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Soil Clean Up by in-situ Aeration. XIII. Effects of 
Solution Rates and Diffusion in Mass-Transport- 
Limited Operation 

DAVID J .  WILSON* 
DEPARTMENTS OF CHEMISTRY AND OF CIVIL AND ENVIRONMENTAL ENGINEERING 
VANDERBILT UNIVERSITY 
NASHVILLE, TENNESSEE 31235 

ABSTRACT 

A model for soil vapor extraction (SVE) in laboratory columns is developed 
which includes the effects of mass transport kinetics of volatile organic compounds 
(VOCs) between nonaqueous phase liquid (NAPL) droplets and the aqueous 
phase, and between the aqueous and vapor phases. The model provides a detailed 
treatment of diffusion of VOCs through a stagnant aqueous boundary layer, and 
permits time-dependent gas flow rates in the vapor extraction column. Runs made 
with the model exhibit high initial effluent soil gas VOC concentrations typically 
followed by a fairly rapid decrease in concentration which in turn is followed by 
a prolonged tailing region in which the effluent soil gas VOC concentrations de- 
crease quite slowly until nearly all of the VOC has been stripped from the column. 
The model demonstrates the futility of trying to predict SVE clean-up times on 
the basis of pilot scale experiments carried out for only a few days, in that these 
give no idea whatsoever as to the rate of VOC remov4 which can be expected 
late in the remediation. The model permits the gas flow to be vaned with time; 
shutting off the gas flow after partial clean up results in rebounds in the soil gas 
VOC concentrations which can be quite large, particularly if some NAPL is still 
present. 

* Address for August 1993-July 1994: Departamento de Ingenieria Quimica, Facultad de 
Ciencias, Universidad de MBlaga, Campus Universitario de Teatinos, 29071 Mdaga, Spain. 
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580 WILSON 

INTRODUCTION 

The use of soil vapor extraction (SVE, soil venting, soil vapor stripping, 
in-situ vapor stripping, soil vacuum extraction) is now quite common in 
the remediation of sites at which there is vadose zone contamination with 
volatile organic compounds (VOCs). The U.S. EPA has published a guide 
(1) and a reference handbook (2) discussing the technique, both of which 
include an extensive list of references. Hutzler and his coworkers have 
published a detailed review (3 ) ,  and this was updated in a subsequent 
paper from our group (4). The literature on soil vapor extraction is now 
extensive and the technology is fairly mature. 

The nature of the technique is such that assessing its feasibility and 
designing a SVE system in any particular application are rather site-spe- 
cific. These depend on the site geology (depth to water table, pneumatic 
permeability of vadose zone soils, presence of overlying impermeable 
structures such as floors or parking lots, heterogeneity of soil, moisture 
content, presence of natural or other nonvolatile organics) and on contami- 
nant properties (vapor pressure, water solubility, partition coefficient on 
organic carbon, and Henry’s constant, all at ambient soil temperature). 

Because of this, there has been considerable interest in the mathemati- 
cal modeling of SVE for feasibility studies, data interpretation, and system 
design. Johnson, Kemblowski, Colthart, and their associates published a 
number of papers on this (5-7). Hoag, Marley, Cliff, and their associates 
at Vapex (8-10) were among the first to use mathematical modeling tech- 
niques in SVE. Cho has carried out a quite detailed study in which model- 
ing work was supported by extensive experimental verification (1 1). Our 
group published several papers on the mathematical modeling of SVE 
under a variety of conditions (12-14, and other papers in this series). 

One of the more troublesome of the site-specific aspects of SVE is the 
extent to which the kinetics of diffusion and/or desorption may limit the 
rate at which VOCs can be removed, particularly in the latter stages of 
a clean up. If one has a site with a highly homogeneous sandy soil contain- 
ing very little clay and natural organic material and relatively little mois- 
ture, one may reasonably hope to find that diffusioddesorption rates pre- 
sent no problem and that a local equilibrium treatment of the process is 
adequate. If, however, the porous medium has a highly heterogeneous 
permeability, if it contains significant amounts of clay or humic organic 
material, or if it contains substantial amounts of water, the kinetics of 
diffusion and/or desorption may be serious bottlenecks in the removal of 
VOCs by SVE. 

DiGiulio et al. (15) discussed this problem and described experiments 
which could be done during SVE pilot studies to determine the extent to 
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which these mass transport processes may slow down the remediation. 
Such kinetic processes have plagued pump-and-treat remediations to an 
extreme degree, and we have developed microcomputer models for the 
modeling of diffusion kinetics in that connection (16, 17). Kinetically lim- 
ited processes can also be presumed to be operative in air sparging opera- 
tions (18). In SVE we have developed mathematical models which include 
diffusion and solution kinetics, and have discussed the use of models in 
designing and interpreting experiments to estimate the time constants of 
these mass transport processes (19-21, for example). 

Our approach to diffusion kinetics, however, has been by means of 
a lumped parameter method in which a single time constant is used to 
approximate the time dependence of the diffusion process. By suitably 
selecting the time constant, one can produce model results which show 
the sort of tailing near the end of the remediation which is often observed. 
However, when this is done, the initial rate of VOC removal is greatly 
reduced, too. Therefore, if one carries out a short (i.e., less than a week) 
pilot SVE test and sees, as is generally the case, quite rapid VOC removal, 
one calculates a lumped parameter diffusion rate constant which is much 
too large. The model, when used with a rate constant predicted in this 
way, predicts clean-up times that are far too short. In effect, the diffusion 
rate constant decreases quite markedly during the course of the reme- 
diation. 

When the lumped parameter method is used, the pilot scale tests must 
be carried out until remediation of the soil being treated is nearly complete 
if a lumped parameter diffusion rate constant is to be obtained which is 
applicable to the remediation of the site as VOC removal approaches 
completion. The pilot scale tests must also employ some isolation proce- 
dure such as was described by DiGiulio et al. (15) to prevent the confound- 
ing of the diffusion kinetics with the very slow advective transport of 
VOCs from soil at long distances from the well. 

In short, local equilibrium SVE models, which ignore diffusioddesorp- 
tion kinetics altogether, are very likely to predict clean-up times which 
are far too short, thereby causing trouble and recriminations. Similarly, 
lumped parameter models, if fitted to data taken during a SVE pilot run 
lasting only a few days, are very likely to predict clean-up times which are 
far too short. Successful use of such lumped parameter models requires 
properly designed pilot tests of considerable duration which include post- 
SVE monitoring of soil gas VOC concentrations to assess the extent and 
rate of concentration rebound. 

The more lengthy and elaborate testing which is needed to assess the 
extent to which diffusionidesorption kinetics may control the rate of reme- 
diation is obviously more costly in terms of money and time than cheap, 
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582 WILSON 

quick tests which only demonstrate that in the initial stages of the clean 
up SVE is indeed able to move product. Clients should understand that 
such short-cut testing will not allow any more than estimation of an ex- 
tremely optimistic lower bound to the clean-up time. This is true both for 
local equilibrium modeling and lumped parameter modeling. 

In the following sections we first propose and transcribe into equations 
a fairly realistic physical model for the kinetics of the removal of both 
dissolved VOC and NAPL from the vadose zone during SVE in a labora- 
tory column. The results of a number of runs made with the model are 
then examined; we shall see that the type of behavior observed at kinet- 
ically limited sites is easily produced with the model. Finally, the implica- 
tions of these results with regard to pilot scale SVE tests are considered. 

MODEL AND ANALYSIS 

Notation 

Let us consider a laboratory column, partitioned for mathematical anal- 
ysis as indicated in Fig. 1.  The column is divided into n, disk-shaped 
volume elements, each of thickness Ax. The water layer present in each 
of these volume elements is further divided into n, slabs; the first is in 
contact with the advecting air, and the last is bordered by the solid soil 
surface. Let 

h = height of column, cm 
r, = radius of column, cm 
A = cross-sectional area of column, cm2 
A x  = h/n, 
AAx = volume of a volume element, cm3 
Q = gas flow rate through column, mL/s 
o = water-filled porosity of soil 
u = air-filled porosity of soil 
1 = average thickness of (stationary) soil water layer, cm 
n, = number of slabs into which the soil water layer is divided 
Ay = l /ny,  the thickness of one of the slabs into which the soil water layer 

a. = average initial NAPL droplet size, cm 
D = diffusivity of the VOC in soil water, cm2/s 
csat = solubility of VOC in water, g/cm3 
PVOC = density of NAPL VOC, g/cm3 
psoil = density of bulk soil, g/cm3 
K H  = Henry’s constant of VOC, dimensionless 
)nu = mass of NAPL in thejth slab of the ith volume element, g 

is divided, cm 
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T 

i =nx 

h 

i=l 

FIG. 1 Geometry, notation, and mathematical partitioning of an SVE laboratory column. 

C;  = dissolved VOC concentration in thejth slab of the ith volume ele- 

Cp = VOC concentration in the gas phase in the ith volume element, 
ment, g/cm3 

glcm3 

Rate of NAPL Droplet Solution 

We first examine the rate of dissolution of VOC from a NAPL droplet 
into the aqueous phase. The equation for steady-state diffusion from a 
spherical droplet is 

with boundary conditions 

C(a> = c,,, 
and 

C ( b )  = c, 
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584 WILSON 

where C,  i s  the VOC concentration at the outer surface of the aqueous 
boundary layer surrounding the drop. Equation (1) integrates to give 

(4) 
where c1 and c2 are integration constants. If we assume that b % a ,  use 
of the boundary conditions then yields 

C ( r )  = c I / r  + c2 

and 
C ( r )  = u(Csat - C,)/r + C ,  

dCldr = - a( C,,, - C,)/r2 

This assumption is not necessary to permit the analysis to proceed, but 
reduces by one the number of model parameters which must be assigned 
without seriously changing the results of the calculations. 

Fick's first law and Eq. (6) then give for the mass m of the droplet 

dmldt = -4vDu(Csat - C,) (7) 

u = uo(m/md)1'3 (8) 

It is easily shown that 

where md is the initial mass of the droplet, so the rate of change of mass 
of the droplet is 

dmldt = -4~rDuo(C,,~ - C,)(m/md)"3 (9) 

Initial Distribution of VOC among the Phases 

The initial amounts present in the vapor, aqueous, and NAPL phases 
are calculated as follows. We assume the initial concentrations in the gas, 
aqueous, and NAPL phases are constant from volume element to volume 
element, and that the aqueous and NAPL phase concentrations are con- 
stant from slab to slab within a volume element. Then 

ct,t = acg + wco"' + c;l" (10) 
where C t ,  C; ,  and C," are the initial gaseous, aqueous, and NAPL con- 
centrations, respectively. Assume that C," = 0 and that the aqueous and 
gaseous phases are at equilibrium with each other with respect to VOC 
transport. Then, on using Henry's law, it is easily shown that 

and 
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SOIL CLEAN UP BY IN-SITU AERATION. Xlll 585 

Rate of Change of NAPL Mass 

The number of NAPL droplets in a volume element is given by n ,  where 

and so 
3A AxCg 

4rra2pvoc n =  

The number of NAPL droplets in a single slab in a volume element is 
then given by 

n 3 A A x C g  
ny 4.rra2pvocny 

n s = - -  - 

The initial NAPL mass in a single slab is 

mo = A A x C g l n ,  

The initial mass of a droplet md is 

md = 4rraipvocl3 (18) 
Finally, on using Eq. (9), we find that the mass of NAPL in the j th  slab 
of the ith volume element is governed by 

Change in Aqueous VOC Concentration 

The volume of water in a single volume element is given by 

V ,  = W A A X  (20) 
This water is assumed to be spread in a layer of thickness 1. The areal 
extent of this volume of water is therefore given by 

S, = wAAxll (21) 
which is also the area of the interface between any two adjacent slabs 
within the volume element into which the aqueous phase is partitioned 
and between which diffusion transport of VOC takes place. 
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586 WILSON 

A mass balance on the aqueous phase VOC in thejth slab of the ith 
volume element then yields 

dm, (c:y+l - 27”. + 7”. ) - - dt 
wAAxdC7 S,D 

n, dt Ay 1.l l J + l  - 

( j  = 2, 3, . . . , n, - 1) ( 2 2 )  
or 

( j  = 2, 3 ,  . . . , n, - 1) ( 2 3 )  

The first group of terms on the right-hand side of Eq. (22) corresponds 
to diffusion transport of dissolved VOC from slab to slab; the last term 
represents mass transport to the aqueous phase from the dissolving NAPL 
droplets. For the slab adjacent to the solid medium we have 

For the slab adjacent to the advecting gas phase, we assume that the 
aqueous VOC concentration at the air-water interface is given by Henry’s 
law, so 

( 2 5 )  
A mass balance on the gas phase VOC in the ith volume element yields 

Computations 

The model then consists of Eqs. (19) and (23)-(26) together with the 
prescription for calculating the initial values of the vapor, aqueous, and 
NAPL phase VOC concentrations. The model parameters and concentra- 
tions are initialized, and the differential equations are integrated forward 
in time to model a run. The model was implemented in TurboBASIC, 
and most of the computations were done on a 16-MHz MMG 386 SX 
microcomputer with a math coprocessor. Typical runs took approximately 
half an hour. It is estimated that a two-dimensional model (needed to 
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simulate simple vertical SVE wells or SVE by means of a buried horizontal 
pipe) would require some 5-6 hours of time per run following this ap- 
proach. 

RESULTS 

Default parameters for the runs are given in Table 1. Parameter values 
not equal to the values given in Table 1 are listed in the captions to the 
figures. In these runs the VOC is trichloroethylene. 

In Figs. 2-5, total residual VOC mass and effluent soil gas VOC concen- 
tration are plotted on a normalized basis-that is, these variables are 
divided by their values at the beginning of the run. The run durations are 
50 days. The initial NAPL concentrations are 0.00312 g/cm3, initial aque- 
ous VOC concentrations are 0.001 10 g/cm3 (saturated), and the initial VOC 
vapor concentrations are 0.0003 1 g/cm3 (saturated vapor). The initial total 
VOC concentration in the soil is 2000 mg/kg, so this soil is highly contami- 
nated. For Figs. 2-5 the initial NAPL droplet diameters are 0.01, 0.025, 
0.05, and 0. I cm, respectively. 

The plots of effluent soil gas VOC concentration indicate initial satura- 
tion, followed quickly by a rapid fall-off through a transition region lasting 

TABLE 1 
Default Parameters for Laboratory Column Simulations 

Column length 
Column diameter 
Soil air-filled porosity u 
Soil water-filled porosity o 
Soil density 
Water layer thickness 
VOC being simulated 
Henry’s constant of VOC 
Aqueous solubility of VOC 
Density of NAPL VOC 
Diffusion constant of VOC in water-saturated porous medium 
Initial NAPL droplet diameter 
Air flow rate 
Total VOC concentration in soil 
Number of volume elements into which column is partitioned 
Number of slabs into which each volume element is 

partitioned 
A t  
Duration of run 

50 crn 
10 cm 
0.2 
0.2 
1 .I glcm3 
1 cm 
Trichloroethylene 
0.2821 (dimensionless) 
1100 mg/L 
1 .46 g/cm3 
2 x 10-6cm2/s 
0.1 cm 
0.1 mL/s 
2000 mglkg 
10 

10 
450seconds 
4,320,000 seconds (50 

days) 
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588 WILSON 

FIG. 2 Plots of normalized residual mass of VOC and normalized effluent soil gas concen- 
tration versus time. In this run the initial NAPL droplet diameter is 0.01 cm. Other param- 
eters as in Table 1. The initial NAPL concentration is 0.00312 g/crn3, the initial aqueous 
VOC concentration is 0.001 10 g/cm3, and the initial gaseous VOC concentration is 0.00031 

g/cm3. 

FIG. 3 Plots of normalized residual mass of VOC and normalized effluent soil gas concen- 
tration versus time. In this run the initial NAPL droplet diameter is 0.025 cm. Other param- 

eters as in Table 1 and Fig. 2. 
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FIG. 4 Plots of normalized residual mass of VOC and normalized effluent soil gas concen- 
tration versus time. In this run the initial NAPL droplet diameter is 0.05 cm. Other param- 

eters as in Table 1 and Fig. 2. 

1.0 r 

FIG. 5 Plots of normalized residual mass of VOC and normalized effluent soil gas concen- 
tration versus time. In this run the initial NAPL droplet diameter is 0.1 cm. Other parameters 

as in Table 1 and Fig. 2. 
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only a few days, which in turn leads into a prolonged region of tailing 
before, rather abruptly, the soil gas VOC concentrations decrease fairly 
rapidly to zero as  remediation becomes complete. Note that, despite the 
rather low gas flow rate through the column (6 mL/min), the effluent VOC 
concentrations are far below saturation even when the bulk of the residual 
VOC in the column is present as NAPL. Obviously, attempts to fit expo- 
nential curves to the effluent soil gas concentrations would be quite futile. 
Examination of the soil gas curves in the initial phases of the remediation 
would lead to clean-up time estimations which would be ridiculously opti- 
mistic. Similarly, examination of the rather flat regions between roughly 
days 20 and 45 might lead one to conclude that the tailing period was 
going to last for perhaps hundreds of days. In fact, as we can tell from 
the total mass curves, clean up is proceeding in rather good order, with 
all clean-up times being roughly 50 days. It is evident, however, that 
systems with larger NAPL droplet sizes are cleaning up somewhat more 
slowly than systems in which the droplet sizes are smaller. This is as 
expected, because the total NAPL-water interfacial area is smaller for 
the systems with larger droplets. 

The effluent soil gas concentration curves show some quite short-term 
tine structure which is a mathematical artifact of the finite difference 
scheme used to represent the physical system; we therefore shall not 
attempt to further interpret this fine structure. This is particularly apparent 
in Fig. 2. 

In Figs. 6 and 7 the thickness of the stagnant water layer has been 
reduced to 0.5 cm. The initial NAPL droplet diameter is 0.1 cm in Fig. 6 
and 0.2 cm in Fig. 7. Comparison of Fig. 6 with Fig. 5 shows the very 
substantial accelerating effect on the VOC removal rate of decreasing the 
thickness of the aqueous layer through which VOC must diffuse to reach 
the advecting soil gas. In Fig. 7, however, the larger NAPL droplet size 
makes solution of NAPL the rate-limiting step, and we see a slow rate of 
remediation (about 50 days) despite the relatively thin (0.5 cm) aqueous 
layer. As before, the initial rate of VOC removal is quite large, but this 
decreases dramatically as solution of NAPL (principally) and diffusion 
through the aqueous layer become rate limiting. 

Figures 8-11 show the effect on clean-up rate of the thickness of the 
water layer in which the VOC is dissolved. Here the initial VOC concen- 
tration is only 100 mg/kg, so that no NAPL phase is present initially. The 
gas flow rate in these runs is 0.02 mL/s (1.2 mL/min). In these systems, 
diffusion transport is the only rate-limiting factor in the remediation. It is 
evident that thick aqueous layers result in slow remediation. 

If one is in a diffusion or solution rate-limiting regime, increasing the 
gas flow rate permits one to spend more money on blowers and off-gas 
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FIG. 6 Plots of normalized residual mass of VOC and normalized effluent soil gas concen- 
tration versus time. In this run the initial NAPL droplet diameter is 0.1 cm and the aqueous 

diffusion layer has a thickness of 0.5 cm. Other parameters as in Table 1 .  

FIG. 7 Plots of normalized residual mass of VOC and normalized effluent soil gas concen- 
tration versus time. In this run the initial NAPL droplet diameter is 0.2 cm and the aqueous 

diffusion layer has a thickness of 0.5 cm. Other parameters as in Table 1. 
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592 WILSON 

FIG. 8 Plots of normalized residual mass of VOC and normalized effluent soil gas concen- 
tration versus time. In this run the initial total VOC concentration is 100 mgikg and the 
aqueous diffusion layer has a thickness of 1.0 cm. No NAPL is present. The initial aqueous 
phase VOC concentration is 0.000663 p/cm3 and the initial vapor phase VOC concentration 

is 0.000187 gicrn’. Other parameters as in Table 1. 

FIG. 9 Plots of normalized residual mass of VOC and normalized effluent soil gas concen- 
tration versus time. In this run the initial total VOC concentration is 100 mg/kg and the 
aqueous diffusion layer has a thickness of 1.5 cm. No NAPL is present. Other parameters 

as in Table 1 and Fig. 8. 
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I .o 

I I 

0 25 days 50 
d 

50 

FIG. 10 Plots of normalized residual mass of VOC and normalized effluent soil gas concen- 
tration versus time. In this run the initial total VOC concentration is 100 mg/kg and the 
aqueous diffusion layer has a thickness of 2.0 cm. No NAPL is present. Other parameters 

as in Table 1 and Fig. 8. 

I .o 

0 25 50 

FIG. 11 Plots of normalized residual mass of VOC and normalized effluent soil gas concen- 
tration versus time. In this run the initial total VOC concentration is 100 mgikg and the 
aqueous diffusion layer has a thickness of 2.5 cm. No NAPL is present. Other parameters 

as in Table 1 and Fig. 8. 
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treatment, but does not result in any significant decrease in the clean-up 
time. In Figs. 12-15 the airflow rate Q is varied tenfold, but the impact 
on the time required for complete clean up is very small. The volume of 
effluent soil gas which must be treated is therefore essentially proportional 
to the gas flow rate in this regime. As noted by Gomez-Lahoz et al. (21) 
and by Tamamushi et al. (22), substantial savings can result if one employs 
SVE air flow rates small enough so that one is not operating in the diffu- 
sion-controlled limit. In these runs the initial VOC concentration is small 
(100 mg/kg) and no NAPL is present; in other runs (not shown) in which 
the bulk of the VOC is present as NAPL, the same results occur. 

The effect of the initial total VOC concentration on the effluent soil gas 
VOC concentration is shown in Fig. 16. In these runs the water diffusion 
layer is 1 cm thick; the NAPL droplet diameter is 0.1 cm; the initial total 
VOC concentrations are 100,250, 500, 1000, and 2000 mg/kg; and the gas 
flow rate is 0.02 mLls. The other parameters are given in Table 1 .  We see 
that the clean-up times increase quite substantially with increasing initial 
VOC concentration. In all runs in which NAPL is present (the run with 
100 mg/kg initial VOC has no NAPL present), there is extensive tailing 
after the initial rapid drop-off. However, clean up is complete within 50 
days for all runs except that with 2000 mgfkg initial VOC, which required 
75 days for clean up. 

I.Or 

FIG. 12 Plots of normalized residual mass of VOC and normalized effluent soil gas concen- 
tration versus time. In this run the initial total VOC concentration is 100 mg/kg and the 
aqueous difrusion layer has a thickness of 2.0 cm. No NAPL is present. The air flow rate 

is 0.1 mL/s. Other parameters as in Table 1 and Fig. 8. 
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FIG. 13 Plots of normalized residual mass of VOC and normalized effluent soil gas concen- 
tration versus time. In this run the initial total VOC concentration is 100 mg/kg and the 
aqueous diffusion layer has a thickness of 2.0 cm. No NAPL is present. The air flow rate 

is 0.05 mLls. Other parameters as in Table 1 and Fig. 8. 

FIG. 14 Plots of normalized residual mass of VOC and normalized effluent soil gas concen- 
tration versus time. In this run the initial total VOC concentration is 100 mg/kg and the 
aqueous diffusion layer has a thickness of 2.0 cm. No NAPL is present. The air flow rate 

is 0.02 mL/s. Other parameters as in Table 1 and Fig. 8. 
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FIG. 15 Plots of normalized residual mass of VOC and normalized effluent soil gas concen- 
tration versus time. In this run the initial total VOC concentration is 100 mg/kg and the 
aqueous diffusion layer has a thickness of 2.0 cm. No NAPL is present. The air flow rate 

is 0.01 mL/s. Other parameters as in Table I and Fig. 8. 

c9 

FIG. 16 Plots of normalized effluent soil gas VOC concentration versus time. Effects of 
initial total VOC concentration. In these runs the initial total VOC concentrations are 100, 
250, 500, 1000, and 2000 mg/kg. The aqueous diffusion layer thickness is 1.0 cm and the 
NAPL droplet size is 0.1 cm. (No NAPL is present in the run with initial total VOC concen- 
tration of 100 mgikg.) Gas flow rate is 0.02 mL/s, A t  = 1800 seconds. Other parameters as 

in Table I .  
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Figure 17 shows effluent soil gas VOC concentration plots for runs 
which were shut down after 10, 20, 30, 40, and 50 days. Clean up is 
complete after about 45 days if the run is not interrupted earlier. The 
effluent soil gas VOC concentration curves exhibit rebound after the gas 
flow is turned off the vapor concentration rebounds to the saturation 
vapor pressure concentration if NAPL is still present. The rate of equili- 
bration between the VOC in the vapor phase and the VOC in the con- 
densed phase(s) decreases the longer the duration of the run before shut- 
down, indicating the inadvisability of using a single lumped parameter 
diffusion rate constant obtained from measurements made fairly near the 
beginning of a run. By the time 40 days has elapsed, all the NAPL has 
dissolved, so the rebound in soil gas VOC concentration is to a value 
determined by Henry’s law and the final aqueous VOC concentration, 
rather than to the saturation concentration. Notice that there is substantial 
rebound even after 40 days of SVE, by which time only about 2% of the 
original amount of VOC is still present in the column. Evidently it would 
be difficult, if not impossible, to correlate the extent of clean up with the 
effluent soil gas VOC concentration during operation of the well or with 
the final equilibrium value of the rebound soil gas VOC concentration. 

FIG. 17 Plots of normalized residual VOC mass and normalized emuent soil gas VOC 
concentration; effect of shutting off the gas flow to the column after 10, 20, 30, 40, and 50 
days. Initial total VOC concentration = 1000 mg/kg, water diffusion layer thickness = 1.0 
cm, initial NAPL droplet diameter = 0.1 cm, gas flow rate = 0.02 mL/s, and Ar  = 1800 

seconds. Other parameters as in Table 1. 
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CONCLUSIONS 

The results of these calculations modeling the effects of diffusion and 
dissolution kinetics lead to some useful conclusions regarding the design 
of pilot scale SVE tests and the interpretation of the resulting data. 

The first is that short pilot scale tests in which only 5 to 20% of the 
VOC is removed from the domain of interest are not useful, as a general 
rule, for predicting the progress of the later stages of SVE remediation. 
These can be relied on only if post-SVE rebound of the soil gas VOC 
concentration is clearly demonstrated not to occur, in which case the 
system can be modeled by a local equilibrium model. 

The second conclusion is that the varied transit times of the gas flow 
paths to W E  wells and the interaction between NAPL solution kinetics 
and VOC diffusion in aqueous solution lead to considerable complexity. 
This complexity is such that it seems unlikely that any theoretical method 
will permit accurate estimation of the entire course of an SVE remediation 
at a site from pilot scale effluent soil gas VOC data which do not extend 
over virtually the entire cleanup-i.e., to essentially 100% removal of the 
v o c s .  

The third conclusion is that proper treatment of the diffusion of VOC 
through an aqueous boundary layer yields not one time constant but a 
spectrum of time constants which vary over a rather wide range. This 
makes use of the lumped parameter approach for modeling diffusiodde- 
sorption kinetics fraught with some peril unless the lumped parameter 
diffusion rate constant is fitted against data taken near the end of the 
remediation of the pilot scale domain. 

The fourth conclusion is that it is probably impossible to reliably corre- 
late the extent of clean up (the percent of the VOC which has been re- 
moved) with either effluent soil gas VOC concentration during SVE opera- 
tion or with soil gas VOC concentration after the well has been shut down 
and rebound to equilibrium has occurred. About the only reliable conclu- 
sion one can come to from the modeling exercises is that effluent soil gas 
concentrations are zero and that there is no rebound when remediation 
is complete. 

The fifth and last conclusion is that one may very well realize significant 
reduction in operating costs by operating SVE wells at flow rates suffi- 
ciently low that the effluent soil gas VOC concentration is maintained at 
an appreciable fraction (say 20% or so) of the soil gas VOC concentration 
which is achieved when the well is shut down and the soil gas is allowed 
to come to equilibrium with the contaminated soil. This will result in 
reduced volumes of gas to be treated, higher concentrations of VOCs in 
the effluent gas, and quite minor increases in clean-up times. 
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We note with some regret that the computing time required for modeling 
wells (rather than laboratory columns) with the approach described here 
would be excessively long when implemented on microcomputers, since 
one must work in two dimensions. We hope to develop models of this 
type for SVE wells which make use of the steady-state approximation in 
order to decrease the computing time to an acceptable level for a model 
of this type for wells and horizontal slotted pipes. 
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