest increase in the radius
of the tube of influence.

The air flow per channel in this model was shown earlier to be (/channel
= \IK. The default value of K, 1 x 106s/m3, gives a flow rate per channel
of 60 mL/min. This, together with the default air flow rate, 10 SCFM,
gives a total of 4720 air channels. The domain being stripped is 50 x 20
m, so there is an average of 4.72 channels/m2, although the distribution
is more dense near the axis of the domain and less dense out at the sides.

The radius of the tube of influence plotted in Fig. 14 varies from about
6 cm up to a maximum of about 33 cm at its upper terminus. The spacing
of channel termini fairly near the edge of the domain is therefore about
66 cm, or a little over 2 feet. This does not appear to be seriously out of
line with the field results obtained by Leeson et al. (21).

CONCLUSIONS

The following conclusions can be drawn from this modeling work.

• Biosparging is effective at much lower average air flow rates than is
sparging, provided that high enough instantaneous air flow rates are
maintained during pulsed operation to give an adequate radius of influ-
ence of the well (or range of influence, for a horizontal well).
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• Efforts to increase the dispersivity (generally by pulsed air injection)
are well worth the trouble, since these can result in greatly increased
biodegradation and stripping rates.

• Sparging wells should be placed substantially more closely together
than one might expect on the basis of radius/range of influence mea-
surements based on helium or SF6 tracer distribution or mounding at
the water table. Otherwise one is likely to have low-lying regions of
contamination which are not aerated and therefore not remediated.

• Both the sparging and the biosparging of NAPL VOCs of quite low
water solubility (such as alkanes) can be expected to be quite slow
in comparison to the biodegradation and stripping of NAPL BTEX
compounds, for instance.

• Remediation of aquifers having highly heterogeneous permeabilities
(which contain silt/clay lenses or stringers, for example) will be very
slow, because it will be difficult to impossible to deliver air to these
structures.
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