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Groundwater Cleanup by In-Situ Sparging. XIII. 
Random Air Channels for Sparging of Dissolved 
and Nonaqueous Phase Volatiles 

DAVID J .  WILSON and ANN N. CLARKE 
ECKENFELDER INC. 
221 FRENCH LANDING DR., NASHVILLE, TENNESSEE 37228. USA 

KATHRYN M. KAMINSKI and EMMANUEL Y. CHANG 
MARTIN LUTHER KING MAGNET HIGH SCHOOL 
613 17TH AVE. N. NASHVILLE, TENNESSEE 37203. USA 

ABSTRACT 

A mathematical model is developed to simulate the sparging of dissolved volatile 
organic compounds (VOCs) and nonaqueous phase liquid (NAPL) from contami- 
nated aquifers. The sparging air moves through the aquifer in persistent, random 
channels, to which VOC must move by diffusion/dispersion to be removed. The 
dependence of the rate of remediation on the various model parameters is investi- 
gated and some practical conclusions are reached regarding the operation of air 
sparging wells for aquifer remediation. VOCs of low water solubility (such as 
alkanes) and present as NAPL are found to be removed by air sparging much 
more slowly than VOCs of higher water solubility (such as benzene. toluene, 
ethylbenzene and xylenes) and present as NAPL, due to the very small maximum 
concentration gradients which can be maintained around droplets of the former. 
These small concentration gradients result in very slow rates of NAPL solution. 

INTRODUCTION 

The in-situ volatilization or biodegradation of volatile organic com- 
pounds (VOCs) in contaminated aquifers by air sparging has become es- 
Lablished as one of the better technologies for dealing effectively and eco- 
nomically with groundwater contamination ( I ,  2). The American Academy 
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2970 WILSON ET AL. 

of Environmental Engineers has discussed sparging and biosparging ex- 
tensively in two of its recent books on innovative technologies for site 
remediation (3, 4), and both the 1993 and 1995 Bioreclamation Symposia 
devoted extensive coverage to these topics (5, 6). 

Several papers in this last reference (6) raised some serious questions 
about the nature of air and water movement in the vicinity of an air injec- 
tion well (7-ll) ,  which markedly affects the rate of mass transport of 
VOCs from the aquifer to the sparging air and, in the case of biosparging, 
the transport of oxygen from the sparging air to the aquifer aqueous phase. 
The points of particular significance are the following. First, the steady 
injection of air into an aquifer via the standard sparging well produces 
virtually no bulk circulation of water in the vicinity of the well. Second, the 
injected air moves up to the top of the aquifer not as isolated, independent, 
random bubbles, but in persistent channels. There is common agreement 
that these facts bode ill for the efficiency of mass transport between the 
gas and aqueous phases in sparging. Pulsed operation of the air injection 
well has been proposed as a means to increase the dispersivity, and 
thereby the rate of mass transport, in sparging. 

We have mathematically modeled sparging with air channeling for dis- 
solved VOCs (12), nonaqueous phase liquid (NAPL, 13), and biosparging 
of NAPL and dissolved VOC (14), and have developed a formula for 
estimating the effect of pulsed operation on the dispersivity. 

We note that these problems do not arise in sparging operations in which 
vacuum-vaporizer-wells (15, 16) or aeration curtains (17) are used. 

Our earlier sparging models (12-14) included channeling in a quite ho- 
mogeneous and rather artificial way. A well-behaved mathematical func- 
tion was postulated for the vertical molar flux of the injected gas, the 
horizontal flux was obtained from conservation conditions, and the den- 
sity of channels at any point was then assumed to be proportional to the 
magnitude of the molar gas flux calculated at that point. This has the 
advantage of being relatively easy to compute, but it doesn’t give one the 
sort of irregular random shotgun pattern of the upper termini of the chan- 
nels which was observed by Leeson et al. (7) in their field study or which 
we observed in small-scale experiments aerating saturated sand in a large 
bucket. The observed irregular distribution of the channels can be ex- 
pected to result in a decrease in the removal rate of VOC by sparging 
below that calculated from these models. 

Here we present a sparging model for the removal of dissolved VOC 
and NAPL under conditions of mass transport-limited kinetics. The coor- 
dinates of the upper termini of the desired number of air channels are 
selected by means of a random number generator which produces numbers 
having a Gaussian distribution and a specified standard deviation. The 
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GROUNDWATER CLEANUP BY IN-SITU SPARGING. Xlll 2971 

channel paths are then calculated as smooth curves between the point of 
air injection and the upper termini of the paths. Mass transport of VOC 
from the bulk aqueous phase to these channels is then assumed to take 
place by diffusion/dispersion, with irreversible removal of VOC once it 
reaches a channel. 

The next section first presents the procedure for calculating the upper 
termini to the channels and the channel paths. This is followed by analysis 
(of 1) the diffusion/dispersion transport of dissolved VOC between the 
,various volume elements into which the system is partitioned, 2) mass 
transport of VOC between the aqueous phase in a volume element contain- 
ling an air channel and the channel itself, and 3) the solution of NAPL 
droplets. This section is followed by a section on results, in which the 
dependence of VOC removal on the various model parameters is investi- 
gated. The paper closes with a section on conclusions and recommenda- 
tions. 

ANALYSIS 

Calculation of Coordinates of Channel Upper Termini 
and the Channel Paths 

The geometry and some of the notation used are indicated in Fig. 1, 
which shows the domain of interest, the point of air injection, some repre- 
sentative air channels, and a volume element through which one of the 
channels passes. This volume element is magnified in Fig. 2, in which the 
channel is approximated as passing vertically through the volume element 
and having an effective radius of a meters. The nomenclature used is 
shown in Table 1. 

The calculation of the coordinates of the upper terminus of the mth 
channel, x,,~ and y m ,  is done as follows. Large sets of numbers G generated 
by the formula 

have mean values centered on and very close to zero, standard deviations 
centered on and very nearly 1, skewnesses centered on and very nearly 
zero, and kurtoses centered on and very nearly 3 .  These are the values 
which one would expect for normal (Gaussian) distributions with (G) = 
0 and uG = I .  The distributions of these sets of numbers are bell-shaped 
and well-fitted by the usual Gaussian curve. In Eq. ( l ) ,  RND(1) is a 
pseudo-random number generator which generates numbers which are 
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2972 WILSON ET AL. 

/ aauitard 

FIG. I Geometry and notation of that part of the domain of interest in the first quadrant. 
The sparging air is injected at the point (0.O.b) on the z-axis. Three of the random air channels 
are shown, one of which passes through the volume element A V,,, as indicated. The surface 

of the aquitard is the plane z = 0; the top of the aquifer is the plane i = /z. 

FIG. 2 Blow-up of the volume element A ViJk indicated in Fig. 1. a' = radius of air channel, 
d = (Ax + Ay)/4. VOC diffusing into the air channel is assumed to be immediately removed, 

so the gas-phase VOC concentration in the air channel is zero. 
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GROUNDWATER CLEANUP BY IN-SITU SPARGING. Xlll 2973 

TABLE 1 
Nomenclature 

thickness of aquifer, m 
length of one side of the domain of interest, m 
length of second side of the domain of interest, m 
air channel shape parameter; see Eqs. ( 5 )  and (6) 
mean value of x-coordinate of air channel termini. m 
mean value of y-coordinate of air channel termini, m 
standard deviation of x-coordinate of air channel termini, m 
standard deviation of y-coordinate of air channel termini, m 
height of sparging point above aquitard, m 
dimensions of a volume element, m 
dispersivity, m’/s 
VOC diffusivity in NAPL boundary layer, m’/s 
total connected porosity of aquifer medium, dimensionless 
air channel diameter, m 
VOC density, kg/m3 
VOC solubility, kg/m’ 
initial aqueous VOC concentration, kg/m3 
initial NAPL concentration, kg/m3 of soil 
initial NAPL droplet diameter, m 
NAPL droplet boundary layer thickness, m 

uniformly distributed on (0, 1). This function is available in the various 
versions of BASIC, PASCAL, FORTRAN, etc. 

For an experimental distribution of air channel upper termini [such as 
those provided by Leeson, Hinchee and Vogel(7)], one can calculate the 
values of (x), ( y ) ,  a,, and a,. To construct a statistically similar set of 
termini, let the coordinates of the mth terminus be given by 

(2) 

(3) 

(4) 

zm = h (top of the aquifer) 

xm = (x) + u,G‘ 

ym = ( y )  + U?G” 

where G‘ and G“ are calculated by the use of Eq. (1). 
Let (0, 0, b )  be the coordinates of the point at which the sparging air 

is injected. Then we may construct smooth channels between this point 
and the various upper termini by means of Eqs. (5 )  and (6). 
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2974 WILSON ET AL. 

The parameter n is a channel shape factor; n = 1 gives straight lines, n 
= 2 gives parabolas, etc. As n becomes very large, the channel becomes 
L-shaped, going out horizontally from the injection point until it is under- 
neath the upper terminus, and then rising vertically to it. Note that x and 
y are not defined for z < b-the channels do not go below the point of 
air injection. 

The air channels defined in this way are smooth in character, which is 
in all probability somewhat unrealistic. We are developing another model 
in which the channels are constructed by a random-walk process; this 
leads to rather tortuous channels. We speculate that the two approaches to 
channel construction will not lead to substantial differences in calculated 
sparging remediation rates. 

Diffusion/Dispersion Transport between Volume Elements 

For aqueous phase dispersion transport we use the usual second-order 
difference representation. We postulate impermeable boundary surfaces 
to the domain of interest with regard to dispersion transport. This is cer- 
tainly valid for the bottom (aquitard) and top (water table) surfaces. If we 
select (x) and (y) = 0 and choose a contaminant distribution which is 
symmetrical about the z-axis, it is approximately valid for the x-z and 
y-z planes, from symmetry. It will also be approximately valid at the two 
remaining vertical planes if the well of interest is one which is in a regular 
array, and L, and L, are half the distances between adjacent wells in the 
x direction and the y direction, respectively. If we are dealing with a 
single well, L, and L, must be selected large enough so that the boundary 
condition on these two surfaces is irrelevant. 

With these boundary conditions, dispersion transport is modeled by 
Eq. (7). 
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GROUNDWATER CLEANUP BY IN-SITU SPARGING. Xlll 

where 

SP(i, n )  = 0, i = n 

= I ,  i < n  

and 

S M ( i )  = 0, i = 1 

= I ,  i > l  

2975 

(8) 

(9) 

SP(j, n ) ,  SP(k, n ) ,  SM(j),  and SM(k) are defined in the same fashion. 
Equations (8) and (9), easily implemented with the SGN function, are 
switching functions to suppress unwanted flux terms at the boundaries of 
the domain of interest. Equation (7) can readily be modified to handle 
anisotropic dispersivities if desired. 

Diff usionlDispersion Mass Transport to the Air Channels 

See Fig. 2 for the geometry of the situation being analyzed. It is approxi- 
mated that the air channel passes vertically through the volume element 
of interest, as indicated in the drawing. We take the diffusion of VOC in 
the near vicinity of this channel as governed by 

- Df-- r - ,  r > a '  a [ ac _ -  
d t  r ar 

We assume that the rate of replenishment of VOC in this volume element 
by diffusion/dispersion from adjacent volume elements matches the rate 
of depletion of VOC by diffusion to the air channel (the steady-state ap- 
proximation). We also assume that the rate of air flow through the channel 
is sufficiently large to maintain a gas-phase VOC concentration far below 
that which would pertain if the aqueous and gas phases were to come to 
equilibrium. That is, we are considering only situations in which the gas 
flow rate is not limiting. The steady-state approximation and Eq. (10) then 
yield 

'This equation has as its solution 

C ( r )  = CI + c2 loge(r), a < r 

where C I  and c2 are the constants of integration. 
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2976 WILSON ET AL. 

Boundary conditions are 

and 

C ( d )  = Cijk (14) 

where d = (Ax + Ay)/4. Equation (13) is obtained from the assumption 
that the gas-phase VOC concentration in the channel is negligible. Equa- 
tion (14) comes from the requirement that within the volume element of 
interest yet at  a substantial distance d from the air channel, C(r )  must be 
nearly equal to the VOC concentration Cijk assigned to this volume ele- 
ment. Use of these boundary conditions yields 

Cijk 
c2 = log,(d/a’) 

We wish to calculate the flux of VOC from Vijk into the air channel. 
This is given by 

d q j k  = - Df2na’Az [g] (16) 
VAXAYAZ [7] channel 

T = U ‘  

From Eqs. (12) and (15) we have 

This, with Eq. (16), gives 

21~DfCijk 
channel vAxAy log,(d/a’) 

Kinetics of the Solution of NAPL Droplets 

For analyzing the solution of NAPL droplets we use an approach used 
previously for the solution of NAPL in groundwater recovery operations 
(18) and sparging (19). We assume spherical droplets and a fixed outer 
radius b of the diffusion boundary layer surrounding each droplet. Nota- 
tion in this section only is as follows. 

POC = density of NAPL VOC, kg/m3 
A V  = AxAyAz, the volume of a volume element, m3 
a. = initial droplet radius, m 
a = droplet radius at time r ,  m 
n = number of droplets in A V 
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GROUNDWATER CLEANUP BY IN-SITU SPARGING. Xlll 2977 

C,” = initial NAPL concentration in A V, kg/m3 of soil 
CN = NAPL concentration in A V at time t ,  kg/m3 of soil 
mo = initial droplet mass, kg 
m = droplet mass at time 1 ,  kg 
C ,  = aqueous solubility of VOC, kg/m3 of water 
Cikj = aqueous VOC concentration in the ijkth volume element, kg/m3 of 

water 

We have 

= AVCF 4nTTn:poc 
n 3  

from which we see that the number of droplets in the volume element of 
interest is 

We assume steady-state diffusion in the vicinity of a droplet, which 
yields - - I . . - - ]  dC(r)  = 0 1 d 

? dr 

which has as its solution 

C ( r )  = cl/r + c2 

where c1 and c2 are the constants of integration. The boundary conditions 
are 

C ( u )  = c, (23) 

and 

C ( b )  = C i j k  

Use of Eqs. (23) and (24) in Eq. (22) gives 

Substitution of this result in Eq. (22) and differentiation yields 
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Evaluation of Eq. (26) at r = a gives 

K@/r=a - - 
- (C ,  - Cijdab 

ar ( b  - U)U* 

The rate of change of mass m of a droplet is then given by 

Note that 

and 

dm cs - Cijk - = D ( 4 ~ d )  - dt [ ( b  - a)a2 nb] 

dm ba 
dt 
- = - 4 d ( C ,  - CGk) - 

( b  - a )  

m = AVCN/n 

mo = AVCrIn 

WILSON ET AL. 

(27) 

Use of these relationships in Eq. (29) and some algebraic simplification 
then yield 

(34) 

where we have now subscripted CN (= C y , )  to indicate the volume ele- 
ment involved. 

The contribution of NAPL solution to the rate of change of the aqueous 
VOC concentration, Cijk, is given by 

- -  dCyk 3DCp (Cs  - Cijk)(C7klC,")1/3 
&oc [ 1 - (ao/b)( CFkIC,N)113] 

- -- 
dt 

dCrk 
= -(l/u)- dt (35) 

The Rate of Change of the Aqueous VOC Concentration. 
Residual VOC 

The total rate of change of the aqueous VOC concentration is then 
given by the sum of its contributions from solution of NAPL, diffusion/ 
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GROUNDWATER CLEANUP BY IN-SITU SPARGING. Xlll 2979 

dispersion between volume elements, and diffusioddispersion to the air 
channels, 

where the components on the right-hand side of Eq. (36) are given by 
Eqs. ( 3 9 ,  (I@,  and (7), respectively. 

Residual VOC present as NAPL and dissolved VOC at time t are given 
by 

and 

respectively. 

RESULTS 

The model was implemented in TurboBASIC; the differential equations 
were integrated forward in time by means of the simple Euler method, 

TABLE 2 
Default Parameters for Sparging Simulations, Dissolved VOC Only 

Channel shape parameter n 4 
0 < x < L,; L, 
0 < Y < Ly;  L, 
Thickness of aquifer, h 
Number of channels in first octant 

o x ,  4 m  

Ax, AY I m  
A z  I m  
Dispersivity, Df 
Porosity, v 0.4 
Air channel diameter, 2a' 
A i  43,200 seconds 
Initial aqueous VOC concentration 
Entire domain of interest uniformly contaminated with dissolved VOC only 

10 m 
10 m 
10 m 
50 

( x ) .  (Y) 0 

Height of sparging point above aquitard, b 0 

2.0 x lo-' m2/s 

I cm 

10 mg/L 
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2980 WILSON ET AL. 

since computer memory and speed limitations made use of any more so- 
phisticated algorithm impractical. Default parameters for the runs made 
with dissolved VOC only are given in Table 2. Default parameters for the 
runs made with NAPL and dissolved VOC are given in Table 3. Densities 
and aqueous solubilities of VOCs which were simulated are given in Table 
4. 

Figure 3 shows a representative set of air channels in profile view. Only 
one-fourth of the domain of interest is modeled; air  is assumed to be 
injected at the origin, and we are considering only channels in the first 
quadrant. Figure 4 is a plan view of the same system, showing the locations 
of the terminations of the air channels at  the top of the aquifer. The x 
and y scales are different, owing to the vagaries of EGA monitors. The 
parameters are as in Table 2. 

Even when all the parameters of the model are held fixed, one obtains 
somewhat different removal rates depending on the set of random numbers 
which are generated and which determine the paths followed by the air 
channels. The magnitude of this effect is shown in Fig. 5, in which five 
runs which are identical in all respects except for the seeding of the random 

TABLE 3 
Default Parameters for Sparging Simulations, Dissolved VOC and NAPL 

Channel shape parameter n 
0 < x < L,;  Lx 
0 < Y  < L G L ,  
Thickness of aquifer, h 
Number of channels in first octant 
(x), ( Y )  
a x ,  0” 

Height of sparging point above aquitard, b 
A x ,  AY 
A 2  
Dispersivity, Df 
VOC diffusivity in NAPL boundary layer, D 
Porosity, Y 
Air channel diameter, 2a’ 
A t  
VOC density, ~ O C  

VOC solubility, C, 
Initial aqueous VOC concentration, Co 
Initial NAPL concentration C p  
Initial NAPL droplet diameter, 2ao 
Droplet boundary layer thickness, b 

4 
10 m 
10 m 
10 m 
50 
0 
6 m  
0 
I m  
l m  
2.0 x lo-’ m2/s 
2.0 x lo-’’ m2/s 
0.4 
I cm 
17,280 seconds 
1.46 g/cm3 
1100 mg/L 
100 mg/L 
1000 mglkg of soil 
1 mm 
500 mm 
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TABLE 4 
Densities and Aqueous Solubilities of VOCs (estimated from data in Ref. 20) 

Compound Density (g/cm3) Aqueous solubility, 20°C (mg/L) 

n-Octane 
Benzene 
Toluene 
Ethylbenzene 
Xylenes 
Trichloroeth ylene 
Tetrachloroeth ylene 
I , ] ,  I-Trichloroethane 
1, I-Dichloroethylene 
trans- 1,2-Dichloroethylene 
Carbon tetrachloride 
I ,  1.2,2-Tetrachloroethane 

0.7025 
0.877 
0.867 
0.867 
0.870 
1.46 
1.623 
1.339 
1.22 
1.257 
1.593 
1.595 

0.43 I 
1800 
520 
152 
160 

1100 
150 
600 

2500 
6300 
800 

2900 

-Y 

FIG. 3 Locations of air channel termini at the top of the aquifer. (x) = (y) = 0; U, = uV 
= 4 m; L, = = h = 10 m, 50 channels calculated. Note that the origin is in the upper 
left comer of the figure, and that the x and y scales are different. Figure 4 shows plots of 

the air channels associated with these termini. 
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o o  
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0 0  
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0 
0 

0 

0 

-Y 

X 

FIG. 4 Plots of air channels in the domain of interest. The parameters are as in Fig. 3; n 
= 4. Note that the x ,  y, and z scales are different. 

I 1 1 

0 180 days 360 

FIG. 5 Plot of Maq(t)/Maq(0) versus t .  only dissolved VOC present; reproducibility of 
statistically equivalent runs. a, = u, = 5 m; other parameters as in Table 2. These runs 
are statistically equivalent; the variations between them are due to the random variations 

between the different sets of air channel paths. 
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number generator RND are plotted. The uncertainty seen here represents 
an intrinsic limit on channeling models unless one is prepared to map out 
in detail the channels for each and every sparging well at a site-a task 
of awesome proportions. Only dissolved VOC is present in the runs shown 
in Figs. 5-11. 

The effect of the effective radius of the air channel distribution on dis- 
solved VOC removal is seen in Fig. 6. The standard deviations of the 
channel termini about (0, 0, h )  are a, = cry = 4 , 5 ,  and 6 m. The effective 
radii of the gas distributions for the three runs are about 1.414 times these 
values. We see that the removal rate increases with increasing effective 
radius of the gas distribution. This is expected, since the distributions 
having the smaller effective radii leave substantial portions of the outer 
and lower portions of the domain of interest without air channels. In the 
runs shown in Figs. 6 through 14, the random number generator was 
seeded with a constant value (13) to avoid the confounding effects of these 
random statistical variations. 

Increasing the number of air channels increases the rate of dissolved 
contaminant removal, as expected and as shown in Fig. 7. Increasing the 
number of air channels decreases the average distance VOC must move 

FIG. 6 Plot of Maq(f)/Maq(0) versus t ,  only dissolved VOC present; effect of u, and IT". 
0; = u,, = 4, 5 ,  and 6 m, as indicated. Other parameters as in Table 2. RND seeded with 

the same number for all runs. 
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0 180 days 360 

FIG. 7 Plot of Maq(t)lMaq(0) versus t ,  only dissolved VOC present; effect of number of 
channels. uX = uy = 6 m; 25, 50, and 75 channels, as indicated. Other parameters as in 

Table 2. RND seeded with the same number for all runs. 

by dispersion before it can reach an air channel and be removed. Unfortu- 
nately, at sites at which the water table lies below grade (virtually all 
sites), there appears to be no way by which one can estimate the number 
of air channels and how this quantity depends on well depth and the pres- 
sure of the injected air. One can use the results reported by Leeson et al. 
(7), but one would prefer to have a method for obtaining site-specific 
information on this. 

The shapes of the channels (controlled by the parameter n in Eqs. 5 
and 6) have a very marked effect on the efficiency of dissolved VOC 
removal, as seen in Fig. 8. Examination of these equations shows that 
the channels tend to pass through more of the low-lying volume elements 
of the domain of interest as n increases. Values of n of I and 0.5 yield 
channel distributions which completely miss a substantial portion of the 
lower and outer portions of the domain. This is reflected in correspond- 
ingly slow removal rates. 

The effect of the dispersivity Df on dissolved VOC removal is seen in 
Fig. 9. Cleanup times appear to be roughly inversely proportional to Df, 
indicating that dispersive transport of dissolved VOC to the air channels 
is rate limiting, expected in this model. Evidently, anything which can be 
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0 180 days 360 

FIG. 8 Plot of Maq(/)/Maq(0) versus t ,  only dissolved VOC present; effect of air channel 
shape parameter n. n = 0.5, 1, 2, and 4 as indicated; other parameters as in Table 2. RND 

seeded with the same number for all runs. 

FIG. 9 Plot of Maq(f)/Maq(0) versus t ,  only dissolved VOC present; effect of diffusivity. 
Df = 1, 2, and 4 x lo-’ m2/s from top to bottom; other parameters as in Table 2. RND 

seeded with the same number for all runs. 
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done to increase the dispersivity (such as pulsed operation of the air injec- 
tion well) will result in increased rate of VOC removal. 

In the runs shown in Figs. 5-9 and 11-14, the dimensions of the domain 
of interest are 10 X 10 x 10 m-i.e., the wells are drilled in a square 
array 20 m apart and the aquifer is 10 m thick. In Fig. 10 the domain 
dimensions are 20 x 20 x 10, 15 x 15 x 10, and 10 x 10 x 10, corre- 
sponding to sparging well spacings of 40, 30, and 20 m on a square grid. 
All other parameters are held constant. In particular, the dimensions of 
the initially contaminated domain are held constant. As the spacing of the 
wells increases, we see progressively more and more severe tailing in 
the remediation. Dispersion is transporting dissolved VOC to the more 
outlying portions of the domain which contain few if any air channels. 
Once VOC has migrated into these, its movement back into the region of 
active aeration (i.e., significant density of channels) is slow, resulting in 
this tailing. If one were sparging with wells located only in the zone of 
contamination and without plume control by groundwater recovery wells, 
this could also result in the spreading of contaminant beyond the effective 
range of capture of the sparging wells. Evidently sparging wells operating 
in the contaminated zone should be surrounded by a border of sparging 
wells just beyond the periphery of the contaminated zone to prevent es- 
cape of contaminant into the surrounding aquifer. 

0 180 days 360 

FIG. 10 Plot ofM,,(r)/M,,(O) versus 1,  only dissolved VOC present; effect of size ofdomain 
of interest. From top to bottom, ( L < ,  L,,, h )  = [ I ]  (20, 20, 10); [2] (15 ,  1 5 ,  lo), [3] (10, 10, 
10). The initial domain of contamination is included in the ranges 0 < x < 10; 0 < V < 10; 
3 < z < 10 m in all cases. ur = u, = 6 m. Other parameters as in Table 2 .  RND seeded 

with the same number for all runs. 
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The impact of the depth of the point of air injection on dissolved VOC 
removal is shown in Fig. 11. It is evident that sparging wells must be 
drilled entirely through the domain of contamination in order to be opti- 
mally effective. Shallow sparging wells leave virtually untreated that por- 
tion of the aquifer which lies below the point of air injection. 

Figures 12-14 address the removal of distributed NAPL; default param- 
eters for these runs are given in Table 3. In Fig. 12 the effect of the 
diffusivity in the aqueous boundary layers surrounding the NAPL droplets 
is shown. The VOC simulated here is trichloroethylene and the dispersiv- 
ity is assumed to be 2 x lo-' m2/s. For this system, diffusion of VOC 
through the aqueous boundary layers around the NAPL droplets becomes 
the limiting factor in VOC removal only for values of the diffusivity below 
around 1-2 x lo-' ' m2/s. Typical values of molecular diffusion constants 
in water are of the order of 2 x lo-'' m2/s. We conclude that in many 
systems bulk dispersivity of dissolved VOC is more likely to be rate con- 
trolling than is diffusion-limited solution of NAPL. 

Figure 13 shows the results of modeling the removals of some volatile 
hydrocarbons (n-octane, benzene, toluene, ethylbenzene, and xylenes) 
initially present as NAPL. The solubilities and densities of these com- 

I.Or 

0 180 days 360 

FIG. 1 1  Plot of Maq(r)/Maq(0) versus f ,  only dissolved VOC present; effect of height b of 
*air injection point above the underlying aquitard. b = 3, 2, 1, and 0 m, from top to bottom. 

Other parameters as in Table 2. RND seeded with the same number for all runs. 
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2988 WILSON ET AL. 

FIG. 12 Plot of Maq(r)/Maq(0) versus r ,  NAPL and dissolved VOC present; effect of diffu- 
sivity D in NAPL droplet boundary layers. D = 2 x 1 x lo-”,  2 x 
lo-”, and 2 X m2/s, from the top down; other parameters as in Table 3. RND seeded 

5 x 

with the same number for all runs. 

FIG. 13 Plot ofM,,(f)/M,,(O) versus t for n-octane (O), benzene (B), toluene (T), ethylben- 
zene (E), and xylene (X) compounds; LNAPL and dissolved VOC present. VOC solubilities 
and LNAPL densities are given in Table 4. The initial dissolved VOC concentrations are 
0. I times the corresponding solubilities; the initial LNAPL concentrations are all loo0 mg/ 

kg of soil. Other parameters as given in Table 3. 
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pounds are given in Table 4; other parameters are as in Table 3. In all 
cases the initial NAPL concentration is 1000 mg/kg of soil. Benzene and 
toluene are readily removed within 3 years; xylenes and ethylbenzene 
are somewhat less rapidly removed. Removal of the alkane n-octane is 
negligible during the 3-year span of the simulations. The reason for the 
spectacular difference is seen in Eq. (34). The rate of removal of VOC is 
controlled here by the rates of solution of the NAPL droplets and disper- 
sion of the dissolved VOC. These are essentially proportional to the aque- 
ous solubility of the VOC. The solubilities of toluene and n-octane are 
520 and 0.431 mg/L, respectively, which accounts for the great difference 
in the removal rates of the two compounds. 

With compounds of low aqueous solubility, such as n-octane, it is im- 
possible to maintain concentration gradients large enough to cause solu- 
tion of NAPL and dispersion of dissolved VOC to take place at a reasona- 
ble rate. This appears to explain why the BTEX group is removed 
relatively rapidly by sparging, while total petroleum hydrocarbons (which 
includes a lot of alkanes of low aqueous solubility) are sparged much less 
readily. One possible solution to the dilemma is to dewater smear zones 
so that these compounds must move through only very thin layers of water 
in order to vaporize, and use soil vapor extraction. 

FIG. 14 Plot of Maq(t)/Maq(0) versus I for several chlorinated solvents; DNAPL and dis- 
solved VOC present. Chlorinated VOC solubilities and DNAPL densities are given in Table 
4. The initial dissolved VOC concentrations are 0.1 times the corresponding solubilities; 
the initial DNAPL concentrations are all 1000 rng/kg of soil. Other parameters as given in 

Table 3. 
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TABLE 5 
95 and 99% Cleanup Times for Various VOCs Initially Present at NAPL Concentrations 

of lo00 mg/kg of Soil 

Compound 95% Cleanup time (years) 99% Cleanup time (years) 

n -Octane 
Benzene 
Toluene 
Ethylbenzene 
Xylenes 
Tnc hloroethylene 
Tetrachloroeth ylene 
] , I ,  1 -Trichloroethane 
1, I-Dichloroethylene 
rrans-l,2-Dichloroethylene 
Carbon tetrachloride 
1,1,2,2-Tetrachloroethane 

W 

0.7 
2.1 
7.0 (est.) 
6.6 (est.) 
1 . 1  
7 .2  (est.) 
1.8 
0.6 
0.5 
1.4 
1.4 

m 

1.2 
3 .O 

11 (est.) 
11 (est.) 

12 (est.) 
I .8 

2.7 
1.2 
0.85 
2.2 
2.2 

The removals of several chlorinated solvents present as distributed 
DNAPL are shown in Fig. 14. Parameters are as in Tables 2 and 3. Tetra- 
chloroethylene (PCE), the compound of lowest aqueous solubility, is the 
most slowly removed of the set. Note that these results definitely do not 
pertain to DNAPL which is pooled on the underlying aquitard, removal of 
which is at best extremely difficult and generally is regarded as impossible. 

The times required for 95 and 99% removal of VOC for these hydrocar- 
bons and chlorinated solvents (calculated for the runs shown in Figs. 13 
and 14 and a run for 1,1,2,2-TCA which is not shown) are listed in Table 
5 .  These results depend upon the selection of parameters for the model, 
particularly the dispersivity. The choice of a value for the dispersivity is 
open to considerable debate. The cleanup times should therefore not be 
interpreted too literally, but the trends and the orders of magnitude should 
be correct. We see again the strong correlation between removal rate and 
aqueous solubility. This, of course, is ultimately limited as the Henry’s 
constant of the VOC (essentially its vapor pressure divided by its solubil- 
ity) becomes sufficiently small that the rate of gas flow becomes the limit- 
ing factor. At this point our model is no longer applicable. 

CONCLUSIONS 

The following conclusions can be drawn from these modeling exercises. 
First, however, we note again that this model is limited to situations in 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
2
9
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



GROUNDWATER CLEANUP BY IN-SITU SPARGING. Xlll 2991 

which the air flow rate is sufficient that it is not the limiting factor control- 
ling the VOC removal rate. Cleanup times calculated by this model are 
therefore lower bounds to those which would be expected in actuality. 

0 

0 

0 

0 

0 

I 

2 

3. 

4. 

5. 

6. 

7. 

Enhancement of dispersivity by, for instance, pulsed air injection, 
should in most cases result in substantial improvement in the perfor- 
mance of air sparging systems. 
One can expect some spreading of dissolved VOC by sparging. This 
has been recognized by sparging practitioners for some time, and can 
be controlled by groundwater recovery operations and/or by the estab- 
lishment of a barrier of sparging wells to intercept the spreading con- 
taminants. 
VOCs of very low aqueous solubility (such as alkanes) will generally 
be removed quite slowly by sparging. A more effective alternative 
for removing total petroleum hydrocarbons from smear zones may be 
depression of the water table by groundwater recovery combined with 
soil vapor extraction. 
The distribution and number of air channels around a sparging well 
very markedly affect its efficiency. Unfortunately, at present these 
cannot be measured in most cases. Research on this (such as described 
in Ref. 7) is very much needed. 
By and large, the conclusions drawn from our earlier channeling model 
for sparging (effect of dispersivity, effect of sparging well depth, VOC 
concentration rebound after well shutdown, etc.-see Ref. 14) remain 
valid within the framework of the present model. 
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