This article was downloaded by:

On: 25 January 2011

Access details: Access Details: Free Access

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Pt e STEVEN 4, CRANTR Separation Science and Technology
Publication details, including instructions for authors and subscription information:
SEPARATION SCIENCE

http://www.informaworld.com/smpp/title~content=t713708471
AND TECHAOLOGY Soil Cleanup by In-Situ Aeration. XXTII. Effect of Air Channeling
— N . | David ]J. Wilson* José M. Rodriguez-MarotoP; César Gomez-Lahoz"
* DEPARTMENT OF CHEMISTRY, VANDERBILT UNIVERSITY, NASHVILLE, TENNESSEE, USA ®
DEPARTMENTO DE INGENIERIA QUIMICA, FACULTAD DE CIENCIAS, CAMPUS
UNIVERSITARIO DE TEATINOSm UNIVERSIDAD DE MALAGA, MALAGA, SPAIN

To cite this Article Wilson, David J. , Rodriguez-Maroto, José M. and Gémez-Lahoz, César(1995) 'Soil Cleanup by In-Situ
Aeration. XXIII. Effect of Air Channeling', Separation Science and Technology, 30: 12, 2491 — 2508

To link to this Article: DOI: 10.1080/01496399508021397
URL: http://dx.doi.org/10.1080/01496399508021397

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://ww.informaworld. confterns-and-conditions-of-access. pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |oan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
will be conplete or accurate or up to date. The accuracy of any instructions, formul ae and drug doses
shoul d be independently verified with primary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713708471
http://dx.doi.org/10.1080/01496399508021397
http://www.informaworld.com/terms-and-conditions-of-access.pdf

11: 59 25 January 2011

Downl oaded At:

SEPARATION SCIENCE AND TECHNOLOGY, 30(12), pp. 2491-2508, 1995

Soil Cleanup by In-Situ Aeration. XXIll. Effect of
Air Channeling

DAVID J. WILSON
DEPARTMENT OF CHEMISTRY
VANDERBILT UNIVERSITY
NASHVILLE, TENNESSEE 37235 USA

JOSE M. RODRIGUEZ-MAROTO and CESAR GOMEZ-LAHOZ
DEPARTAMENTO DE INGENIERIA QUIMICA

FACULTAD DE CIENCIAS

CAMPUS UNIVERSITARIO DE TEATINOS

UNIVERSIDAD DE MALAGA

29071 MALAGA, SPAIN

ABSTRACT

A distributed diffusion model for soil vapor extraction (SVE) is developed in
which air advection occurs through conducting channels or tubes of high air perme-
ability; volatile organic compound (VOC) is removed by diffusion from the sur-
rounding porous medium to these channels, where it is removed by advection.
The results obtained with this model are similar to those obtained with other
distributed diffusion SVE models in that initial rapid VOC removal is followed
by a rather rapid decrease in effluent soil gas VOC concentration and extended
tailing of the cleanup. It is noted that soil gas VOC concentration rebound after
SVE well shutdown provides useful information about the extent of cleanup only
if the soil gas is recovered from the domain which was actually contaminated.

INTRODUCTION

Soil vapor extraction (SVE) provides a well-tested and widely accepted
method for removing volatile organic compounds (VOCs) from the vadose
zone at contaminated sites (Refs. 1-4, for example). The mathematical
modeling of SVE gives insight into the physical and chemical factors gov-
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erning the process, and provides assistance for initial site evaluation, de-
sign of pilot-scale field studies, interpretation of lab- and pilot-scale field
data, design of full-field-scale operations, and estimation of costs and
cleanup times. A summary of groups working on SVE modeling was given
in an earlier paper (5).

Early SVE models made the assumption of local equilibrium between
VOC concentrations in the mobile {advecting} gas phase and in the various
stationary phases in the soil (adsorbed, dissolved in soil moisture, NAPL,
etc.). In many cases this led to excessively optimistic predictions of the
rate of remediation. Rapid decline in off-gas VOC concentrations after
the first few days (or few hours), prolonged periods of tailing during the
final phase of the cleanup, and soil gas VOC concentration rebound after
well shutdown indicated that local equilibrium of VOC between phases
was not being maintained and that release of VOC to the moving soil gas
was impeded by slow diffusion and/or desorption processes. DiGiulio (6)
discussed the impact of mass transport limitations in SVE, and field tests
for the identification and assessment of such bottlenecks have been pro-
posed (7).

Recently we explored various SVE models in which diffusion processes
are handled by a distributed diffusion technique which permits one to
obtain with the same parameter set the initial high off-gas VOC concentra-
tions, the subsequent rapid fall-offs in off-gas VOC concentrations, and
the prolonged tailings in the cleanups which are often observed (8-10).
Other papers explored the effects of desorption rates and equilibria (5)
and natural soil organic material (11) on the kinetics of SVE.

In the present paper we explore another physical picture of the diffusion
process in soil vapor extraction, based on observations made in connec-
tion with the sparging of small-scale water-saturated sand beds. In that
work we observed that the air bubbles rising to the surface of the zone
of saturation appeared at locations which were quite persistent in time,
indicating that the air was moving along preferred channels through the
simulated aquifer rather than rising as discrete, independent, and random
bubbles. This observation was used to develop a model for in-situ air
sparging in which the air moved along preferred channels, and in which
VOC was transported to the channels by diffusion and aqueous circulation
(12). Here we extend the idea of air moving mainly along preferred chan-
nels to soil vapor extraction in the vadose zone. This is the sort of situation
one might have if the soil is deeply cracked by drying from time to time,
if the soil has been disturbed by nearby blasting, if there are animal bur-
rows, or if there are rotted tree roots. All of these could provide extended
high-conductivity pathways for air movement.
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ANALYSIS

The well geometry selected is that of a single vertical well screened for
a short length at the bottom. We assume that the vadose zone soil is
homogeneous and isotropic, so that the method of images can be used to
calculate the soil gas pressure and superficial velocity components in the
domain of influence of the well. A diagram of the well and a representative
volume element (in cylindrical coordinates r and z) is shown in Fig. 1.

The mean radius of the high-permeability channels which are assumed
to conduct the advecting air in this model is taken to be a@chan, and the
mean radius of the domains (assumed cylindrical) through which these
channels pass is b. Let us focus on a single volume element AV, for
which

ri=({ — DAr n
z = (j — DAz 2
so that
AVy = w(riy — rH)Az = w2 — 1)(Ar)Az 3)
The number of channels in the volume element is then given by
n; = (AVy)l(wb*Az) 4)

We let n, and n, be the number of intervals in the r and z directions into

—_—
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FIG. 1 Geometry and notation for the SVE well.



11: 59 25 January 2011

Downl oaded At:

2494 WILSON, RODRIGUEZ-MAROTO, AND GOMEZ-LAHOZ

which the domain is divided; then Ar = rmax/n, and Az = h/n,. The
distribution of channels and their associated cylindrical domains within a
segment of the volume element AV, is shown schematically in Fig. 2.

Diffusion of VOC to the Air Channels

Let us next examine one of the cylindrical domains and its associated
air channel. See Fig. 3. The domain is partitioned into n, annuli, each of
thickness Au, as indicated. Then

Au = (b - achan)/nu (5)
and the inner radius of the kth annulus is given by
U = Qchan T+ (k - I)AM (6)

The volume of the kth annulus is given by

Ave = AUty — ©2) = wAzZ[RachanAu + 2k — D(AW?] (D)

Let
o = air-filled porosity in the domain surrounding the air channel
w = water-filled porosity in the domain surrounding the air channel

We assume that VOC is present in this domain in aqueous solution and
in the vapor phase, and that these are at local equilibrium with respect
to VOC transport within any given annulus in the domain. Define

C?/‘k = ()'C,é;-k + ,‘}/\ (8)

air channels

f\df\'

1 il

AZ

”1

see Fig. 3

FIG. 2 A segment of a volume element showing the high-permeability air channels.
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Az

air
channel

FIG. 3 An air channel and the surrounding porous low-permeability domain.

where

C$: = vapor phase VOC concentration in the kth annuli of the domains
in AV, kg/m? of the vapor phase

aqueous phase VOC concentration in the kth annuli of the domains
in AV, kg/m? of the aqueous phase

Cix = total VOC concentration in the kth annuli of the domains in AV,

kg/m? of the porous medium

w
gk

From Henry’s law we have
Chr = KuCli )]
which, with Eq. (8), gives after rearrangement

KuCix

g. =
Clix oKy + o

(10)
Unless the domains are nearly saturated with water, the overwhelming
bulk of the diffusion transport of VOC in them will take place in the gas
phase. Since, however, the C§, and the C§j are proportional, we can write
the diffusion transport equations in terms of the Cjj, and an effective diffu-
sion constant D which includes the proportionality constant Ky/(cKy +
w), as well as terms including the tortuosity, the degree of water saturation
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of the medium, etc. Then

dcs 21'rAzD
Avui dJk - [uk(C,Jk 1 z_;k) + uk+1(czjk+1 — ijk)],
k=23 ...,n,—1 (1D
and
ngk 2wAzD

ar T AuwAu L Cljn-1 = Cl) + e r(Cijaeer — Cil,

k=2,3...,n,—-1 (12

There is no mass transport through the outer surface of the outermost
annulus, so

dcf.j,nu _ 2wAzD

dt ~ Av,Au

unu(Cts'.j,n,,—l - Cf,j,nu) (13)

For the innermost annulus we assume that the concentration of VOC
adjacent to its inner surface is in equilibrium with the gas phase VOC
concentration in the high-permeability channel, C%. This yields

dCj  2mAzD
dt A ’IA

achan(CEKn — Ciin) + u2(Cip — Ci1)]l (14)

where

Ky = Kul(cKy + w) (15)

Movement of VOC in the Air Channels

The term describing diffusion of VOC into the air-conducting channels
is obtained as follows. Let the air-filled porosity of the medium in these
channels be o,,, and recall that n; is the number of such channels in A V;;.
Then a partial mass balance on VOC in these channels including only
diffusion transport gives

aC% (Cin — C§/Kn)
2 y = n. Al L it 174
OmNMAinanAZ [ 5 Lff N 2Tachan A ZD ) (16)
which simplifies to
aCsg _ 4D s el
{ % ] = orduBu (Ci — C8/Ky) an

The advection term is readily obtained and is as follows. Let the Inner,
Outer, Top, and Bottom surface areas of the volume element AV, be



11: 59 25 January 2011

Downl oaded At:

SOIL CLEANUP BY IN-SITU AERATION. XXIil 2497

given by
A} = 2n(i — DArAz (18)
AQ = 2miArAz (19)
A} = AR = (2 — 1)(Ar) (20)

Let the superficial gas velocity components normal to these surfaces be
given by

vy = v (i — DAr, (j — 1/2)Az] (21
v = v lidr, (j — 1/2)Az] (22)
vE = u,[(i — 1/2)Ar, jAzZ] 23)
vB = v [(i — U2)Ar, (j — DAZ] (24)
Define
S(v) = 1, v>0 (25)
=0, v=290
Then
%] _ W{A,ﬂv},[S(v‘)C w + S(=NCE

AFFL - S(=vO)CErr,; — SWO)CE (26)
ABBIS(WP)CE_1 + S(—vP)C§
Afugl=S(=v)CEjv1 = SENHCER

Here S(v') is an abbreviation for S(v,J , etc.

The superficial gas velocity field is calculated as was done previously
(Ref. 9, for example); we therefore only present the results. The velocity
potential W(r, z) is defined as

W = PXr,z) - P @7

where P, is the ambient pressure (1 atm) and P(r, z) is the pressure at
the point (r, z). Then

_ 1 !
W=4 X [_ {Z+ 1z —4nh — al}'"?  { + [z — 4nh + al?}?

n= —oo

(28)

1 1
N - @n-h-alfPE Ptz @n- 2kt aZ}W]
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Here
P - P;

A= —5 (29)

where
P,. = wellhead pressure, atm
and
5 = i 3 1 3 1
T 2 {2+ la—4nh—alPY? (R + [a - 4nh + al}?
(30)

* {ri +la - (4n1— Dh — al*}? * {2 +la— (4n1— 2)h + a]z}”z]
The pressure is given by
P(r,2) = [P} + W(r, 2)]'? €2
and the superficial gas velocity by
v=—KpVP (32)
where Kp, Darcy’s constant, is given by

gS’

Ko =52 — P75

(33)
where g is the volumetric flow rate of the well (m*/s) and the units of Kp
are m?/atm-s.

From Eq. (27) we have

W = 2PVP (34)
This, with Egs. (31) and (32), yields
KpVW

V= - QTWPW = v,e, + vze; (35)

where e, and e, are unit vectors in the r and z directions. The derivatives
of W needed for the velocities are given by

a_w_.A i r r
or {{rz (7= anh = alPP? T P T [z = ank — a2

n=—x

(36)

r r
P+ z-Gn-2h—-alPP? [P +z—@n—-2h+ a]z}m}
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and
W _ i 2= 4nh —a + z—4nh + a
oz 2 = NPT le—dnh—alPP? [P+ [z - dnh + a1
(37)
- 2= (n-2h—a _ Z—(4n—2h +a
{P+z—@n—-20h—alPP? {¥+[z—- @n - Dh + al?P?

This completes the summary of the calculation of the soil gas velocity
field.
Finally, the behavior of the C% is controlled by

dcs {acg} [acg]
oo | (38)
dz ot diff o1 adv

where the terms on the right-hand side of Eq. (38) are given by Eqs. (17)
and (26). The C§j are governed by Egs. (12), (13), and (14). The residual
total mass of VOC in the region of interest at time ¢ is given by

nr N

M) = 2> > ny {[Z Avkc,@jk] + a,,,mzhanAzcs} (39)
k=1

i=1j=1

Soil gas VOC concentration rebound after SVE well shutdown can be
followed by simply switching off the advection term in Eq. (38) and follow-
ing the subsequent evolution of the C§s of interest.

RESULTS AND DISCUSSION

The model was implemented in TurboBASIC and runs were made on
an MMG 386-DX microcomputer using MS-DOS and running at 33 MHz.
A typical run required about 25 minutes. Default values of the model
parameters are given in Table 1.

The effect of the radius b of the porous domains surrounding the air
channels is shown in Fig. 4. As expected, the cleanup time increases
dramatically with increasing domain radius as this variable increases from
10 to 30 cm. The total area of interface between these domains and the air
channels decreases with increasing domain radius, and the length through
which VOC must diffuse increases, so one expects a very strong depen-
dence of cleanup time on domain radius. In these runs the gas flow rate
is 100 ¢fm, and the SVE is very strongly diffusion-limited.

At a gas flow rate of 10 cfm (see Fig. 5) the process is not quite so
strictly diffusion-limited, and the dependence of cleanup time on porous
domain radius b is not as strong as was observed in Fig. 4. This depen-
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TABLE |
Default Values of the Parameters Used in the Model
Depth of vadose zone 8 m
Radius of domain of interest 6m
Well depth 6.5 m
Radius of well gravel packing 0.15m
Gas flow rate 100 c¢fm
0.04719 m’/s
Wellhead pressure 0.85 atm
Soil density 1.7 glem®
Stagnant air-filled porosity 0.25
Water-filled porosity 0.10
Radius of mobile air channels 1cm
Mean distance between air channels 20 cm
Ar Im
Az Im
At 450 seconds
n. 5
Porosity of the mobile gas conduits 0.4
Henry’s constant of VOC (trichloroethylene) 0.2821
Diffusion constant of VOC in the porous medium 2 x 1078 m?s
Initial VOC concentration in contaminated domain 100 mg/kg
Radius of zone of contamination 6m
Depth of zone of contamination 4m
80 kg
404
M(t) 30
| 25
20
10 15
0 5 10 days 15 20 25

FIG. 4 Plots of total residual VOC mass M(r) versus time; effect of the radius b of the
porous low-permeability domains surrounding the air channels. » = 10to 30 cm, as indicated;
air flow rate = 100 cfm; other parameters as in Table 1.
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10

)]

1
0 5 10 days 15 20 25

FIG. 5 Plots of normalized total residual VOC mass M(t)/M, versus time; effect of the
radius b of the porous low-permeability domains surrounding the air channels. b = 10 to
30 ¢m, as indicated; air flow rate = 10 cfm; other parameters as in Table 1.

dence is still quite large, however, indicating that diffusion limitations are
important for this set of runs, too.

The area of the interface between the air-conducting channels and the
surrounding porous domains is proportional to the radius of the air chan-
nels, @chan. Since diffusion transport to these channels must take place
through this interface, we expect that SVE will be slowed down as achan
is decreased. The results plotted in Fig. 6 indicate that this is the case,
and that the effect is strong under diffusion-limited conditions.

When diffusion processes are limiting, the effect of the Henry’s constant
of the VOC is relatively small, as seen in Fig. 7. The moving gas is far
from equilibrium with the stationary aqueous and vapor phases for these
runs, although we see some significant reduction in cleanup rate as Ky
is reduced from .01 to .005.

The effect of the depth to which the contamination extends below the
surface of the soil is shown in Figs. 8 (gas flow rate = 100 cfm, domain
radius = 6 m) and 9 (gas flow rate = 10 ¢fm, domain radius = 10 m).
Interestingly, the domains contaminated to a depth of 8 m cleaned up
slightly more rapidly than those contaminated to a depth of 4 m, probably
because of the rapid movement of air laterally in toward the well through
the deeper contaminated material near the well.

The effect of gas flow rate on SVE cleanup rate is shown in Fig. 10
(radius of contaminated domain = 6 m, gas flow rates = 10 and 100 cfm)



11: 59 25 January 2011

Downl oaded At:

2502 WILSON, RODRIGUEZ-MAROTO, AND GOMEZ-LAHOZ

80 kg

M(t)

0 5 10 days 15 20 25

FIG. 6 Plots of total residual VOC mass M(¢) versus time; effect of the radius acpan Of the
high-permeability air channels. achan = 0.25, 0.5, 1.0, 1.5, 2.0, and 2.5 cm as indicated.
Other parameters as in Table 1.

and Fig. 11 (radius of contaminated domain = 14 m, gas flow rates = 10
and 100 cfm). For the smaller domain (Fig. 10), SVE is strongly diffusion-
limited at both gas flow rates, and the two curves are quite similar. In
Fig. 10 the higher flow rate initially gives some advantage, but this dimin-
ishes as the cleanup progresses; this is the result of the initial rapid release

_kg

M(t)

0 5 10 days 15 20 25

FIG. 7 Plots of total residual VOC mass M(r) versus time; effect of the Henry’s constant
of the VOC. Ky = 0.2821, 0.1, 0.02, 0.01, and 0.005 (dimensionless) from the bottom up;
other parameters as in Table 1.
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1.Op

—1 L S ————

1
0 5 1Odays 15 20 25

FIG. 8 Plots of normalized total residual VOC mass M(z)/M, versus time; effect of depth
dcontam to Which contamination extends. From the bottom up, dcontam = 8, 6, and 4 m; gas
flow rate = 100 cfmn; other parameters as in Table 1.

of VOC by diffusion. This phenomenon could not be reproduced by a
lumped parameter model. For the larger domain the gas flow rate in the
peripheral regions is evidently sufficiently slow that SVE is no longer
diffusion-limited in those regions, so gas flow rate has a stronger effect
on cleanup time.

1.0

1 1 J

i 4
0 5 {0 days 15 20 25

FIG. 9 Piots of normalized total residual VOC mass M(¢)/M, versus time; effect of depth
dcontam t0 Which contamination extends. From the bottom up, dcontam = 8, 6, and 4 m; gas
flow rate = 10 cfm; other parameters as in Table 1.
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1 1

0 5 10 days 15 20 25

FIG. 10 Plots of total residual VOC mass M(1) versus time; effect of gas flow rate ¢q. ¢ =
10 and 100 cfm as indicated; radius of contamination = 6 m; other parameters as in
Table 1.

Figures 12, 13, and 14 show soil gas VOC concentration rebound after
the SVE well has been operated for some days and then shut down. The
usual process is that VOC continues to be released from the soil matrix
by diffusion, but is no longer removed by advecting soil gas, so the VOC
concentration in the gas phase increases with time after shutdown. The

1

1 1
0] 5 10 days 1S 20 25

FIG. 11 Plots of total residual VOC mass M(r) versus time; effect of gas flow rate q. g =
10 and 100 cfm as indicated; radius of contamination = 14 m: other parameters as in
Table 1.
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O5r kg/m3
04}
03
c?
02F
Olf
| \I\%—:__?
0 5 10days 15 20 25

FIG. 12 Plots of vapor phase VOC concentration adjacent to the SVE well; rebound after

well shutdown. Gas flow rate = 10 cfm; other parameters as in Table 1. The curves branching

off from the descending curve show VOC concentration rebound after periods of well opera-
tion of 5, 10, 15, and 20 days. The well lies below the contaminated zone.

05, kg/m? see Fig. 14
04
03}
Cg
o2r
olt \
I 3 1 L
0 5 10 days 15 20 25

FIG. 13 Plots of vapor phase VOC concentration just within the lower outside edge of the

zone of contamination; rebound after well shutdown. Gas flow rate = 10 cfm; other param-

eters as in Table 1. The curves branching off from the descending curve show VOC concen-

tration rebound after periods of well operation of 5, 10, 15, and 20 days. The rebound curves
which are cut off are shown at a larger scale in Fig. 14.
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15F kg/m3

od

o
(&
T

{ 1 1 1

1 J
0 5 10 days 15 20 25

FIG. 14 Plots of vapor phase VOC concentration just within the lower outside edge of the

zone of contamination; rebound after well shutdown. Gas flow rate = 10 cfm; other param-

eters as in Table 1. These plots show the rebound curves which are cut off in Fig. 13; these
are the curves resulting when well operation is stopped after 5 or 10 days.

plots in Fig. 12 show soil gas VOC concentration rebound in a volume
element immediately adjacent to the well, which is screened 2.5 m below
the bottom of the contaminated zone. After 5 days of operation we see a
negative rebound, as VOC mobilized from the contaminated zone and
drawn to this volume element by advection then diffuses from the gas
phase into the virtually uncontaminated porous medium in the immediate
vicinity of the well. After longer periods of operation, sufficient VOC has
diffused into the porous medium at this location so that normal (positive)
rebound is observed. The magnitude of the rebound at this location (out-
side of the initially contaminated zone) is in all cases quite small, however.

Figures 13 and 14 show soil gas VOC concentration rebound at a point
lying just inside the lower outer boundary of the contaminated zone. Re-
bounds here are always positive, and they are much larger than those
observed in Fig. 12 up to the point in time at which remediation is nearly
complete.

The results described above lead us to the following conclusions.

e First, this model yields qualitatively the same sort of ‘‘tailing’” of SVE
cleanups as has been seen with our earlier distributed diffusion models.
Cleanup rates are initially rapid but drop off markedly as diffusion
limitations become controlling.

e Second, it is probably unimportant precisely which SVE model is used
to describe SVE, provided that the model includes some sort of distrib-
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uted diffusion picture for diffusion mass transport of VOC. The conclu-
sions supported by our earlier distributed diffusion models are also
supported by this model.

e Third, SVE remediation will be slowed down, possibly quite substan-
tially, if the soil gas is ‘‘short-circuited’’ to the vacuum well through
a network of high-permeability channels. This dictates that VOC in the
regions of lower permeability must diffuse out to the high permeability
channels before it can be removed by the advecting gas.

e Fourth, absence of significant soil gas VOC concentration rebound is
an indicator of complete or nearly complete cleanup only if the soil
gas sample is taken from a point located in the zone which was actually
contaminated. As seen in our results here, rebound can actually be
negative outside the zone of contamination while there is still a great
deal of VOC remaining at the site. This result should be valid for all
of our distributed diffusion models.
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