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Soil Cleanup by In-Situ Aeration. XVIII. Field-Scale 
Models with Diffusion from Clay Structures 

JOSE M. RODRIGUEZ-MAROTO, CESAR GOMEZ-LAHOZ, and 
DAVID J .  WILSON* 
DEPARTAMENTO DE INGENIERIA Q U ~ M I C A  
FACULTAD DE CIENClAS 
CAMPUS UNIVERSITIARIO DE TEATINOS 

29071 MALAGA. SPAIN 
UNIVERSIDAD DE MALAGA 

ABSTRACT 

Mathematical models for soil vapor extraction (SVE) are developed which 
model solution of nonaqueous phase liquid (NAPL) and mass transport of volatile 
organic compounds (VOCs) through low-permeability lumps, lenticular structures, 
and discontinuous layers of clay by means of a distributed diffusion approach. 
The well configurations modeled are that of a single buried horizontal slotted pipe 
and that of a single vertical well screened along a short length near its bottom. 
The models yield high off-gas VOC concentrations initially, followed typically by 
vary rapid drop-offs to relatively long plateaus, followed in turn by terminal tailing, 
the length of which is highly variable and determined by the thickness of the low- 
permeability layers from which diffusion is occurring and by the size of the NAPL 
droplets (if NAPL is present). The results are in agreement with a previous, simpler 
model; they indicate that it will be impossible to accurately predict SVE cleanup 
times from data taken in short-term pilot-scale experiments removing only 5-25% 
of the VOC present in the domain of influence of the well. 

INTRODUCTION 

Soil vapor extraction (SVE) is now well-established for the remediation 
of sites contaminated with volatile organic compounds (VOCs). Approxi- 

* Permanent address: Department of Chemistry, Box 1822, Station B,  Vanderbilt University, 
Nashville, Tennessee 37235, USA. 
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1368 RODR[GUEZ-MAROTO, GOMEZ-LAHOZ, AND WILSON 

mately 83 Superfund sites were using or scheduled to use the technique 
as of October 1992, and it is being used on a large number of other sites 
involving VOCs. EPA has published a number of reports on SVE (1-4) 
as well as the proceedings of a symposium on the subject (5 ) .  Hutzler and 
his coworkers (6, 7) and Wilson and Clarke (8) have reviewed the tech- 
nique in some detail. The literature on the subject is sufficiently extensive 
that no attempt will be made to provide a complete review here. 

Mathematical modeling techniques for SVE provide support for initial 
site-specific evaluation, interpretation of lab and pilot-scale field data, 
design of pilot- and full-scale field SVE facilities, and estimation of costs 
and cleanup times. Several groups of workers have developed SVE 
models, including the Vapex group (9-15 and other papers); Johnson, 
Kemblowski, and their coworkers (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). 

The initial hope that the assumption of local equilibrium with respect 
to movement of VOC between the advecting soil gas and the stationary 
phase(s) containing VOC would be an adequate approximation (27, 28) 
has since been dashed at a number of sites. At these, rapid declines in 
off-gas VOC concentrations after a few days (sometimes only a few hours) 
of operation and a long-drawn-out period of tailing during the lengthy 
terminal phase establish that local equilibrium is not being rnain- 
tained-that diffusion/desorption kinetics are controlling the rate of re- 
lease of VOC to the advecting vapor phase. DiGiulio et al. (29) described 
possible pilot-scale field experiments to evaluate mass transport limita- 
tions, and Lyman and Noonan (3) indicated that such limitations are 
common. 

Some time ago we described a simple lumped parameter method for 
including mass transport limitations in SVE models which could give re- 
moval rates greatly reduced below those from models in which local equi- 
librium was assumed (30-33). This model, however, could not yield with 
the same parameter set the very rapid initial VOC removal rates and the 
quite slow removal rates toward the end of the remediation which are 
observed experimentally. It was evident that a model which provided a 
richer spectrum of time constants for mass transport would be necessary. 

This difficulty was discussed recently (34), and a lab column model was 
described which employs a more realistic approach to diffusion transport. 
This was one of two models investigated. These distributed diffusion 
models assume that VOC diffuses from water-saturated layers 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 
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SOIL CLEANUP BY IN-SITU AERATION. XVlll 1369 

a film within the water-saturated lamellae. The two approaches could be 
made to yield rather similar results on suitable selection of the parameters 
in the models. The second model requires substantially less than half the 
computer time required by the first. It also permits use of steady-state 
approximations which can greatly speed the computations. 

In the last paper of this series (35) we discussed 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 ad- 
vecting air) to SVE by means of a horizontal slotted pipe well. The model 
performed well, easily producing the high initial VOC removal rates, the 
rapid declines in off-gas VOC concentration, and the lengthy plateaus and 
tailing observed experimentally. Computationally, the model could easily 
be run on a 386 NX microcomputer (with a math coprocessor) at 20 MHz, 
and the steady-state approximations provided substantial increases in 
speed of computation with no loss of accuracy. 

We felt somewhat uneasy about the artificiality of the model, however. 
It was difficult to see how the postulated thin layer of NAPL was to be 
created deep within the low permeability structures in the first place. This 
left the model of the diffusion process lacking the sort of easily visualized 
physicochemical foundation which one would like. It had some meaning 
in terms of the least dimension of the low-permeability structures, and it 
seemed to produce quite reasonable results, but it also seemed rather 
contrived. We felt much more comfortable about the model in which the 
NAPL was distributed as droplets throughout the low-permeability struc- 
tures, but previous work (34) on a one-dimensional model of this type had 
made it clear that the computational demands of a two-dimensional ver- 
sion were beyond the capabilities of our microcomputers. 

The arrival of a 50-MHz 486 DX microcomputer just as that project 
was being completed changed the situation; this was a feasible machine for 
the development and use of a two-dimensional distributed NAPL droplet 
model for SVE. In the following sections we present two versions of such 
a model, one for SVE with a buried horizontal slotted pipe, and one for 
SVE with a single vertical well screened for a short distance along its 
bottom. The analysis is done first for the horizontal slotted pipe configura- 
tion, then for the single vertical well. This is followed by a section in 
which results of computations done with the two versions are presented 
and discussed. The paper closes with a short section on conclusions. 

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, 
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FIG. I SVE well, buried horizontal slotted pipe configuration; geometry and notation. 

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

FIG. 2 Model for solution kinetics of NAPL and diffusion transport of dissolved VOC. 
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SOIL CLEANUP BY IN-SITU AERATION. XVlll 1371 

1. Model for SVE by Means of a Single Long Horizontal 
Slotted Pipe 

A. Gas Flow Field 

We shall assume a porous medium of constant, isotropic permeability, 
so that we may use the method of images from electrostatics (36) for 
calculating the soil gas pressures in the vicinity of the SVE well. We shall 
model only the right side of the domain, since from symmetry the left is 
a mirror image of the right, and we shall neglect effects at the ends of the 
pipe. We work in Cartesian coordinates x, y .  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 SVE pipe, rn 
r ,  = radius of gravel packing of the horizontal slotted pipe, m 
P ,  = wellhead gas pressure (<I atm), atm 
Pa = 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, mol/s 
q = standard volumetric gas flow rate to well, m3/s 
u, = x-component of superficial velocity, m/s (m3/rn2.s) 
u, = y-component of superficial velocity, m/s (m3/m2.s) 
R = gas constant, 8.206 x 
T = temperature, degrees Kelvin 

SVE pipe), m 

m3.atm/mol.deg 

The pressure of an ideal gas in a porous medium satisfies the equation 

V2P2 = 0 (1) 

The solution to this equation must satisfy the boundary conditions 

aP2(x, 0) 
aY 

= o  
at the water table and 

P2(x, h )  = 1 (atm)2 (3) 

at the soil surface. See Fig. 1. Also, a sink to represent the vacuum well 
is needed at (0, a ) .  

The velocity potential is defined as 

W(X, y) + P2 = P2(x ,  Y )  (4) 
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1372 RODR/GUEZ-MAROTO, GOMEZ-LAHOZ, AND WILSON 

so that the problem becomes 

v2w = 0 (5)  

W(x, h )  = 0 (7) 

The following expression for W can be shown by symmetry arguments to 
satisfy the necessary boundary conditions, and has a sink at (0, a ) .  

cc 

W = B C [log{x’ + ( y  - 4nh - u ) ~ }  
n =  --cc 

+ log{x2 + [ y  - 4nh + a]’} 

- log{x’ + [ y  - (4n - 2)h - a]’} 

- log(x2 + [ y  - (4n - 2)h + al’}l 

(8) 

Since the wellhead pressure is given (P,,,), we have 

P’(r,,,, a )  = P? 

which gives, after a little rearranging, 
m 

Pi - P’, = -B 2 [log,{r:. + [-4nhI2} ”= - m  

+ log,{& + [2a - 4nhI’) 

- 1og,(r2w + [ - ( 4 n  - 2)hI2} 

- log,({r?v + [2a - (4n - 2)hI2}] 

= -BU 

(9) 

where U is the sum in Eq. (9). B is therefore given by 

The molar gas flow rate is given by 

Q = LKD lo’= (P/RT)(V,.P)rd@ 

where r is the radial coordinate in cylindrical coordinates centered at the 
pipe, and 0 is the angular coordinate. K D  is Darcy’s constant, and we 
have assumed that the superficial gas velocity is given by Darcy’s law, 

‘L, -KDVP 

Note that PV,P = (1/2)V,(P2) = (1/2)V,W. 
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SOIL CLEANUP BY IN-SITU AERATION. XVlll 1373 

From Eq. (8) we see that 

W = B log, r2 + terms regular as r + 0 (13) 

The regular terms contribute nothing to the integral (Eq. 11) if the surface 
of integration encloses only the singularity at r = 0. We then obtain 

and 

Setting Eqs. (10) and (15) equal and solving for K D  then gives 

for Darcy’s constant. 
Then, since W + P2 = P2,  

VW = 2PVP 

and 

VW 
2[W f P : y 2  VP = VW/(2P) = 

then provides the components of the pressure gradient. Use of Eq. (18) 
in Eq. (12)  then gives 

KDVW v =  - 
2[W + P y 2  

B. The Advection Terms 

We are now in position to calculate the advection terms in the mass 
balance equations for VOC in the gas phase in the volume elements into 
which the system will be partitioned for analysis. We obtain for the advec- 
tion contribution to this mass balance the following: 

aAxAyL [%I = L A Y U ~ [ S ( U ~ ) C ? -  Ij + S( -vL)C$] 
adv 

+ L A ~ u $ [ - s ( - v ~ ) c ? + ~ ~  - S ( V ~ ) C ; I  (20) 

+ L A X $ [ S ( V ~ ) C ? ~ -  + S( - vB)c$] 

+ L A X U ; [  - S( - v T ) C j  + - s(vT)c;i 
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1374 RODR/GUEZ-MAROTO, GOMEZ-LAHOZ. AND WILSON 

Here the superscripts L, R, B, and T refer to the left, right, bottom, and 
top of the volume element, respectively, and cr is the air-filled porosity, 

S ( u )  = 1, u > 1 

= 0 , 2 4 6  1 

and S(vL)  is an abbreviation for S(&), etc. The velocities are given by 

ub = vx[( i  - l)Ax, ( j  - 1/2)Ay] 

Z$ = ~ , [ i A x ,  ( j  - 1/2)Ay] 

U;  = ~,[(i - 1/2)Ax, ( j  - I)Ay] 

V $  = ~,[(i - 1/2)A.~,jAy] 

(22) 

(23)  

(24) 

(25) 
where u, and v, are the components of Eq. (19). 

C. The Rate of Solution of Droplets of NAPL 

We first look at dissolution of VOC from a NAPL droplet into the 
aqueous phase. See Fig. 3 .  The equation for steady-state diffusion from 
a spherical droplet is 

with boundary conditions 

C ( a )  = C,,, 

and 

C ( b )  = Co (28)  
where C,,, is the aqueous solubility of the VOC and Co is the VOC concen- 
tration at the outer surface ( Y  = 6 )  of the aqueous boundary layer sur- 
rounding the drop. Equation (26) integrates to 

(29) C ( r )  = c I / r  + c2 

Use of the boundary conditions then gives 

ab 
C(r )  = - (Csat - b - a  Co)/r + c2 

from which 
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SOIL CLEANUP BY IN-SITU AERATION. XVlll 1375 

FIG. 3 Solution of a single NAPL droplet. 

Fick’s first law and Eq. (31) then give for the mass m of the droplet 

_ -  4.rrDa(CSat - CO) dm 
dt 1 - a/b 

_ -  

It is easily shown that 

a = ao(m/md)1/3 (33) 

where md is the initial mass of the droplet, a. i s  its initial radius, and m 
and a are values at a later time t .  So 

dm 
dt 1 - (ao/b)(m/rnd)1/3 (34) 

A reasonable value for b ,  the boundary layer thickness around a droplet, 
is half the average distance between droplets. This is obtained as follows. 
The number of NAPL droplets in a volume element L A x A y  is given by 
n ,  where 

47rDao( C,,  - Co)( n~lmd)”~ _ -  _.- 

where pvoc = VOC density, kg/m3 
CON = initial NAPL concentration, kg/m3 

so 
3 L A x A  yC,” 

4.rrai pvOc 
n =  (36) 
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1376 RODR/GUEZ-MAROTO, GOMEZ-LAHOZ, AND WILSON 

These are contained in a volume of water w L A x A y ,  where w is the water- 
tilled porosity, so the volume of water per droplet is 

(37) 
V '  = 4.rr~pvocai!l 

3c,N 

and the mean distance between droplets is then 

Finally, 

gives the thickness of the boundary layer. 

D. Initial Distribution of VOC among the Phases 

This question is addressed as follows. 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 constant from slab to slab within a volume element. See Fig. 4. Then 

Ctot = ac; + oco" + co" (40) 
where Cg, CX, and Co" 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 respect to VOC transport. Then 
use of Henry's law yields 

and 

Cg = KHCZ (42) 
If C$ < Csatr use these values and set C," = 0. If C$ > Csatr however, 
then use 

cb"' = Csat (43) 

c: = KHCsat (44) 

(45) C," = Ctot - ( ~ K H  + o)Csat 
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advecting 
soil gas - air-filled porosity 

0 0 0 0 0 0 0  

0 0 0  0 0 0 0 0 0  0 

O 0 0 0  0 0 

FIG. 4 Slabs used to represent a low-permeability water-saturated lens. 

E. Rate of Change of NAPL Mass 

Recall that the number of NAPL droplets in a volume element is given 
by 

3LAxAyCF 
n =  

47Taapvoc 

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

n 3LAxAyCg 
nu 4 ~ a b ~ ~ ~ n ~  

n’  = - -  - 

The initial mass of NAPL in a single slab is 

mo = LAxAyC&/n, (47) 
The initial mass of a droplet, md, is 

Finally, on using Eq. (34), we find that the mass of NAPL in the kth slab 
of the ijth volume element is governed by 

F. Change in Aqueous VOC Concentration 

Let us assume that the clay lenses from which diffusion is taking place 
are of thickness 21, and that they contain the bulk of the water in the soil. 
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See Fig. 4. Then the volume of water in a volume element can be written 
as 

V,,. = OL A x A y = 21A vClay (50) 
where A = total cross-sectional area of saturated clay lenses in the vol- 

ume element, m2 
vclay = porosity of the clay 

Then 

w L A x A y  
A =  

2 h a y  

and the total area of lenses from which VOC may diffuse (counting top 
halves and bottom halves separately) is 

wLA.uAy 
2A = 

1Vclay 

This is also the area of the interface between any two adjacent slabs within 
the volume element into which the aqueous phase is partitioned and be- 
tween which diffusion transport of VOC may take place. 

A mass balance on the aqueous phase VOC in the kth slab of the ijth 
volume element then yields 

or 

k = 2 ,  3 ,  . . . , nr, - 1 (54) 

For the innermost slab ( k  = ni, on either side of the center plane of the 
lenses), 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 
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1379 SOIL CLEANUP BY IN-SITU AERATION. XVlll 

law, so 

G. Completion of Gas-Phase VOC Material Balance. 
The Model 

We return to Eq. (20) for the vapor phase advection terms, to which 
we must adjoin a term corresponding to mass transport of VOC by diffu- 
sion from the outermost aqueous slab. This last term is given by 

oAxAyL D 
uAxAyL [?] = Iv,lay (Au/2) [ C ~ I  - C$/KH] (57) 

diff 

or 

Equations (49), (54)-(56), and (59) then constitute the model. 
The mass of residual VOC is given by 

where AV = LAxAy. 
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I 380 RODRiGUEZ-MAROTO, GOMEZ-LAHOZ, AND WILSON 

The effluent soil gas VOC concentration is most readily calculated from 

where q is the volumetric gas flow rate. 

I I .  Model for SVE with a Single Vertical Well Screened at 
the Bottom 

Again we assume a homogeneous isotropic porous medium for the cal- 
culation of the flow field of the soil gas in the vicinity of the well. See 
Fig. 5 for the geometry and notation. We shall work in cylindrical coordi- 
nates r ,  z. Symbols not defined in this part are as defined in Part I. As 
before, we have 

V2P2 = 0 (1 ’1 
with boundary conditions physically identical to those used in the first 
model, 

aP2(r, 0) = o  az 

h 

FIG. 5 SVE well. single vertical well screened only near the bottom; geometry and nota- 
tion. 
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SOIL CLEANUP BY IN-SITU AERATION. XVlll 1381 

at the water table, and 

P 2 ( r ,  h )  = P2 = 1 atm2 

W(r ,  z )  + P2 = P’(r, z) 

(63) 
at the soil surface. Define a potential function W ( r ,  z )  by 

(64) 

V‘W = 0 (65) 

so the problem becomes 

= o  0) 
az 

W ( r ,  h )  = 0 (67) 
There must also be a sink at (0, a )  to represent the vacuum well. 

Again we use the method of images to construct W; it is given by 

1 
{T’ + [Z - 4nh - a]’}’’’ 

m 

W = A  [- 
n =  - m  

1 
{ r 2  + [ z  - 4nh + aI2}’’’ 

- 

1 
+ { r z  + [z - (4n - 2)h - a12}1’2 

1 1 
{r’ + [ z  - (4n - 2)h + a]’)’’’ + 

The constant A is evaluated by the requirement that at (0, a + r,), P = 
P, ,  the wellhead pressure. Here r ,  is the radius of the well gravel packing. 
This gives 

(69) W(0, a + r,) = PL - P5, 

or 

= AS 

and so 
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1382 RODRIGUEZ-MAROTO, GOMEZ-LAHOZ, AND WILSON 

A = (P;. - P2)IS (71) 

where S is the sum appearing on the right-hand side of Eq. (70). 
The molar flow rate to the well is given by 

where 

up = -KDV,P (73) 

and c = PIRT. This can be rearranged to give 

QRT = q = I* KD(1/2)[VpP2]]p2 sin e d e  d+ (74) 
0 0  

or 

q = (1/2)KD(v,W)p2 sin 6 d e  d+ (75) 

When the integration is carried out over the surface of a small sphere 
containing the screened section of the well, the only term from W which 
contributes is the first of the four terms, and that only when n = 0. In 
the integral we can therefore write 

W = -Alp  (76) 

so 

V,W = Alp2 

and q is given by 

(77) 

Then 

A = q / ( 2 n K ~ )  (79) 

Setting this result equal to the right-hand side of Eq. (71) and solving for 
KD then gives 

The superficial velocity of the gas is given, as before, by Eq. (19), except 
that here the components of VW are awl& and awl&, and the velocity 
components are u, and uz.  
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A. Volume Elements and Surfaces of Volume Elements. 
Advective Mass Balance 

See Fig. 5 .  The volume of the annular volume element is given by 

AVO = (2i - l)v(Ar)'Az 

Inner Sb = 2(i - 1 ) v A r A z  (82) 

Outer Sg = 2 i r A r A z  (83) 

ST = S$ = (2i - l)n(Ar)' (84) 

(81) 

The surfaces of this volume element are as follows: 

Top and Bottom 

The advective mass balance for VOC in this volume element is then 

where 

6. Initial Distribution of VOC among Phases 

This is handled exactly as in the earlier model, Part 1.D of this section. 

C. Rate of Change of NAPL Mass 

Analysis essentially identical to that resulting in Eq. (49) leads to 

Here 

m$ = C r A V v / n u  (91) 
the initial mass of NAPL in the kth slab of the volume element AVc. 
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D. Change in Aqueous VOC Concentration 

Analysis similar to that of Part 1.F leads to 

k = 2 ,  3 , .  . . , n u  - 1 (92) 
For the innermost slab, 

For the slab adjacent to the advecting gas phase, 

E. Completion of the Gas-Phase Material Balance. 
The Model 

We obtain the advection terms in the mass balance for gaseous VOC 
from Eq. (85). The term modeling diffusion from the first aqueous layer 
is 

or 

The complete equation is therefore given by 
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Equations (90), (92)-(94), and (97) then constitute the model. The mass 
of residual VOC at any time during the course of a simulation is given by 

The effluent soil gas concentration is given by Eq. (61), repeated here 
for convenience. 

An alternative approach to Cgff is to define it as follows. Let VIJ be the 
volume element containing the well. Then 

RESULTS 

These models were implemented in TurboBASIC on an Alphasystem 
486-DX microcomputer running at 50 MHz. Typical runs with the model 
for SVE with a horizontal slotted pipe required about 3 minutes; runs with 
the single vertical well SVE model required about 8 minutes since these 
required a substantially smaller value of A t  in the numerical integration 
to avoid unstable behavior due to the high gas velocities in the immediate 
vicinity of the well. Default parameters for the horizontal slotted pipe runs 
are given in Table 1; parameters for the vertical well runs are given in 
Table 2. Departures from these values are indicated in the text and in the 
captions to the figures. The plots are of two types: figures labeled “a” 
show plots of M& = Mtot(r)/Mtot(0) versus time, and figures labeled “b” 
display plots of C& = C&(t)/(KHCsat), which is the fraction of VOC 
saturation of the effluent gas. Plots of the first type give information about 
how much VOC is left-how the cleanup is progressing. Plots of the sec- 
ond type are plots of a quantity which can readily be measured during 
the course of the cleanup and which has often been used to attempt to 
follow the course of the cleanup. 
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TABLE 1 
Default Parameters Used with the Horizontal Slotted Pipe Model 

Width of domain to be stripped 
Depth of domain to be stripped 
Breadth of domain to be stripped (length of pipe) 
Depth of well 
Volumetric gas flow rate of well 

Wellhead pressure 
Diameter of well gravel packing 
Identity of VOC 
Aqueous solubility of VOC 
Henry’s constant of VOC (dimensionless) 
Effective diffusion constant of VOC (diffusivity X 

Density of VOC 
Soil density 
Soil air-filled porosity 
Soil water-filled porosity 
Mean half-thickness / of porous clay lenses 
Initial NAPL droplet diameter 

n, 
I l l ,  

Total VOC concentration in the soil 
Ar 
Duration of simulated run 
Calculated Darcy’s constant 

tortuobity/v,l,,) 

I11 

10 m 
5 m  

10 m 
4.5 m 

25 SCFM 
(0.01 18 m’is) 
0.9 atm 

30 cm 
Trichloroethylene, TCE 
1100 mg/L 

0.2821 

2 x m’is 
I .46 g/cm3 
I .7 g/cm3 
0.2 
0.2 
1.0 cm 
0.1 cm 
5 
5 
5 

2000 mgikg 
900 seconds 
100 days 

0.01 106 m’iatm.s 

Figures 6(a) and 6(b) show the effect of the half-thickness 1 of the clay 
lenses on cleanups with a horizontal slotted pipe SVE well: 1 = 0.5, 0.75, 
1 .O, 1.25, and 1.5 cm. The time required for cleanup increases drastically 
with increasing values of I, although the same gas flow rates and same 
initial total VOC masses are used throughout. The reduced concentration 
plots in Fig. 6(b) indicate the difficulty of using effluent soil gas VOC 
concentrations alone as a guide to the progress of the cleanup. Initial 
extremely rapid rates of removal (lasting less than a day) are followed 
by rapid decreases in effluent soil gas VOC levels, which then gradually 
decrease, with some fits and starts, to zero as the cleanup proceeds. About 
the only firm conclusion one can draw from the concentration plots is 
that when cleanup is complete, the effluent soil gas VOC concentration 
is zero, which, while true, is not very helpful. 
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The effect of air flow rate on cleanup for horizontal slotted pipe wells 
is shown in Figs. 7(a) and 7(b). Air flow rates are 50, 25, 12.5, and 6.25 
SCFM (0.02360, 0.01 180, 0.00590, and 0.00295 m3/s. The half-thickness 
of the clay lenses is 1.0 cm. It is evident from Fig. 7(a) that there is virtually 
nothing to be gained in terms of increased cleanup time by operating the 
well at flow rates above 12.5 SCFM-at these flow rates the process is 
completely diffusion-controlled. And it is obvious from Fig. 7(b) that one 
is going to have to treat much larger volumes of off-gas containing much 
lower concentrations of VOCs at the higher flow rates, which is costly. 

The effect of NAPL droplet size on VOC removal rate is shown in Figs. 
8(a) and 8(b). Droplet diameters are 0.01,0.05,0.1,0.2, and 0.3 cm, and the 
well configuration is that of a horizontal slotted pipe. The half-thickness of 
the clay lenses is held constant at I cm. As the droplet size increases, the 
total NAPL/water interface of the droplets decreases, decreasing the rate 
at which the NAPL dissolves. In Runs 4 and 5 (droplet diameters of 0.2 

TABLE 2 
Default Parameters Used with the Vertical Well Model 

5 m  
5m 

Radius of domain to be stripped 
Depth of domain to be stripped 
Depth of well 4.5 m 
Volumetric gas flow rate of well 

Wellhead pressure 0.9 atm 
Diameter of well gravel packing 
Identity of VOC Trichloroethylene, TCE 
Aqueous solubility of VOC 
Henry’s constant of VOC (dimensionless) 
Effective diffusion constant of VOC (diffusivity X 

Density of VOC 
Soil density 1.7 g/cm3 
Soil air-filled porosity 0.2 
Soil water-filled porosity 0.2 

n, 5 
nz 5 
n,, 5 

25 SCFM 
(0.01 18 m3/s) 

30 cm 

1 100 mgiL 
0.2821 

tortuositylu,l,,) 2 x lO-’Om’/s 
I .46 g/cm3 

Mean half-thickness 1 of porous clay lenses 
Initial NAPL droplet diameter 

1.0 crn 
0.1 cm 

Total VOC concentration in the soil 
A t  150 seconds 
Duration of simulated run 
Calculated Darcy’s constant 0.04904 m2/atm.s 

2000 mgikg 

100 days 
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(a) 

0 50 days 100 

FIG. 6 Plots of reduced mass of residual VOC (a) and reduced effluent soil gas VOC 
concentration (b); effect of half-thickness I of clay lenses. I = 0.5, 0.75, 1.0, 1.25, and 1.5 
cm, 1 through 5 .  Other parameters as in Table I .  Configuration is a buried horizontal slotted 

pipe. 
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1.0 

0.5 

-@ 
0 

z* 

a 

1.0 

0.5 

* 
bO% u 

0 

1389 

50 days 100 

50 days 100 

FIG. 7 Plots of reduced mass of residual VOC (a) and reduced effluent soil gas VOC 
concentration (b); effect of well gas flow rate. q = 50, 25,  12.5, and 6.25 SCFM, 1 through 

4. Other parameters as in Table 1 .  Configuration is a buried horizontal slofted pipe. 
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(a) 

0.5 

e M a  

0 50 days 100 

0.5 

0 50 days 100 
FIG. 8 Plots of reduced mass of residual VOC (a) and reduced effluent soil gas VOC 
concentration (b); effect of initial diameter of NAPL droplets. uo = 0.01, 0.05, 0.10, 0.20, 
and 0.30 cm, 1 through 5. Other parameters as in Table 1. Configuration is a buried horizontal 
slotted pipe. 
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and 0.3 cm), the rate of solution of the droplets is becoming the controlling 
factor rather than the diffusion of dissolved VOC through the aqueous 
phase in the clay lenses. The sharp structure of some of the effluent soil 
gas VOC concentration plots is a mathematical artifact which varies de- 
pending on the number of slabs used to represent the clay lenses. Increas- 
ing the number of slabs smooths these out but adds drastically to computer 
time requirements. 

Figures 9(a) and 9(b) show the effects of varying the initial VOC concen- 
tration in the soil. The horizontal slotted pipe configuration is used. Initial 
concentrations are 250, 500, 1000, 1500, 2000, 2500, and 3000 mg/kg. 
Cleanup times are seen to be roughly proportional to the initial concentra- 
tion of VOC, at least at the higher concentrations. Even at the highest 
concentrations one does not find effluent soil gas VOC concentrations 
approaching anywhere near the saturation value after the first few hours 
of the run, indicating that mass transport kinetics are limiting even under 
these conditions. In interpreting Fig. 9(a), recall that the ordinate is 
Mtot(t)/Mtot(0), so all the curves pass through the point (0, I ) ,  even though 
the initial masses for these runs are different. 

In Figs. 10(a) and 10(b) we compare a matched pair of runs made with 
the horizontal slotted pipe model (H) and the vertical well model (V). The 
default parameters given in Tables 1 and 2 were used for these two runs. 
The cleanup time of the vertical well is some 39.8% larger than that of 
the horizontal slotted pipe well, despite the fact that the horizontal slotted 
pipe well must remove 1632 kg of VOC while the vertical well is removing 
only 1324 kg. Gas flow rates are 25 SCFM in both cases. We conclude 
that the horizontal slotted pipe configuration is intrinsically more efficient 
than the single vertical well configuration. This is a point which we have 
noticed previously with some of our other models. Evidently significant 
savings in operating costs could result from use of the horizontal slotted 
pipe configuration, provided that the wells were sufficiently shallow that 
installation could be readily carried out. 

The effects of initial NAPL droplet diameter on SVE by means of a 
single vertical well are shown in Figs. I l(a) and 1 l(b). Initial droplet diam- 
eters are 0.025, 0.05, 0.075, 0.10, 0.15, and 0.20 cm. As with the other 
model, we find that increased droplet diameter very markedly reduces 
the rate of cleanup due to the decrease in total NAPL-water interface. 

Figures 12(a) and 12(b) exhibit the effect of varying the half-thickness 
of the clay lenses. Values of I are 0.5,1 . O ,  and 1.5 cm. As before, increased 
thicknesses of the lenses results in greatly decreased removal rates. The 
low effluent soil gas VOC concentrations seen in Fig. 12(b) indicate that 
all of these runs are in the diffusion-controlled regime. Note the rather 
long plateaus in the effluent soil gas VOC concentration plots and the 
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(4 

0.5 

0 

4- 5- 6 1  I I 

0 50 days 1oc 
FIG. 9 Plots of reduced mass of residual VOC (a) and reduced effluent soil gas VOC 
concentration (b); effect of initial VOC concentration. Ctoto = 250, 500. 1000, 1500, 2000, 
2500, and 3000 mg/kg, 1 through 7. Other parameters as in Table 1 .  Configuration is a buried 

horizontal slotted pipe. 
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1.0 

0 

1393 

FIG. 10 Plots of reduced mass of residual VOC (a) and reduced effluent soil gas VOC 
concentration (b); effect of well configuration. H: Horizontal slotted pipe configuration, 

parameters as in Table 1. V: Vertical well configuration, parameters as in Table 2. 
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0.5 

+2 
0 
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\ \ \  \ \ 

50 days 100 

0 50 days 100 
FIG. I 1  Plots of reduced mass of residual VOC (a) and reduced effluent soil gas VOC 
concentration (b); effect of initial NAPL droplet diameter size. (10 = 0.025, 0.050, 0.075, 
0.10. 0.15. and 0.20 cm. 1 through 6 .  Other parameters as in Table 2. Configuration is a 

single vertical well screened only at the bottom. 
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1395 SOIL CLEANUP BY IN-SITU AERATION. XVlll 

FIG. 12 Plots of reduced mass of residual VOC (a) and reduced effluent soil gas VOC 
concentration (b); effect of half-thickness 1 of clay lenses. 1 = 0.5, 1 .O ,  and 1.5 cm, 1 through 
3. Other parameters as in Table 2 .  Configuration is a single vertical well screened at the 

bottom. 
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relatively abrupt decreases to zero at the end of the cleanup, with no prior 
indication that cleanup is nearly complete. 

CONCLUSIONS 

Two models for the operation of SVE wells (horizontal slotted pipe and 
single vertical well configurations) have been developed which take the 
solution rate of NAPL and the diffusion of VOC through water-saturated 
clay layers into account in a rather realistic way. Depending on the param- 
eters selected, either solution rate of NAPL or diffusion of dissolved VOC, 
or both, can be rate-limiting. The shapes of the effluent soil gas VOC 
concentration curves are such as to discourage interpretation of these 
alone in terms of the degree of progress of the cleanup. The wastefulness 
of excessively high pumping speeds for systems which are controlled by 
solution or diffusion bottlenecks is demonstrated. Data for use in the 
models should be readily obtainable from well log information. The results 
also indicate that it will not be possible to develop methods for interpreting 
data from relatively short-term field pilot studies (of a few days’ duration, 
involving removal of 5-25% of the VOC in the domain of influence of the 
well) to yield information about the time which will be required to achieve 
virtually 100% cleanup of the site. 
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