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Efficiency of air inlet wells in vapor extraction systems 

Benjamin Ross and Ning Lu 
Disposal Safety Incorporated, Washington, D.C. 

Abstract. Vapor extraction is often used to remove volatile organic chemicals from 
unsaturated soils. Air inlet wells, which are left open to atmospheric pressure, are 
commonly installed around the extraction well to accelerate the removal of volatile 
contaminants. We employ the method of images in radial coordinates and the principle of 
superposition to develop an analytical solution for calculating the amount of air drawn in 
by inlet wells evenly spaced around an extraction well. Field tests of proposed vapor 
extraction systems can be compared with this solution to help evaluate whether gas flow 
will permeate the entire soil or will be concentrated in localized channels. 

Introduction 
In the past decade, soil vapor extraction has been shown 

to be an effective means for remediation of contaminated 
soils in the unsaturated zone under some conditions [Malot, 
1989; Baehr and Bruell, 1990]. Solutions of the distribution 
of air pressure in unsaturated porous media around a vapor 
extraction well have been the topic of recent research 
[Massmann, 1989; Baehr and Hult, 1991; Shan et al., 1992]. 
These studies provide an understanding of the physical 
process as well as quantitative guidance for practical design. 

To accelerate the removal of volatile organic chemicals 
from a contaminated area and achieve cost efficiency, air 
inlet wells, which are dry wells left open to atmospheric 
pressure, are often installed around the vapor extraction well 
[Fetter, 1993, p. 429]. This raises questions about where to 
put these wells and how effective they will be in drawing air 
into the subsurface. 

Previous studies [Baehr and Hult, 1991; Shah et al., 1992] 
have shown that in many situations, equations governing the 
physical process can be linearized by algebraic transforma- 
tions. Linearization of the governing equation yields analyt- 
ical solutions for certain problems. After linearizing the 
governing equation, we employ the method of images in 
radial coordinates and the principle of superposition to 
obtain an analytical solution for the flow into inlet wells 
during vapor extraction. The solution can be used to inter- 
pret field test results and for remediation system design. 

Analysis 
The equations governing gas flow in unsaturated porous 

media filled with ideal gas consist of the mass conservation 
equation, Darcy's law, and the ideal gas law [Baehr and Hult, 
199!]: 

0 

(p0) + V-(pq) = 0 
0t 

q = KV z + • dP (1) 0 
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where p is the density of air (grams per cubic centimeter), 0 
is the porosity of the porous medium (dimensionless), q is 
the specific discharge vector for air (centimeters per sec- 
ond), t is time (seconds), /x is the dynamic viscosity of air 
(g cm -l s-l), g is gravitational acceleration (centimeters per 
second squared), K is the air phase permeability tensor 
(square centimeters), z is elevation (centimeters), P is air 
pressure (gcm -1 s-2), P0 is a reference pressure, 1• is the 
average molecular weight of the air phase (grams per mole), 
T is temperature (Kelvins), and R0 is the universal gas 

-2 -• -1 -1 constant of 8.13 x 107 g cm s ~ tool K . These 
equations assume uniform temperature and gas composition, 
with the Klinkenberg effect and non-Darcy flow of negligible 
importance. 

In practice, most vapor extraction systems are designed 
on the basis of steady state flow because the system reaches 
a steady state soon after pumping begins. Steady state can be 
reached quickly because air is much less viscous than water, 
and because the atmosphere provides a nearby fixed- 
pressure boundary. Making the variable transformation •b = 
p2 _ P•tm, we can eliminate q and p in (1) and obtain the 
basic air pressure equation for steady state radial flow to or 
from a single fully screened well: 

d 2 • 1 d•b 
dr' + -• = 0 {2) • r dr 

In arriving at (2), it is also assumed that the medium consists 
of a homogeneous layer confined by impervious planes at the 
top and bottom. 

The general solution of (2) for radial flow toward a well can 
be found as [Strack, 1988, p. 26] 

Q In r + C (3) 

where Q is the amount of fluid extracted (or discharged) 
from the well, and C is an integration constant which can be 
determined from the boundary condition. 

A steady state solution for a single well in a confined layer 
requires a boundary condition at finite distance. This dis- 
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Figure 1. Plan view of a vapor extraction well surrounded 
by six air inlet wells. 

tance is set either far away or at a physical boundary (such 
as the edge of a cover placed on the ground surface). In this 
study the value of (b along the circular boundary is equal to 
zero (or air pressure P is equal to the atmospheric pressure). 
In Cartesian coordinates with the origin at the center, the 
boundary condition is 

qb =0 at x 2+y2=R 2 (4) 
In order to increase air circulation during vapor extrac- 

tion, inlet wells may be installed around the extraction well. 
Because the air inlet wells are not located at the origin of the 
radial coordinate system, specification of a fixed qb boundary 
condition at r = R requires special treatment. if the inlet 
wells are fully screened, the solution can be found by the 
method of images. We can use results that have been derived 
by this method for groundwater flow because, given all the 
above assumptions, the equation for (b is the same as the 

steady state incompressible groundwater flow equation 
[Massmann, 1989]. If the inlet well (with an air intake rate 
-q) is placed a distance of R/ from the origin (where the 
extraction well is located) as shown in Figure 1, the radial 
distance to the corresponding image well (with an air extrac. 
tion rate q) is [Strack, 1988, p. 241] 

R* = R2/R! (5t 

Therefore the boundary condition (4) for an inlet well at {0, 
R•) may be satisfied by placing an image extraction well at 
r = R* or x = 0, y = R2/R/. The solution for qb due to an 
inlet well and its image may be calculated as 

q x 2 + (y- Ri) 2 
= -• In X2 ck 4,r + [y - (R2/R/)] 2 + C (6) 

Note that if the no-flow boundary is placed at the edge of 
a surface cover, the mathematical assumption of atmo- 
spheric pressure at all depths along the boundary will differ 
from the physical situation in which the pressure is held to 
atmospheric levels only at the surface. Because the true 
pressure along the subsurface boundary will be less than the 
assumed value, the effect of the approximation is to predict 
less inflow through inlet wells than a three-dimensional 
model would predict. 

Now the analytical solution for 4• at any position in the 
domain can be obtained by the superposition of the inlet 
wells, their image wells, and the extraction well as illustrated 
in Figure 1. Consider a system with six equally spaced inlet 
wells. The extraction well at the center has pumping rate Q. 
The six inlet wells are positioned along the circle r = R/. We 
further assume that each of the inlet wells has the same 

radius, rw. Therefore, by symmetry each of the six inlet 
wells has the same air intake rate of -q. The Cartesian 
coordinates of these wells are given in Table 1. 

The value of rk at any position due to the six inlet wells, 
their image wells, and the extraction well is 

q rj(x, y) 

Q ln r d• 1 in [r•(x, + C rk =2,r 2st -= y 

rj(x, y) = [(x- xj) 2 + (y- yj)211/2, (7) 

r•(x, y) = [(x -- xj*) 2 + (y -- y j,)2] 1/2 

The constant C can be obtained by applying the boundary 
condition (4). Inserting (4) into (7) and rearranging terms 
yields 

Table 1. Coordinates of Six Inlet Wells and Their Image Wells 

Real Wells Image Wells 

j xj yj xj yj 

1 Rt cos (st/6) 1/2R• (R2/Rt) cos (,r/6) 
2 0 R/ 0 
3 -R2; cos (,r/6) 1/2R t (-R2/Rt) cos (,r/6) 
4 -Ri cos (,r/6) -l/2R! (-R2/RI) cos (,r/6) 
5 0 -R• 0 
6 R • cos (,r/6) - 1/2R • (R 2/R •r) cos (z'/6) 

R2/2R! 
R2/R• 
R2/2R! 

-R2/2R! 
-R2/R/ 
-R2/2RI 
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Figure 2. Portion of airflow coming from six inlet wells. (A value of 1.0 means 100%.) The quantity 
Rf(R/Ri) is the ratio of the far boundary distance to the distance between the extraction well and the air 
inlet well, and Rh(rw/R1) is the ratio of the radius of the inlet well to the distance between the inlet well 
and the extraction well. 

6q R I C = Q In R + In (8) 
2st 2rr R 

The value of qb at any position is then 

r q 6 rj/R•r Q In Z In (9) 4> = 2w R 2rr r•/R j--1 

The relation between the extraction flux Q and the inlet 
flux 6q can be obtained by applying the condition that the 
value of 0 is equal to the atmospheric pressure at the wall of 
any inlet well. For instance, at one point on the wall of well 
2, the following condition holds: 

0 = 0 at x = 0; y = Ri- rw (10) 

Substitution of the above equation into (9) yields 

6 ln• 
Rt- rw 

6q R 
-- = (11) 
Q 6 rfiO, Ri- rw)/Rt 

•'• In r•(0 R i- r•,)/R j=l ' 

Equation (11) describes the portion of extracted air that 
comes from the six inlet wells as a function of the dimen- 
sionless variables r•,/R• and R/R•. Equation (11) can be 
generalized for an n inlet well system. The portion of air 
coming from n inlet wells is 

RI- rw 
n In 

nq R 

Q • 
rj(O, RI- rw)/Rl 

• In r;(0 R1-rw)/R j=l ' 

(12) 

where rj are equally spaced along the circumference of r = 
R•, and r j can be determined by (5). 

The portion of airflow coming from the inlet wells as a 
function of well distance and well radius for a system with 
six inlet wells is illustrated in Figure 2. As expected, the 
portion of air from the inlet wells increases as the radius to 
the atmospheric pressure boundary increases and as the 
radius of the inlet wells increases. Equation (12) can be used 
for designs with other numbers of evenly spaced inlet wells. 
Figure 3 gives the airflow portion with four inlet wells. By 
comparing Figure 2 with Figure 3, we see unsurprisingly that 
increasing the number of inlet wells promotes more air 
intake through the inlet wells. 

Our results are directly applicable only to airflow systems 
which are confined by a clay cap, plastic cover, or other 
low-permeability layer. But the same approach could be ex- 
tended to more complicated geological situations, such as an 
open or leaky system or an anisotropic medium. Baebr and 
Hult [1991] showed that for an anisotropic medium under both 
leaky confined and open surface boundary conditions, the 
governing equation can be transformed into a linear differential 
equation. Therefore the superposition principle and the method 
of images can still be applied. In such cases, rather than using 
the fundamental solution (3), more complicated fundamental 
solutions such as those developed by Baehr and Hu!t [1991] 
and Shah et al. [1992] should be used. 

Discussion 

Figures 2 and 3, produced from (12), are very useful for the 
design of a vapor extraction system with inlet wells if the 
underlying assumptions are valid. They can also be used to 
interpret field data acquired from pilot air-pumping tests. If the 
test data agree reasonably well with values predicted by (12), 
then assumptions used in this study (a uniform, homogeneous, 
isotropic, and confined medium, etc.) are supported, and 
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Figure 3. Portion of airflow coming from four inlet wells. Notation as in Figure 2. 

removal of volatile contaminants from a contaminated area is 

more likely to be achieved as predicted. On the other hand, if 
there exists a significant discrepancy between pilot test data 
and the theoretical prediction, the validity of the assumptions is 
questionable. Such discrepancies can be caused by inhomoge- 
neity, anisotropy, or leaky confinement at the surface. Once 
the causes are identified, the air-pumping system can be 
redesigned using more appropriate assumptions. 

A particularly important question in deciding whether to 
use vapor extraction as a remediation method at contami- 
nated sites is whether airflow at the site is sufficiently 
uniform. If the flow is concentrated in conduits and bypasses 
mdch of the soil, vapor extraction is likely to be ineffective. 
The solution presented here can be used to test the unifor- 
mity of airflow. If the air intake is much less than predicted 
by (11), (12), Figure 2, or Figure 3, then at least one of the 
assumptions of the analysis must not hold. If low air intake 
is due to either leakage through the surface cover or flow 
through localized channels, vapor extraction will be less 
effective than an analysis assuming a uniform confined 
medium would predict. 

If the portion of air entering through inlet wells is reason- 
ably close to the prediction, flow is probably uniform on the 
scale of the experiment. There still remains, however, the 
possibility that small-scale heterogeneities will impede the 
success of vapor extraction [Travis and Macinnis, 1992]. 

Conclusions 

The efficiency of air inlet wells in soil vapor extraction can 
be evaluated analytically by using the approach introduced 
here. For a homogeneous layer confined between impervi- 
ous planes at the top and bottom, an analytical formula for 
the amount of air entering inlet wells is obtained. This 
formula can be used to analyze pumping tests and in the 
design of extraction systems. If the air intake observed in a 
test is significantly less than predicted by the formula, an 

assumption of the analysis such as uniformity of flow or 
confinement must be inapplicable. Because the solution 
presented here is based on the fundamental solution to the 
linearized governing equation, the same approach could be 
applied to more complicated problems such as leaky or open 
upper boundaries and anisotropic media. 
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