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Abstract 
A mathematical model for i n i t u  soil vapor stripping (vacuum extraction) is 

developed and used to examine the effects of a spatially variable pneumatic perme- 
ability tensor on the rate of clean-up of a site contaminated with volatile organic 
compounds. Runs are made with low-permeability clay lenses placed at various 
locations in the domain of interest; also the effect of soil moisture distribution on 
the soil gas flow field is examined. The model permits one to carry out a sensitivity 
analysis of the effects of heterogeneity in the permeability, and to develop strategies 
for minimizing the damaging effects of domains of low permeability. 

INTRODUCTION 
Soil vapor stripping (vacuum extraction) has become an important tool 

in the remediation of hazardous waste sites contaminated with volatile 
organic compounds (VOCs) in the vadose zone. Osejo and Wilson (I) 
reviewed much of the recent literature on the subject in a paper on math- 
ematically modeling the vapor stripping of nonaqueous phase liquid 
(NAPL) floating on the water table under the vadose zone. Earlier papers 
in this series dealt with the development of a model based on Henry’s law 
and the local equilibrium assumption, the effects of well geometrical pa- 
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134 GOMU-LAHOZ, RODRIGUEZ-MAROTO, AND WILSON 

rameters, the effects of overlying impermeable caps and passive wells, the 
effects of strata of differing permeabilities and of anisotropic permeabili- 
ties, and the effects of diffusion-limited mass transport in the vapor strip- 
ping of fractured bedrock (2-6). Other work on the modeling of soil vapor 
stripping of particular relevance to the present study includes the investi- 
gations of Hoag and his associates on the vapor stripping of gasoline (7, 
8), and the work of Hutzler, McKenzie, and Gierke (9). Hoag’s model 
assumes local equilibrium; the one-dimensional model of Hutzler et al. 
takes into account diffusion and air-water mass transfer rate. 

By and large, present models for soil vapor stripping assume that the 
pneumatic permeability of the soil in the domain of interest is constant 
and isotropic. One of our earlier papers (5) dealt with stratified soils and 
with constant anisotropic permeabilities, and it was remarked that the 
presence of horizontal strata and/or an anisotropic permeability resulted 
in rather substantial changes in the soil gas pressures and flow patterns 
around a vacuum well. Jury (10) has noted that there is a great deal of 
vertical and lateral variability in virtually all the parameters characterizing 
soil transport processes. Permeability measurements typically show a log 
normal distribution (11), and sets of permeability data typically yield cor- 
relation lengths which depend strongly on the scale of the measurements. 
Examination of well logs at most hazardous waste sites quickly yields qual- 
itative information indicating that the soil is quite heterogeneous. 

We were therefore interested in assessing the extent to which the ex- 
pected variations in the pneumatic permeability tensor would affect the 
results of vapor stripping model calculations. We very much hope that no 
one regards vapor stripping model calculations as a high-precision activity; 
still, one would like to feel that one could rely on calculated times required 
for remediation to, say, 530%. A highly variable pneumatic permeability 
might well introduce variations in calculated clean-up times substantially 
larger than this, we feared. Also, if one has information about the locations 
of the zones of low permeability, .perhaps one could design the array of 
vapor stripping wells so as to reduce their interference with the clean-up. 
Here we explore the effects of lens-shaped domains of low permeability 
on the shapes of the streamlines of the soil gas in the vicinity of a vapor 
stripping horizontal lateral slotted pipe and on the rate of clean-up of the 
soil in the domain of influence of this pipe. We also examine the effects 
of spatial variation in the soil moisture content. 

ANALYSIS 
Our previous field vapor stripping well models have been axially sym- 

metric, describing a single vertical well. An alternative geometry is that in 
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SOIL CLEAN UP BY IN-SITU AERATION. VI 135 

which parallel horizontal slotted laterals are placed in the soil; this approach 
was used for decontaminating soil at Hill Air Force Base, Utah ( 1 2 , I 3 ) .  
This allows us to use two Cartesian space coordinates, and thereby to 
construct a model which can easily run on currently available microcom- 
puters. 

We first address the calculation of the soil gas velocity field in the vicinity 
of the well. See Fig. 1 for notation. The surface of the soil is a distance ly 
above the water table, and the spacing between adjacent laterals is 1,. The 
soil gas pressure P(x ,y )  satisfies the equation 

v * KVP2 = 0 

where 

is the pneumatic permeability tensor. 
The boundary conditions are 

vacuum pipe 
and packing 

(0,O) water table ( 

FIG. 1 .  Geometry and notation, vapor stripping with long horizontal slotted lateral pipes. 
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136 GOMEZ-LAHOZ, RODRIGUEZ-MAROTO, AND WILSON 

Equations (3) and (4) represent the stagnation planes located roughly half 
way between two adjacent laterals, or they may represent impermeable 
cut-off walls. Equation ( 5 )  represents the no-flow condition imposed by 
the water table. In addition, we require a sink at (1,/2,h) to represent the 
effect of the lateral vacuum pipe. 

Since K, and Ky may be rather complicated functions of x and y,  we 
employ a numerical method, over relaxation (14, to obtain P*(x,y). The 
soil gas velocity values are then calculated from 

v = - K V P  (6)  

by means of finite differences. 
We define a mesh over the space of interest as follows: 

xi  = (i + 1/2)Ax, i = 0, 1, 2, . . . , n, 

yj = ( j  + 1/2)Ay, j = 0, 1, 2, . . . , n, 

where 

12, = (ly/Ay) - 1 

P$ = P’(x,,yJ 

Then the finite difference approximation to Eq. (1) is 

+ Ky((i + 1 / 2 ) ~ l x . ( j A y ) ( P t ~ - ~  - Ptj)(Ax/Ay) 

+ Ky(( i  + 1/2)Ax*(j  + l)Ay)(Pfj+l - PZj)(Ax/Ay) (7) 
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SOIL CLEAN UP BY IN-SITU AERATION. VI 137 

for a general interior point. This is solved for p:j, which yields 

[K,(i,j + 1/2)6P;.,,j + K,(i + 1, j + 1/2)6PS+1,, 

[K,(i,j + 1/2)6 + K,(i + 1,j + 1/2)6 (8) 
+ Ky(i + l/2,j)6-1Pzj-1 + Ky(i + 1 /2 , j  + 1)6-1P~j+1] 

+ Ky(i + li2,j)a-l + Ky(i + 1/24  + l)S-l] 

P:j = 

where 6 = Ay/Ax and we have simplified the notation for K, and K,; 
K,(i,j) = K,(iAx, jAy),  etc. 

The boundary condition represented by Eq. (3) transcribes into the finite 
difference representation as 

Equation (4) yields 

Equation (5 )  yields 

[Kx(i,1/2)6zJ:-1,0 + K,(i + 1,1/2)6P;+1," 

(11) 
+ Ky(i + 1/2,1)6-'P;,1] 

pto = [K,(i,1/2)6 + K,(i + 1,1/2)6 + Ky(i + 1/2,1)6-'] 

The boundary condition at the top of the domain, Eq. (2), yields 

[Kx(i,ny + 1/2)6PS-1,fly + K,(i + l,n, + 1/2)6Pf+1,, 

p2 = 
+ Ky(i + 1/2,n,)S-lP:fly4 + 2Ky(i + 1/2,ny + 1)6-'P3 

+ Ky(i + 1/2,ny)6-' + 2K,(i + 1/24, + 1y-11 
[K,(i,n, + 1/2)6 + K,(i + l ,ny + 1/2)6 i.ny 

Similar expressions are obtained for the corner volume elements. 
The mean pressure within the volume element containing the lateral pipe 

is estimated as follows. The pressure in the vicinity of the pipe is given 
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138 GOMEZ-LAHOZ, RODRIGUEZ-MAROTO, AND WILSON 

approximately by 

P: - P2 
log ( l la )  

P2(r) = P2, + log ( r l a )  

where Pa = ambient atmospheric pressure, atm 
P ,  = wellhead pressure, atm 
a = pipe radius (or radius of gravel packing, if present), m 
f = a length of the order of the distance from the pipe to the surface 

of the soil, approximately f, m 

One approach is to calculate the mean value of P2 in an annular domain 
about the pipe of inner radius a and outer radius b ,  where 

This is given by 

F2 = lab P 2 ( r ) r d r / [  rdr 

which, on use of Eq. (13) and integration, yields 

We may take this value for P&,, the value of the pressure in the domain 
AxAy containing the lateral pipe; we set 1 = f,. 

An alternative method of obtaining the effective pressure in the domain 
containing the sink is developed as follows. Again we start with Eq. (13) 
as an approximate expression for the pressure in the vicinity of the slotted 
lateral pipe. The molar gas flow rate per unit length of pipe is then given 
by 

KvAP2 * T r  
’= RT 

for any value of r .  
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SOIL CLEAN UP BY IN-SITU AERATION. VI 1 39 

From Eq. (13), 

P;: - P’, 1 V,P2 = 
log ( l /a )  r 

Now we wish to have the flux Q(a)  from the actual lateral pipe of packed 
radius a equal to the flux Q(Ax/2) from a lateral pipe of radius Ax/2  
located in the same position in the domain of interest. We accomplish this 
by our choice of the pressure in the volume element containing the lateral 
pipe, P,,o. This yields, after some cancellations, 

P;: - P’, - P;: - p;,o - 
log (Ua) log (21/Ax) 

which rearranges to give 

log (21/Ax) p2 = p2 - 
log ( l /a)  I.0 a (P;: - P’,) 

Equations (7)-(12) (and the corresponding equations for the volume 
elements at the corners of the domain of interest) are then solved by 
overrelaxation for the Pfj ; P:,o is held equal to the value of P!,o obtained 
from Eqs. (14) or (16). The algorithm is as follows. 

is the relaxation step. Then 

calculates the over relaxed values of the P i ,  which are then used in the 
next iteration. Actually, the newly computed values P p  are immediately 
put back into the array for the 4; this speeds convergence somewhat and 
reduces memory requirements. Convergence of these calculations requires 
of the order of a minute for a 10 x 20 array on an MMG 286 microcom- 
puter operating at 20 MHz. A value of 1.8 was generally used for w. 

Soil gas streamlines and their transit times are very helpful in quickly 
identifying regions of the domain of interest which will clean up slowly. A 
fundamental truth in soil vapor stripping is that gas must be supplied to 
any domain which is to be cleaned up. The streamlines are calculated by 
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190 GOMEZ-LAHOZ, RODRIGUEZ-MAROTO, AND WILSON 

integration of the equations 

dY aP - = -K,(x,y) - 
dt aY 

For interior points (not in volume elements at the border of the domain) 
we calculate these derivatives from the Taylor’s series for the pressure. In 
the ijth volume element 

aP ap a2P 
ax ij aY ij ax; P(x,y) = P, + - ( x  - X i )  + - (y - y j )  + 112 - ( x  - Xi)2 

a2P azp 
aY ij axayij + 112 7 (y  - Yj)’ + - ( x  - xJ(y- yj) (21) 

where 

a2P/ay; = (Pi,j+l - 2Pi,j + Pi,j-l)/Ay2 (25) 

a2Plaxayij = (Pi+l,j+l - P;- , .~+~ - + P ~ - ~ . ~ - ~ ) I ~ A X A Y  (26) 

These formulas can also be used on the left, right, and bottom borders by 
replacing P-l,j by Po.j along the left border, Pi,-l by Pi,o along the bottom 
border, and Pm+I. j  by Pm,j along the right border, which causes the no- 
flow boundary conditions to be satisfied. At the top boundary, Taylor’s 
series expansions yield 

splay;,, = -[ID . P;,~,-~ + - 413 . Pa]/Ay (27) 
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SOIL CLEAN UP BY IN-SITU AERATION. VI 141 

and 

where Pa is the ambient atmospheric pressure. These formulas appear to 
be somewhat more accurate in the border regions than some we have used 
earlier; with these we get well-behaved streamlines right out to the edges 
of the domain. Transit times are calculated by simply keeping track of the 
accumulating value of t in the numerical integrations generating the stream- 
lines. 

The movement of volatile organic compounds (VOCs) under the influ- 
ence of the flow field generated by the horizontal lateral vacuum pipe is 
assumed to be governed by the equation 

Vavm - - dm _ -  
at Y + wIKH 

where rn = mass of contaminant per unit volume of soil, kg/m3 
v = soil gas velocity, m/s 
w = specific volumetric moisture content, dimensionless 
Y = voids fraction 
KH = effective Henry's constant of the VOC in the matrix of in- 

terest 

The dispersion term is omitted from Eq. (30), to be represented by the 
effects of numerical dispersion. The equation is approximated by an array 
of ordinary differential equations defined at the mesh points of the domain, 
as above. Then 
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142 GOMEZ-IAHOZ, RODRIGUEZ-MAROTO, AND WILSON 

where 

ux(i,j + 1 / 2 )  = - K , ( i A x , ( j  + 1/2)Ay)(Pij  - P i - l . j ) / A x  

u,(i + 1 / 2 , j )  = -Ky((i + l / 2 ) A x , j A y ) ( P i j  - P i , j - , ) / A y  (32) 

etc., and 

S ( U )  = 1 ,  u > 0 

= o , u < o  

An initial contaminant distribution is established in the domain of in- 
terest, and then Eqs. (31) are integrated forward in time. The total mass 
of contaminant per meter of domain length (in the direction of the hori- 
zontal laterals) is given by 

Our objective here is to explore the effects of spatial variations in the 
permeability tensor. To do this we choose 

n = 1 or 2 (34) 

with a similar expression for K,(x,y). This allows us to represent low- 
permeability “lenses” of thickness zFi and width 2ri. Such structures are 
not uncommon in soils. 

RESULTS, LOW-PERMEABILITY LENSES 
A set of eight runs was made to explore the effects of low permeability 

lenses on the soil gas streamlines and on the rate of clean up of the domain. 
The standard run parameters are given in Table 1. The parameters char- 
acterizing the lenses are given in the captions to the figures. The numbers 
by the streamlines are the transit times in 103 seconds for the soil gas to 
move from the surface of the ground to the lateral pipe well. For this set 
of runs, Eq. (16) was used to calculate P!,o. Figure 2 shows the streamlines 
for Run 1 ,  for which no lenses were present. 
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SOIL CLEAN UP BY IN-SITU AERATION. VI 143 

TABLE 1 
Standard Parameter Set for the Runs shown in Figures 2-12 

Domain length 
Domain depth 
dx, dy 
Location of well 
Packed radius of well 
Wellhead pressure 
Temperature 
Soil gas-filled porosity 
KO, &I 
Initial soil contaminant concentration 
Soil density 
Specific moisture content 
Effective Henry’s constant 

13 m 
8 m  
l m  
x = 6.5 m, y = 0.5 m 
0.2 m 
0.85 atm 
14°C 
0.3 
0.100 m2/atm . s 
100 mg/kg 
1.7 g/mL 
0.2 
0.005 

18.3 13.7 11.1 9.5 8.3 7.6 7.6 8.3 9.5 11.1 13.7 18.3 

FIG. 2. Streamlines in the absence of low permeability lenses (Run 1). The numbers at  the 
tops of the streamlines are the gas transit times in units of loo0 s. See Table 1 for model 

parameters for Runs 1-8. 
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144 GOMEZ-LAHOZ, RODRIGUEZ-MAROTO, AND WILSON 

18.7 14.7 12.7 12.2 13.1 17.2 17.2 13.1 12.2 12.7 14.6 18.6 

FIG. 3. Streamlines in the presence of a lens centered over the vapor extraction well. The 
lens is centered at the point (6.5, 3 ) .  Al  = B, = 0.095 m2/atm + s, r,  = 3 m, s, = 1 m, 

n = 2. Run 2. 

In Fig. 3, Run 2, we see the distortion of the streamlines resulting from 
the presence of a lens centered over the vapor extraction well and a short 
distance above its screened section. The transit times are markedly different 
from those obtained in the absence of a lens (Fig. 2), but none are appre- 
ciably larger than the maximum time seen in Fig. 2. We therefore expect 
that the presence of a lens in this position will have relatively little effect 
on the overall rate of cleanup. As we shall see shortly, this is in fact the 
case. 

Figure 4 (Run 3) shows streamlines for a run with a lens above and 
somewhat to the left of the vacuum well. Three of the streamlines have 
transit times which are somewhat larger than the maximum observed in 
Fig. 2. As one might therefore expect, this results in a somewhat slower 
rate of cleanup. 

Run 4, in Fig. 5 ,  is an excellent illustration of poor placement of a vacuum 
well relative to a low-permeability lens. The lens, far on the left side of 
the domain of influence, has very markedly reduced the flow of soil gas 
through the lower left portion of the domain, as indicated by both the long 
transit time of the leftmost streamline and the shapes of the streamlines. 
We therefore expect a substantial decrease in cleanup rate for this run. 

Run 5 ,  shown in Fig. 6, represents the ultimate disaster in the placement 
of a vapor-stripping well. The vapor-stripping well is screened right in the 
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21.5 22.5 25.6 14.1 9.5 7.5 7.2 7.6 8.8 10.4 12.9 17.3 

FIG. 4. Streamlines in the presence of a lens in the upper left portion of the domain, centered 
at (3, 5). Other lens parameters as in Fig. 3.  Run 3. 

29.0 16.0 11.3 9.2 ao 7.3 7.4 8.0 9.2 10.8 13.4 17.9 

FIG. 5 .  Streamlines in the presence of a lens in the far left portion of the domain, centered 
at (1, 4). r1 = 4, s, = 1 m, other parameters as in Fig. 3. Run 4. 
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102 90 91 101 114 114 114 114 101 91 89 100 

FIG. 6. Streamlines in the presence of a lens surrounding the screened section of the well, 
centered at (6.5, 2). rl = s, = 4 m, other parameters as in Fig. 3. Run 5. 

middle of the low-permeability lens. This has reduced the molar flow rate 
from a value of 0.218 mol/s (no lens, Run 1) to 0.0265 mol/s, one-eighth 
of the reference flow rate. The transit times of the soil gas have been 
correspondingly increased, and we therefore expect a greatly reduced rate 
of cleanup. 

Figure 7 shows plots of loglo(total contaminant mass) versus time for 
Runs 1 through 5 .  We see that, as expected, the lens in Run 2 (Fig. 3) has 

FIG. 7. Plots of log,, (total contaminant mass, M,,,,,) versus time for Runs 1 through 4. 
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SOIL CLEAN UP BY IN-SITU AERATION. VI 147 

FIG. 8. Plot of log,, (M,,,,,) versus time for Run 5. 

had little effect on the rate of cleanup of this system. The off-center lens 
in Run 3 (Fig. 4) has slowed down the rate of cleanup slightly. The lens, 
which was located far on the left side of the domain (Run 4, Fig. 5 ) ,  has 
very markedly reduced the rate of cleanup; the slope of the plot for Run 
1 is 2.25 times the slope of the plot for Run 4 in the linear sections of the 

35.9 23.0 15.1 10.8 8.5 7.3 7.3 8.5 10.8 15.0 22.9 35.8 

FIG. 9. Streamlines in the presence of low permeability lenses in the upper right and upper 
left corners of the domain, centered at (1,  6) and (12, 6). r, = 4, s, = 1 m, A, = B, = 0.095 

m2/atm . s (i = 1, 2), n = 1 .  Run 6. 
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148 GOMEZ-LAHOZ, RODRIGUEZ-MAROTO, AND WILSON 

plots. The plot of log,, (Mtotai) versus t for Run 5 (Fig. 8) shows that the 
effect of screening the well in the middle of the low-permeability lens was 
indeed disastrous, due principally to the decreased molar gas flow rate 
through the well in Run 5 as compared to Run 1. 99% cleanup from an 
initial contaminant mass of 17.68 kg required 15.9 dayein Run 1; it required 
85 days in Run 5, as seen in Fig. 8. 

The inclusion of more than one low permeability lens is illustrated in 
Runs 6, 7, and 8 (Figs. 9, 10, 11, and 12). Here a lens is located on either 
side of the domain, focusing the soil gas flow toward the center plane of 
the domain. As seen in Fig. 12, the rates of cleanup in Runs 6, 7,  and 8 
are somewhat reduced below that found in the absence of any lenses. We 
note that in the model being used, the cleanup times are inversely pro- 
portional to the effective Henry’s constant KH. 

Nine other runs were made with somewhat different model parameters 
in exploring the effects of lenses of decreased permeability. The model 
parameters describing the overall domain and the well characteristics are 
given in Table 2. The parameters describing the size, shape, and perme- 
ability of the lenses are given in Table 3. The positions of the centers of 
the lenses are shown in Fig. 13. Run 9, for which streamlines are shown 
in Fig. 20, pertains to a system having no low permeability lenses; its 

22.9 15.7 12.3 10.3 9.0 8.3 8.3 9.0 10.3 12.3 15.7 22.8 

FIG. 10. Streamlines in the presence of low permeability lenses in the lower right and lower 
left corners of the domain, centered at (1, 2) and (12, 2). Other parameters as in Fig. 9. 

Run I. 
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21.1 14.3 11.2 9.2 8.0 7.6 8.1 9.5 11.8 16.2 24.4 37.4 

FIG. 11 .  Streamlines in the presence of low permeability lenses in the upper right and lower 
left corners of the domain, centered at (1 ,  2) and (12, 6). Other parameters as in Fig. 9. 

Run 8. 

t 

-I ii -2 0 
IxlO'sec + 2 3 

FIG. 12. Plots of log,, (Mtopdt) versus t for Runs 6, 7,  and 8. 
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TABLE 2 
Geometrical and Physical Parameters for the Model, Runs 9-17 and 18-38 

Depth of domain 
Width of domain 
dx 

Wellhead pressure 
Height of bottom of screened well section 

above the water table 
Height of top of screened well section 

above the water table 
Effective Henry’s constant 
Initial total contaminant mass 
Permeabilities Kx0 and Kyo 
Temperature 

dY 

12 m 
25 m 
I m  
0.6 m 
0.75 atm 

1.2 m 

3.0 m 
0.001 
10 kg 
0.1 m2/atm s 
25°C 

parameters are given in Table 2. In these runs, Pj,o was obtained from Eq. 

Streamlines and transit times for Runs 10 and 14 are shown in Figs. 14 
and 15. The placement of the horizontal vacuum extraction pipe a short 
distance above the water table does not make any substantial difference 
in the gas flow field as compared to the results obtained above with the 
vacuum pipe essentially at the water table. 

Plots of loglo (total contaminant mass) versus time for nine of these runs 
are shown in Figs. 16 and 17. We see that the 99.9% cleanup times for 
three of the systems containing lenses are shorter than the time required 
for 99.9% cleanup in Run 9, in which no lens is present. In Run 10 the 
lens close to the surface causes a decrease in the very rapid rate of cleanup 
of the soil near the well, but also increases the rate of cleanup of the soil 
near the sides of the domain by deflecting gas flow into these regions. 
Since these regions are particularly slow to clean up, the net result is an 
increase in the overall rate of contaminant removal. In Run 14 (Fig. IS), 
observe that again the presence of the lens forces the flow of soil gas out 

(14). 

TABLE 3 
Parameters Describing the Lenses, Runs 9-17 

n 

0.095 mZ/atm . s 
0.095 m2/atm * s 
6.0 m 
1.5 m 
1 
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+ + + 
12 I t  10 

+ + 
13 16 

+ + 
IS 14 and 16 

+ + + 
12 I t  10 

+ + 
13 16 

+ + 
IS 14 and 16 

run # 9 - no tens If 

FIG. 13. Positions of the centers of the low permeability lenses for Runs 10-16. Run 9, the 
reference run, has no lenses. See Tables 2 and 3 for parameter values. 

FIG. 14. Streamlines in the presence of a low permeability lens in the upper central portion 
of the domain. See Fig. 13 and Tables 2 and 3 for parameter values. Run 10. 
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FIG. 15. Streamlines in the presence of a low permeability lens in the lower left portion of 
the domain. See Fig. 13 and Tables 2 and 3 for parameter values. Run 14. 

FIG. 16. Plots of log,, (M,,,,,) versus t for Runs 9-12, as indicated by the numbers by the 
plots. See Fig. 13 and Tables 2 and 3 for parameter values. 
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FIG. 17. Plots of log,, (M,,,,,) versus t for Runs 9 and 13-16 as indicated by the numbers by 
the plots. See Fig. 13 and Tables 2 and 3 for parameter values. 

into the lower left corner of the domain, increasing the rate of cleanup. 
In Run 16 (Fig. 17), lenses on both sides of the domain divert the flow of 
soil gas toward the lower left and right corners, resulting in a quite sig- 
nificant improvement in removal rate. The two runs showing the greatest 
increase in 99% cleanup time are Runs 12 and 15, in which the lenses are 
very near the edge of the domain. 

These results (for Runs 9-17) are rather similar to the results obtained 
in Runs 1-8 with somewhat different geometry. If one knows the loca- 
tion(s) of any low-permeability regions in the domain to be vapor stripped, 
this approach could be used to optimize the siting of the wells. 

In Run 17 the low permeability lens is located directly beneath the well. 
As seen in Table 4, although the 50% cleanup time of this run is comparable 
to those of the other runs, its 99% cleanup time is far longer than the 99% 
cleanup times of Runs 9-16, and is double that of the reference run, 9, 
which has no lenses. Run 17 illustrates the point that a rapid initial rate 
of contaminant removal does not guarantee near-optimal efficiency of re- 
moval along toward the end of the vapor-stripping process. The converse 
may also be true; Run 13 has the largest 50% cleanup time of these nine 
runs, yet its 99% cleanup time is less than those of Runs 12, 15, and 17. 
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TABLE 4 
Results Obtained with Systems Containing Low Permeability Lenses (Runs 9-17); 

Parameters Given in Tables 2 and 3 

1, YO t(W%) t(99%) Gas flux 
Run ( 4  ( 4  (h) (h) (rnrnol/s) 

9 
10 
11 
12 
13 
14 
15 
16 

17 

- 
12.50 
6.25 
1 .oo 
12.50 
6.25 
1.00 
6.25 
18.75 
12.50 

- 
10.00 
10.00 
10.00 
4.00 
4.00 
4.00 
4.00 
4.00 
0.00 

271 
250 
280 
333 
315 
304 
310 
327 

545 
509 
551 
714 
595 
533 
688 
512 

718.1 
628.0 
650.6 
691.1 
457.7 
612.5 
695.0 
297.3 

366 795 362.8 

The runs shown here indicate the feasibility of taking into account in- 
homogeneities in the permeability when modeling soil vapor stripping, 
provided that the necessary data base is available. The runs also indicate 
that the damaging effects of such low permeability regions can usually be 
reduced to an acceptable level by proper placement and design of the well 
system. Low permeability lenses centered near the border separating two 
adjacent zones of influence are likely to be damaging. The screening of a 
well within or over a region of low permeability greatly reduces the rate 
of cleanup and should be avoided if at all possible. The other configurations 
studied yielded cleanup rates only slightly different from the cleanup rate 
found for a homogeneous domain of influence. 

EFFECTS OF SOIL MOISTURE; ANALYSIS 
A potentially major factor affecting the pneumatic permeability is the 

soil moisture content. A formula proposed by Millington and Quirk (15) 
for the relationship between pneumatic permeability and volumetric mois- 
ture content has been fairly widely used; it can be written as 

where KO = (pneumatic) permeability of dry soil 
u = total voids fraction 
w = volumetric water content 
R h  = W I U  
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A plot of K ( w ) / K o  versus Rh is shown in Fig. 18; a significant moisture 
content results in a very marked decrease in the permeability. 

Generally the underlying boundary to a domain being vapor stripped is 
the water table, at a depth b below the surface of the soil. We therefore 
consider a model in which Rh varies from 1 (saturation) at the water table 
to a value Rha at the surface of the soil, where Rha is determined by the 
atmospheric relative humidity and the recent history of rainfall events. We 
assume that Rh is given by the following function, which satisfies these 
limiting conditions: 

where y = distance above the water table 
a = adjustable parameter; 0 < a < w 

Then the equation 

can be used to calculate K,  and K,, the horizontal and vertical components 
of the permeability tensor, by substituting KO = Kox or KO,,. Plots of y l b  
versus Rh for various values of a are given in Fig. 19. 

The volumetric water content w( y )  is given by 

0.6 

FIG. 18. Plot of K ( w ) l K n  versus relative moisture content Rh according to Eq. (35). 
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156 GOMEZ-LAHOZ, RODRIGUEZ-MAROTO, AND WILSON 

FIG. 19. Plot of y l b  versus relative moisture content Ra. y = height above the water table, 
b = distance between the water table and the surface of the soil. Rho = 0.12. See Eq. (36). 

and the air-filled voids fraction is 

The soil gas velocity field in the domain of interest is then calculated, 
as before, by the overrelaxation method. The removal of contaminant is 
described by 

amlat = - V  . VC, (40) 

where m = mass of contaminant per unit volume of soil 
v = soil gas velocity 
c, = vapor concentration of contaminant 

Now we assume 

c, = K"C, 

where 

cI = contaminant concentration in the soil moisture 

Also 

m = uc, + wcI 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
4
3
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



SOIL CLEAN UP BY IN-SITU AERATION. VI 1 57 

from which we obtain, after substitution and rearrangement, 

m 
u + w(Ki1 - 1) 

- - m 
C" = 

v + w / K ,  

Substitution of this result in Eq. (40) then yields 

- -  am - - v . (  vm 
at u + W ( Y ) ( K G '  - 1) 

(43) 

(44) 

Note that this equation differs from Eq. (30) in that w in Eq. (30) was 
assumed independent of position, which permits one to put the denomi- 
nator to the left of the divergence operator. 

Equation (44) can then be solved numerically by the same procedure 
used to solve Eq. (30). 

SOIL MOISTURE; RESULTS 
A set of five runs (18-22) was made using the model parameter values 

given in Table 2 and the values of a, the moisture distribution parameter 
defined in Eq. (36), of 0.1, 0.5, 1, and 1.5; these were the values 
used in making the plots of depth versus Rh shown in Fig. 19. Figures 20 

x Id 

FIG. 20. Streamlines in a homogeneously rather dry soil (a = lo+). See Fig. 19. Other 
parameters as in Table 2. 
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and 21 show the streamlines obtained for a = (dry soil, R = 0.12 
throughout and 1 .O (linear distribution of moisture with depth from sat- 
uration at the water table to a value of Rh of 0.12 at the surface). Two 
main differences between these figures are seen. First, at the higher mois- 
ture content (Fig. 21) there are large increases in the transit times required 
for soil gas to move along the streamlines from the soil surface to the well. 
Near the well axis the increase is by a factor of about 40. Near the edge 
of the domain the increase in transit time is by a factor of about 160. 

Second, comparison of the streamlines in Figs. 20 and 21 shows that at 
the higher moisture content (Fig. 21) the streamlines have a very marked 
tendency to shortcut their way to the well, avoiding the lower corners of 
the domain. Cleanup of these regions is therefore expected to be extremely 
slow. 

Thus we see from examination of the streamlines and transit times alone 
that one may expect a drastic decrease in soil vapor stripping efficiency if 
the soil being stripped has a moisture content that is near saturation over 
an appreciable volume of the lower part of the domain of interest. 

The results of modeling vapor stripping by means of Eq. (44) are sum- 
marized in Table 5 and Figs. 22 and 23. Runs 18-22, which correspond to 

K lo5 

FIG. 21. Streamlines in a soil which becomes progressively more wet with increasing depth 
(a = 1) .  See Fig. 19. Other parameters as in Table 2. 
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TABLE 5 
Effects of Varying Soil Moisture, Runs 18-38. Parameters as in Table 2 Except 

as Indicated 

Moisture Total soil 
parameter t(50%) 499%) gas flux 

Run Modified parameter(s) a 6) 6)  (mmol/s) 

18 
19 
20 
21 
22 
23 

24 

25 

26 

27 

28 

29 
30 
31 
32 

- 
- 
- 
- 
- 
Height of bottom of 

well above water 
table = 0.6 m 

Height of top of 
screened section of 
well above water 
table = 2.4 m 

Height of bottom of 
well above water 
table = 0.6 m 

Height of top of 
screened section of 
well above water 
table = 2.4 m 

Height of bottom of 
well above water 
table = 1.2 m 

Height of top of 
screened section of 
well above water 
table = 1.8 m 

Height of bottom of 
well above water 
table = 1.2 m 

Height of top of 
screened section of 
well above water 
table = 1.8 m 

Overlying impermeable 
cap of width 12 m 

Overlying impermeable 
cap of width 12 m 

K,,, = 0.05 m2/atm . s 
K,,, = 0.05 m2/atm . s 
K,,, = 0.20 m2/atm a s 
K,,, = 0.20 m2/atm . s 

10-4 2.88 E5 1.97 E6 747.7 
0.1 6.07 E5 1.34 E7 502.3 
0.5 1.18 E7 5.46 E9 93.40 
1.0 2.88 E8 8.82 El2 10.20 
1.5 5.88 E9 1.68 El6 1.05 
10-4 3.07 E5 2.01 E6 674.3 

1 .o 

10-4 

1 .o 

5.22 E8 1.68 El3 4.67 

3.73 E5 2.40 E6 567.1 

1.26 E9 4.11 El3 1.77 

10-4 3.16 E5 1.83 E6 644.4 

1 .o 2.45 E8 7.61 El2 10.31 

10-4 4.33 E5 2.40 E6 474.0 
1.0 2.32 E8 3.71 El2 6.75 
10-4 2.15 E5 1.93 E6 1082.4 
1 .o 4.58 E8 2.52 El3 15.92 

(continued) 
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TABLE 5 (continued) 

Moisture Total soil 
parameter t(50%) t(99%) gas flux 

(mmolls) Run Modified parameter@) a (s) (s) 

33 K,, = 0.05 m2/atm . s 10-4 4.33 E5 3.86 E6 563.8 
34 K,, = 0.05 m2/atm . s 1.0 9.21 E8 5.11 El3 7.96 
35 K,, = 0.20 m2/atm . s 10-4 2.16 E5 1.20 E6 948.0 
36 K,, = 0.20 m21atm s 1.0 7.52 E8 1.85 El2 13.49 
37 Domain width = 12.5 10-4 1.94 E5 9.42 E5 548.9 

m, initial contaminant 
mass = 5 kg 

m, initial contaminant 
mass = 5 kg 

38 Domain width = 12.5 1 .o 6.31 E8 5.24 El2 8.82 

progressively larger values of a 0.1, 0.5, 1, 1.5) and wetter soils, 
exhibit extremely large increases of both 50 and 99% cleanup times. In 
Runs 23-38, changes are made in various parameters in the model, and 
calculations are made with dry soil (a = Rh = 0.12) and wet soil 
(a = 1). In every case we see a massive increase in 50 and 99% cleanup 
times with increasing soil moisture. 

Let us examine these runs in more detail. We consider first the runs 
involving rather dry soil, for which a = Comparison of Runs 18 and 
23 indicates that moving the screened section of the well lower (by 0.6 m) 
has relatively little effect on either (50%) or t(99%). Comparison of Runs 
18 and 25 shows a decrease in the flow rate of the soil gas with decreasing 
length of the screened section of the well (from 1.8 to 0.6 m); associated 
with this we find moderate increases in both t(50%) and t(99%), as one 
would expect. The effect of an overlying impermeable cap is seen on 
comparing Runs 18 and 27; there is some reduction in flow rate, a slight 
increase in t(50%), and a slight decrease in t(99%). Increasing the perme- 
abilities K, or Ky increases gas flow rate and rates of cleanup; this is 
particularly noticeable for increases in K,. Compare Run 18 with Runs 29, 
31, 33, and 35. Decreasing the width of the domain from 25 m to 12.5 m 
roughly doubles the rate of cleanup, as seen by comparing Run 18 with 
Run 37. 

At high moisture content (a = 1.0) the effects of varying the model 
parameters are generally qualitatively similar to what we have seen above, 
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FIG. 22. Plots of log,, (M,o,a,) versus time (h) for runs simulating rather dry soils (a = 
See Table 5 for gas flow rates, times for 50 and 99% clean up. Model parameters are given 

in Tables 2 and 5 .  

but tend to be larger in magnitude. Moving the screened section of the 
well to lower depths (where the permeability is much smaller) roughly 
doubles both t(50%) and t(99%), as seen in Runs 21 and 24. Comparison 
of Runs 21 and 26 shows that decreasing the length of the screened section 
of the well decreases the soil gas flow rate to about 28% of its original 
value, resulting in increases in cleanup times by factors of over 4. The 
presence of an overlying impermeable cap results in modest decreases in 
both t(50%) and t(99%) here, in contrast to the result found with a = 
Effects of changes in the permeabilities and in the width of the domain 
are fairly similar to those which were observed with a = 

We conclude that the vapor stripping of rather wet soils is likely to be 
a very slow process. In such situations, efforts to reduce surface recharge, 
to draw down the level of the water table by pumping, and to allow ade- 
quate time for soil drainage after the water table has been drawn down 
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Ir 

I d d a y s  + lo8 lo’ 109 

FIG. 23. Plots of log,, (M,o,a,) versus time (days) for runs simulating quite wet soils. The time 
scale in this figure is logarithmic. See Table 5 for gas flow rates, times for 50 and 99% cleanup. 

Model parameters are given in Tables 2 and 5 .  

may be necessary in order to achieve acceptable contaminant removal rates 
by soil vapor stripping. 
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