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Soil Cleanup by In-Situ Aeration. XVII. Field-Scale 
Model with Distributed Diffusion 

CESAR GOMEZ-LAHOZ, JOSE M. RODRIGUEZ-MAROTO, and 
DAVID J .  WILSON* 
DEPARTAMENTO DE INCENIERfA QUIMICA 
FACULTAD DE ClENClAS 
CAMPUS UNIVERSITARIO DE TEATINOS 

29071 MALAGA, SPAIN 
UNIVERSIDAD DE MALAGA 

ABSTRACT 

A mathematical model for soil vapor extraction (SVE) is developed which 
models mass transport of volatile organic compounds (VOCs) through aqueous 
boundary layers by means of a distributed diffusion approach. The well configura- 
tion modeled is that of a buried horizontal slotted pipe. The model yields high 
off-gas VOC concentrations initially, followed by a rapid drop-off to a relatively 
long plateau, followed in turn by a terminal region of tailing. the length of which 
is highly variable and is determined by the range of the distribution of values of 
the aqueous diffusion layers. The results suggest that it will be difficult, if not 
impossible, to develop models which permit the accurate prediction of SVE 
cleanup times from data taken in short-term pilot-scale experiments during which 
only 5-25%, of the VOC present in the domain of influence of the well is removed. 

INTRODUCTION 

Soil vapor extraction (WE) is now a well-established technology for the 
remediation of hazardous waste sites contaminated with volatile organic 
compounds (VOCs). Some 83 Superfund sites were using or scheduled to 
use the technique as of October 1992, and it is being used on a large 

* Permanent address to which Dr. Wilson will return in August 1994: Department of Chemis- 
try, Box 1822, Station B, Vanderbilt University, Nashville, Tennessee 37235 USA. 
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number of other sites involving VOCs. EPA has published a number of 
reports describing the technique and discussing its strengths and weak- 
nesses (1-4). The agency has also published the proceedings of a sympo- 
sium on the subject (5).  Hutzler and his coworkers have provided excellent 
reviews (6, 7), and Wilson and Clarke discussed the technique in some 
detail in a recent book (8). 

Mathematical modeling techniques for SVE are useful for initial site- 
specific evaluation, interpretation of lab and pilot-scale field data, design 
of pilot and full-scale field W E  facilities, and estimation of costs and 
cleanup times. A number of workers have developed SVE models, includ- 
ing the Vapex group (9-15 and other papers); Johnson, Kemblowski, and 
their collaborators (16-20 and other papers); Cho (21); the group at the 
Idaho National Engineering Laboratory (22, 23); and the Eckenfelder- 
Vanderbilt group (24-26, for example). 

Initially it was hoped that the assumption of local equilibrium with re- 
spect to VOC transport between the advecting vapor phase and the sta- 
tionary phase(s) containing VOC would be valid (27), and indeed at some 
sites this seems to be the case (28, for example). There have been other 
sites, however, at which rapid declines in off-gas VOC concentrations 
after the initial phase of operation and prolonged tailing of off-gas VOC 
concentrations during the terminal phase make it painfully clear that local 
equilibrium is not being maintained and that the kinetics of diffusion and/ 
or desorption are limiting the rate of mass transport to the vapor phase. 
DiGiulio et al. (29) proposed pilot-scale field experiments to assess the 
extent to which mass transport limitations are occurring, and Lyman and 
Noonan (3) indicate that these are common. 

We have developed a relatively simple lumped parameter method for 
including mass transport limitations in SVE models. This method gave 
removal rates which were greatly reduced below those resulting from simi- 
lar systems in which local equilibrium was assumed (30-33). This model, 
however, could not yield simultaneously the rapid initial removal rates 
and the quite slow removal rates toward the end of the remediation which 
are observed experimentally. 

This difficulty was discussed in a recent paper (34), and a lab column 
model was presented which employs a more realistic approach to diffusion 
transport. This was actually one of two models explored. These distrib- 
uted diffusion models assume that VOC diffuses from layers of soil water 
of finite thickness before it reaches the advecting soil gas and is removed. 
In one approach, the NAPL is present as droplets distributed throughout 
the water-saturated low-porosity layers; in the other, the NAPL is present 
as a film within the water-saturated lamellae. The two approaches could 
be made to yield rather similar results on a suitable selection of the param- 
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SOIL CLEANUP BY IN-SITU AERATION. XVll 1253 

eters in the models. The second model requires less than half the computer 
time required by the first. It also permits use of steady-state approxima- 
tions which speed the computations still further, if desired. 

In the present work we discuss the extension of the second approach 
(in which NAPL is present as a thin layer within the low-permeability 
lenticular domains from which it must diffuse to the advecting air) to 
SVE by means of a horizontal slotted pipe well. A section presenting the 
analysis is followed by some representative results showing the depen- 
dence of cleanup time on some of the model parameters. Ideally, one 
would hope that mathematical modeling would permit one to make reason- 
ably accurate estimates of site cleanup times on the basis of pilot-scale 
data obtained from experiments of relatively short duration. As will be 
seen later in this paper, this hope is probably forlorn; pilot-scale experi- 
ments in which the great bulk of the VOC is removed from the domain 
of influence of the well are apparently needed to make an accurate assess- 
ment of the time required to remediate a site. 

ANALYSIS 

The configuration of the horizontal slotted pipe SVE well is shown in 
Fig. 1, along with much of the notation. The model for diffusion transport, 
together with notation, is shown in Fig. 2. The development of an SVE 
model breaks down into three major parts: the calculation of the soil gas 
flow field in the vicinity of the vacuum well, the analysis of the equilibria 

air I-- Xmax- / 

horizontal slotted - 
pipe and packing 

0 

(0, a) 

7 
L 

(0,O) 

FIG. 1 Soil vapor extraction with a horizontal slotted pipe. Large-scale geometry and 
notation. 
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3 
0 

a of NAPL-water and 
water-air contact 

NAPL layer 

thickness of water saturated layer 
k = 1 2 3 .... n, 

FIG. 2 Schematic detail of diffusion mass transport from a layer of NAPL through an 
aqueous layer to the advecting soil gas. 

and mass transport factors controlling the release of the VOC being vapor 
stripped, and the merging of the two to form the model. 

Gas Flow Field 

We shall assume that we are dealing with a porous medium of constant, 
isotropic permeability, so that we may use the method of images from 
electrostatics (35) for calculating the soil gas pressures in the vicinity of 
the SVE well. We shall model only the right-hand side of the domain, 
since from symmetry the left is just a mirror image of the right. Let 

h = thickness of porous medium (depth to water table), m 
xmax = half-width of domain of interest (at right angles to the axis of the 

L = length of horizontal slotted W E  pipe, m 
rw = radius of gravel packing of the horizontal slotted pipe, m 
P, = wellhead gas pressure (< I  atm), atm 
P, = ambient pressure, atm 
P(x, y)  = soil gas pressure at the point (x, y), atm 
K D  = Darcy's constant, m2/atm.s 
a = distance of well above the water table, m 
Q = molar gas flow rate to well, moVs 
q = standard volumetric gas flow rate to well, m3/s 
v, = x-component of superficial velocity, m/s (m3/m2.s) 
vy = y-component of superficial velocity, m/s (m3/m2.s) 

SVE pipe), m 
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SOIL CLEANUP BY IN-SITU AERATION. XVll 1255 

R = gas constant, 8.206 x 
T = temperature, degrees Kelvin 

m3.atm/mol.deg 

It is readily shown that the pressure of an ideal gas in a porous medium 
satisfies the equation 

V2P2 = 0 (1) 

which for our system is 

a2p2 a2P2 - + 7 = 0  axz ay 

in Cartesian coordinates, where we are assuming that we can neglect 
effects at the ends of the pipe. The solution to this equation must satisfy 
the boundary conditions 

aP2(x, 0) 
aY 

= o  
and 

P2(x, h )  = 1 atm' 

(3) 

(4 )  

Also, a sink (to represent the vacuum well) is needed at (0, a). 
We define the velocity potential as 

W ( x ,  y )  = P 2 ( x ,  y )  - P: (5 )  
The following expression for W can easily be shown by symmetry argu- 
ments to satisfy the boundary conditions, and has a sink at (x, y - a). 

z 

W = B [log{x2 + (y  - 4nh - a)'} 
n =  -P 

+ log{x2 + [y - 4nh + a]'} 

- log(x2 + [ y  - (4n - 2)h - al2} 

- log(x2 + [y - (4n - 2)h + aI2}] (6) 

u = -KDVP = - (Ko /2P)VW (7) 

V = - K D V W / [ ~ ( P Z  f W)'''] (8) 

c = PIRT (9) 

The superficial gas velocity is assumed to be given by Darcy's law, 

which, with Eq. (9, gives 

The concentration of gas at the point (x, y ) ,  c. is given by 
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1256 GOMEZ-LAHOZ, RODR/GUEZ-MAROTO, AND WILSON 

so the molar flow rate of the well is 

Q = - L I Z m  cv.rd8 
0 

{ r  = radial distance from well, [ x 2  + ( y  - u ) ~ ] * ’ ~ }  which yields 

Q = (vLKD/RT)V,W.r (1 1) 
In the vicinity of the well, we have (approximately) 

W = B.log(r2) + C 
V,W = 2Blr 

from which, together with Eq. ( I l ) ,  we obtain 

B = QRT/(2.rrLKD) (14) 
To obtain K D  we evaluate Eq. (12) at r = rw and at r = r, = h - a, the 
depth of the well. This yields 

This, with Eq. (14), gives 

Since the volumetric flow rate q is given by q = QRT, this can also be 
written as 

Henceforth we shall use Eq. (15) to calculate B in Eq. (6) and other equa- 
tions involving W. 

Calculating the soil gas superficial velocity components requires awlax 
and awlay. These are given by 

P 

- = 2 B [  dW x 
dX n =  - m  2 + [ y  - 4nh - a12 

Y A 

+ x2 + [ y  - 4nh + a12 

X - 
x2 + [ y  - (4n - 2)h - a12 

1 X - 
x* + [ y  - (4n - 2)h + aI2 
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SOIL CLEANUP BY IN-SITU AERATION. XVll 1257 

and 
m aw 

- = 2 B [  aY n =  2 -0c x’ + [ y  - 4nh - a]’ 
y - 4nh - a 

y - 4nh + a 
+ x2 + [ y  - 4nh + a]’ 

y - (4n - 2)h - a 
xz + [ y  - (4n - 2)h - a]’ 

y - (4n - 2)h + a 
xz + [ y  - (4n - 2)h + a]’ 

- 

1 - 

The soil gas superficial velocity components are then calculated by using 
Eqs. (6), (18), and (19) in Eq. (8). 

Equilibrium and Mass Transport 

Refer to Fig. 2 for a schematic of how equilibrium and mass transport 
are handled. The block represents a volume element AV in the domain 
being vapor stripped. The picture we are using to represent diffusion trans- 
port of VOC from NAPL is as follows. We assume that the NAPL present 
forms films within the lamellae of low permeability, and that a film is in 
turn overlain by a layer of water-saturated soil through which the VOC 
which dissolves from the NAPL must diffuse before reaching the ad- 
vecting gaseous phase. This picture is rather simplified, but it represents 
a major improvement over our previous lumped parameter method, and 
it computes fast, unlike our earlier model. Terms are defined as follows. 

AV = volume of a volume element, = A x A y L  
u = air-filled porosity of the medium 
o = water-filled porosity of the medium 
I = thickness of water layer coating the soil particles, m 
n, = number of slabs into which the water layer is partitioned for analysis 
A z  = thickness of one of these slabs, l/nz 
A = area of NAPL-water contact (assumed equal to area of water-air 

CSat = water solubility of VOC, kg/m3 
K H  = Henry’s constant of VOC, dimensionless 
D = diffusivity of the VOC in water, m2/s 
Cg = concentration of VOC in the gas phase, kg/m3 
C;  = concentration of VOC in the kth slab of the aqueous phase in the 

contact) within the volume element, m2; A = A V d I  

volume element, kg/m3 

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



1258 GOMEZ-LAHOZ, RODRIGUEZ-MAROTO, AND WILSON 

rn = mass of NAPL in the volume element, kg. This is assumed to be 
coating the soil particles and in turn to be coated by the water layer. 

We then carry out a mass balance on each of the compartments into 
which this volume element is partitioned; the gas phase, nz slabs of aque- 
ous phase, and the NAPL phase. For the gas phase the mass balance is 
as follows. 

dCg 
d t  A V u  - = advection terms involving other volume elements 

For the first aqueous slab (adjacent to the gas phase) it is 

For an interior aqueous slab we have 

AVwdCz'  A D  
It, dt A z  --= - (CK- 1 - 2cr + CK+ 1)  

For the aqueous slab adjacent to the NAPL phase (if there is one), the 
material balance equation is 

where 

S ( m )  = 1 if m > 0 

= O  if m = O  

For the NAPL phase immediately adjacent to the soil surface, 
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Completion of the Model 

Construction of the SVE model simply requires the combining of the 
advective terms mentioned in Eq. (20) with the mass transport terms. This 
is straightforward. 

To describe the advection which appears in Eq. (20) we introduce sub- 
scripts ij to specify the various volume elements. As seen in Fig. 1, 

xi = (i - 0.5)Ax 

yj = ( j  - 0.5)Ay 

The normal superficial gas velocity components at the centers of the Left, 
Right, Top, and Bottom surfaces of the ijth volume element are then given 
by 

v$ = u,[(i - l)Ax, ( j  - 0.5)Ayl (27) 

vc  = v,[iAx, ( j  - 0.5)Ayl (28) 

Z$ = ~,,[(i - 0.5)Ax, ( j  - l)Ay] (29) 

L$ = vY[(i - 0.5)Ax,jAy] (30) 

where v, and xiy are specified by Eq. (8). Again we define a step function, 
this time with velocity as argument. It is 

S(v$) = S(uQ) = 1 if @ > 0, Q = L, R, B, or T 

= 0 if vF10  

Omission of the subscripts i and j causes no problems because these are 
always the subscripts of the velocity factor preceeding the term in which 
the S ( v )  appear. The advection terms are then 

[ AVa 21 = L A Y u ~ { S ( V ~ ) C ~ - ~ ~  + S( -~“)Cfj) 
advect 

+ L A ~ v F { - S ( - V ~ ) C ~ + I ~  - S(~j~)Cf j}  

+ L A x $ { S ( V ~ ) C ~ , - ~ )  + S(-vB)C:} 

+ L A x v $ { - S ( - U ~ ) C ~ ~ + ~  - S ( d ) C $ }  (31) 

Inclusion of these terms in Eq. (20) and solution of Eqs. (20) through 
(24) for the derivatives completes the derivation of the modeling equa- 
tions. These, written with the space subscripts included, are as follows. 
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1260 GOMEZ-LAHOZ, RODRIGUEZ-MAROTO, AND WILSON 

and 

The initial conditions are determined as follows (34). If the initial total 

Ctot = acg + OC" 1- CNAPL (37) 

We assume that CNAPL = 0, and that C g  and C"' are in equilibrium. Since 
we are also assuming that the VOC obeys Henry's law, this gives 

concentration of VOC in a volume element is Got, then 

Ct,, = UKHC" + W C "  

so 
(38) 

(39) 

If this value of C" is less than C,,, (the aqueous solubility of the VOC), 
then C" is correct, Cy = KHC", and CNAPL = 0 for that volume element. 
If Cu 2 C,,,, then the solution is in fact saturated, so that 
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and from Eq. (37) 

- acg - W C "  (41) 

c$. = Cg (42) 

Cw rlk =C",  k =  1 , 2  , . . . ,  n, (43) 

mu = A V . C N A P L  (44) 

cNAPL = c 
The initial values of the model variables for the volume element are then 

After initialization the equations are integrated forward in time by a 
simple Gaussian method or by the predictor-corrector method. In the ini- 
tial stages of a run, diffusion transport is very rapid, which can lead to 
instabilities if the time increment A t  is too large. This is governed by the 
Courant condition on the time increment, namely that 

if integration is to be stable. 
The total residual mass of VOC in the system is calculated by Eq. (46). 

The VOC concentration in the effluent gas was calculated by Eq. (47), 
and is just the gas-flux-weighted average of the VOC concentrations in 
the volume elements surrounding the element containing the well. 

(47) 

where vT, vR,  and vB are the superficial gas velocities entering the top, 
right, and bottom faces of the volume element containing the well; and 
AT, AR, and AB are the areas of the top, right, and bottom faces of this 
volume element. 

In fact, one would not expect the thicknesses of the aqueous layers to 
have a single fixed value; there would be some sort of distribution of 
thicknesses. If one attempts to handle this by including a distribution of 
thicknesses in each volume element, one increases the number of differen- 
tial equations to be integrated by a factor roughly equal to the number of 
different thicknesses which are to be taken into account. This immediately 
puts the problem beyond the scope of readily available microcomputers. 

We took this distribution of thicknesses into account by making a num- 
ber of random selections of thicknesses equal to the number of volume 

vTATCf,~  -+ 1 + vRA R C I , ~  + vBA C ~ , J  - 1 

vTAT + uRAR + vBAB cgffl = 
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elements used to represent the system, and then assigning one value of 
the water layer thickness to each volume element. The recipe to select 
values of the thickness was as follows. 

(48) 

Here (I) is a mean value of the water layer thickness (m), g is the spread 
between possible maximum and minimum values, and RND is a uniformly 
distributed pseudo-random number between 0 and 1 which is generated 
by the random number subroutine in TurboBASIC 

The amounts of computer time required to simulate runs with the 
scheme described above are rather long, since the differential equations 
of the model are rather stiff. Small values of A t  are required, while the 
time period modeled may be of the order of months. We therefore describe 
two approximations which result in quite substantial reductions. 

The first involves making the steady-state approximation for the gas 
phase concentrations CB. The advective terms in the equations for 
dCB/dt provide a limit on A t  in that the volume of gas flowing into (and 
out of) each volume element during the time interval A t  must be substan- 
tially less than the volume of gaseous phase contained in that volume 
element if these differential equations are to be integrated in the normal 
way. As discussed in more detail in earlier papers (30, 32) ,  one expects 
that for virtually the entire duration of an SVE cleanup the derivatives 
dC$/dt will be sufficiently small that they can be set equal to zero. The 
resulting algebraic equations can then be solved for the CQ, and the limit 
on A ?  associated with advection is thereby avoided. They are as follows. 

I, = ( I )  + g[-0.5 + RND] 

(49) 
In solving these equations for the C$,  one sets all concentrations which 
lie outside the domain equal to zero, and one calculates the C$ in order 
of decreasingj and decreasing i. If the SVE horizontal pipe is near the 
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bottom of the domain, as is usually the case, this permits exact solution, 
since each equation uses only Cg’s which have already been computed. 
In this way one is able to avoid lengthy solutions of sets of linear equations. 

The diffusion process is handled in a somewhat similar manner to avoid 
the restriction imposed by the Courant condition, Eq. (45). After the initial 
stages of the cleanup but before the NAPL has been eliminated from any 
of the volume elements, one can make the steady-state assumption for 
the concentrations czk in the aqueous boundary layers, i.e., dCzktdt = 
0. This gives linear concentration distributions in the aqueous layers, in 
which the concentrations are given by 

Cg ( k  - 1 / 2 ) A ~  
, k = I ,  2 ,  . . . , n, (50) 

Cg. C” - 0 + Csat - - 
vk - KH [ K H ]  1 

This then replaces all of the differential equations in the model with alge- 
braic equations except for the equations for the dmG/dt. 

Therefore, after the initial transients of the cleanup (involving less than 
a minute of computer time), one can shift from the exact model in which 
all concentrations are calculated by means of the differential equations to 
the steady-state model in which the VOC concentrations in the gas and 
aqueous phases are calculated by algebraic steady-state approximations. 
At this point the time increment can be greatly increased, since it is con- 
trolled only by the differential equations for the mv. The program can be 
run in this regime until one or more of the mu becomes zero. At this point 
the steady-state approximation for the C$ is still valid, but that for the 
c:k is not. One therefore shifts to an algorithm in which the differential 
equations for the Cgk and the mij are used, along with the algebraic (steady- 
state) equations for the Cfj. This approach should make use of this distrib- 
uted diffusion model on relatively slow microcomputers quite feasible. 

RESULTS 

The model was implemented in TurboBASIC and run on a 386 NX 
Canon laptop computer operating at 20 MHz and equipped with a math 
coprocessor. Typical runs using only the differential equations (no steady- 
state approximations) required about 40 minutes. 

Near the end of the study some runs were made using a 486 DX machine 
running at 50 MHz. Without the steady-state approximations a typical 
run required 300 to 400 seconds on this machine. With the steady-state 
approximations typical runs were from 2.35 to 4.0 times as fast. When 
the steady-state approximations are used, runs in which there is lengthy 
tailing are not speeded up as much as runs in which tailing is relatively 
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short, as expected, since the steady-state approximations are in operation 
only during the period in which the effluent soil gas concentration is on 
a plateau. The appearances of graphs and the cleanup times obtained with 
the two methods were identical. 

Default values of the parameters used with the model are given in Table 
1. The runs were made in two sets; in the first the thickness of the water 
layer is held constant over the domain being modeled, while in the second 
set it varies from volume element to volume element according to Eq. 
(47). In the first set of runs we explore the dependence of SVE on various 
model parameters; in the second we focus on the effects of the distribution 
of water layer thicknesses on the behavior of W E .  In reporting both sets 
we shall include the time-dependence of both the total residual mass of 
VOC (which is what everyone is most interested in) and the VOC concen- 
trations in the effluent soil gas (which is what we can actually measure). 
In all cases we plot (total residual mass of VOC at time t)/(total initial 
mass of VOC) and (C& at time t)/(KH.Csat), so the ordinates of the graphs 
are dimensionless. 

TABLE 1 
Default Parameters Used in the Diffusion-Limited SVE Model 

First set Second set 

Width of domain to be stripped, rn 
Depth to water table, m 
Length of horizontal slotted pipe, m 
Depth of well, m 
Wellhead pressure, atm 
Gas flow rate of well, SCFM 
Well gravel packing diameter, cm 
Identity of VOC 
Solubility of VOC, mg/L 
Henry’s constant of VOC, dimensionless 
Density of VOC, g/mL 
Diffusion constant of VOC in water, m2/s 
Soil density, p/cm’ 
Soil air-filled porosity, dimensionless 
Soil water-filled porosity, dimensionless 
Thickness of water diffusion layer, cm 
n, 
nY 
n Z  

Total initial VOC concentration, mg/kg of soil 
At, seconds 
Length of run, days 

~~~ ~- 

10 10 
5 5 

10 10 
4.5 4.5 
0.9 0.9 

25 25 
30 30 

1100 1100 
TCE, trichloroethylene 

0.2821 0.2821 
1.46 1.46 

2 x 10-’0 2 x 10-10 
1.7 1.7 
0.2 0.2 
0.2 0.2 

5 5 
5 5 
5 5 

2000 2000 
50, 100 100 

30 50 

0.4 0.4 ((1)) 
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In Figs. 3(a) and 3(b) we see plots of total residual VOC mass and 
effluent soil gas VOC concentration for gas flow rates of 12.5, 25, and 50 
SCFM (0.00590, 0.0118, and 0.0236 m3/s). The thickness of the water 
diffusion layer is 0.5 cm in these runs. In all cases the effluent soil gas 
VOC concentration Cgm drops quite rapidly from its initial value (satura- 

0.5 

CP 
12.6 

26 

60 

I 

0 15 days 30 

FIG. 3 Plots of reduced total residual VOC mass (a) and reduced effluent soil gas VOC 
concentration (b) versus time; effect of gas flow rate. Gas flow rates are 12.5, 25, and 50 

SCFM as indicated. Set 1 .  
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- 
L .3 

.4 

\ .5 
\ .6 

I 

(a) 1.0 

0.5 

0 

@> 

0.5 

Cg 

0 

15 days 30 

L .3 

.4 

\ .5 
\ .6 

I 15 days 30 

FIG. 4 Plots of reduced total residual VOC mass (a) and reduced effluent soil gas VOC 
concentration (by versus time; effect of water diffusion layer thickness. I = 0.3, 0.4, 0.5, 

and 0.6 cm. Set 1 .  
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tion), levels off to form a plateau value which is maintained for the bulk 
of the run, and then drops off relatively abruptly to zero as one achieves 
essentially 100% removal. If one were to assume that C& provides a 
measure of the extent of removal, these long flat plateaus would be ex- 
tremely discouraging. In fact, as indicated by the plots of total residual 
VOC mass (Mtot), the cleanups progress in good order. 

The fact that the plateau VOC concentrations are far less than the satu- 
ration gas concentration indicates that these three runs are all quite limited 
by mass transport kinetics. The 99.5% cleanup times in these three runs 
are 23.59, 26.13, and 31.29 days for gas flow rates of 50, 25, and 12.5 
SCFM, respectively. The volumes of effluent soil gas requiring treatment 
are 17.0, 9.4, and 5.8 x lo5 SCFM, respectively. Evidently one can sub- 
stantially reduce off-gas treatment costs at the expense of relatively mod- 
est increases in cleanup times by properly selecting the gas flow rate of 
the system. 

The effect of the thickness of the water diffusion layer-the thickness 
of the low-permeability porous lamellae-is shown in Figs. 4(a) and 4(b). 
In these runs the gas flow rate is 25 SCFM, and the thickness of the water 
diffusion layer is 0.3, 0.4, 0.5, and 0.6 cm. The 99.5% cleanup times are 
12.69, 18.55, 26.13, and 35.49 days. As expected, there is a strong correla- 
tion between cleanup time and the thickness of the water diffusion layer. 
A nonlinear least-squares program was used to fit the equation 

t99.5 = B' + C'l" (51) 
to the data given in Table 2. The parameter values obtained are given in 
Table 2. In the strictly diffusion-limited region one would expect that n 
= 2 and B' = 0. 

TABLE 2 
Dependence of 99.5% Cleanup Time l9y.S on Water Diffusion 

Layer Thickness 1 

1 (cm) tw.5 (days) from model t99.s from statistical fit 

0.2 
0.3 
0.4 
0.5 
0.6 
0.7 

8.56 
12.69 
18.55 
26.13 
35.49 
46.07 

8.503 
12.733 
18.620 
26.155 
35.332 
46.147 

Nonlinear least-squares fit to tg9.5 = B' - C'1": B' = 5.075592, 
C' = 83.29427, n = 1.982385, r 2  = 0.999969 

rms error = 0.11724 days 
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FIG. 5 Plots of reduced total residual VOC mass (a) and reduced effluent soil gas VOC 
concentration (b) versus time; effect of Henry’s constant. KH = 0.05, 0.1, 0.2. and 0.2821 

as indicated. Set I .  
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The dependence of SVE on the Henry’s constant of the VOC is illus- 
trated in Fig. 5 .  Since the process is somewhat diffusion-limited under 
these conditions, we do not find that the cleanup time is inversely related 
to K H ,  but the correlation is negative, as expected. 

We next turn to the second set of results, obtained with distributions 
of water diffusion layer thickness. Figure 6 shows plots of M,,, and 
Cgm for a single representative run for which the range of the distribution 
is rather narrow, only 0.2 cm, so that 1 ranges from 0.3 to 0.5 cm. In Fig. 
7 we have plots of M,,, and C&fl for a run for which the range of the 
distribution is 0.6 cm, with 1 ranging from 0.1 to 0.7 cm. Both plots show 
a large initial rate of removal which rapidly decreases to a plateau. The 
constant plateau is narrower than was the case with the runs in set 1, 
however, and we see a substantially longer tailing region toward the run 
in which 1 ranges from 0.1 to 0.7 cm than it is for the other run with the 
narrower range of 1. The time required for 99.5% cleanup is quite a bit 
larger for the run with the wider range, despite the fact that the two runs 
have nearly identical average water layer thicknesses. 

Sets of 10 runs each were made for ( I )  = 0.4 cm and g = 0.2,0.4, and 
0.6 cm. The values of t99.s for these sets of runs are given in Table 3,  
together with the mean value and standard deviation for each set. 
The tendency noticed above of t99.5 to increase with increasing upper limit 
to the range of the water diffusion layer thicknesses is strongly confirmed 

FIG. 6 Plots of reduced total residual VOC mass and reduced effluent soil gas concentration 
for a narrow range (g = 0.2 cm) of water diffusion layer thicknesses. Set 2. 
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FIG. 7 Plots of reduced total residual VOC mass and reduced effluent soil gas concentration 
for a wide range ( g  = 0.6 cm) of water diffusion layer thicknesses. Set 2. 

TABLE 3 
Results for Set 2; Values of 299.5 (days) for Sets of Runs Having Various Ranges of 

Values of Water Diffusion Layer Thickness 

( I )  = 0.4, g = 0 ( l )  = 0.4, g = 0.2 ( I )  = 0.4, g = 0.4 ( I )  = 0.4, g = 0.6 

18.53 23.60 
22.62 
22.84 
24.16 
22.40 
22.44 
22.78 
23.33 
21.67 
23.67 

199.5 = 18.53 22.96 
Of = - 0.70 

- 

30.44 
31.33 
31.69 
32.18 
31.62 
28.56 
31.40 
29.51 
28.76 
28.89 
30.44 

I .32 

42.44 
39.00 
41.33 
41.11 
43.56 
39.89 
38.44 
42.22 
36.56 
39.27 
40.38 
2.02 
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here. A nonlinear least-squares correlation of r99.5 with the upper limit 
I,,, to the water diffusion layer thickness yielded 

- 
C99.5 = 13.755 + 80.657(1m,x)3~’03 (52) 

with a coefficient of determination of 0.99976 and an rms error of 0.257. 

CONCLUSIONS 

A mathematical model for soil vapor extraction has been developed 
which includes what is hoped to be a rather realistic picture of diffusion- 
limited mass transport between the NAPL and aqueous phases and be- 
tween the aqueous and gaseous phases. The model is simple enough to 
be run on readily available microcomputers (i.e., 386 SX 12 MHz or better, 
with a math coprocessor). SVE cleanup times correlate very strongly with 
the upper limit to the thickness of the aqueous diffusion layer. Effluent 
soil gas VOC concentration plots commonly show very high initial values 
which drop off extremely quickly, followed by a virtually flat plateau, 
followed by terminal tailing, the extent of which increases with increasing 
upper limit to the distribution of values of the diffusion layer thickness. 

The results suggest that it is futile to try to design short-term pilot- 
scale experiments which will estimate cleanup times at all accurately. The 
extent of the tailing which may result toward the end of the cleanup is 
determined by the slow release of VOC through thick diffusion layers, 
and there is no way by which this can be assessed by short-term experi- 
ments, given the likelihood of a substantial range of diffusion layer thick- 
nesses. 

On the other hand, the results also suggest that finding that the effluent 
soil gas VOC concentrations are not definitely decreasing with time during 
the course of cleanup is no cause for alarm, in that plateaus in C& are 
quite normal when diffusion of VOC from NAPL through aqueous bound- 
ary layers is occurring. 

This exercise, combined with earlier results on the effects of spatial 
variations in the pneumatic permeability on SVE cleanup times, provides 
a warning that highly precise predictions of SVE cleanup times are proba- 
bly not possible unless one is willing to spend quite large amounts of 
money and time to characterize the site in great detail. 
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