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Abstract

A mathematical model for soil vacuum extraction is developed which allows the
modeling of vapor stripping from media of highly heterogeneous permeability, in
which one may not be able to make the assumption of local equilibrium between
the stationary phase(s) and the moving vapor phase with respect to volatile organic
compound (VOC) transport. A lumped parameter approximation is used to deal
with the kinetics of diffusion (and/or desorption) of the VOC from the interiors
of lumps of clay or porous bedrock out into the advecting soil gas. This model,
which makes the steady-state approximation for the VOC vapor concentrations,
typically uses less than one-twenticth the computer time of an earlier nonsteady-
state model and gives results which are in excellent agreement with that model.
This model also yields results which are in agreement with a local equilibrium
model if the rate constant for diffusion/desorption is large. The effects of imperme-
able caps and passive vent wells decrease as the rate of diffusion/desorption is
decreased.

INTRODUCTION

Soil vacuum extraction (SVE, soil venting, soil vapor stripping, soil
vacuuming) has become a widely accepted technique for the removal of
volatile organic compounds (VOCs) from the vadose zone at hazardous
waste sites, spills, leaking underground storage tanks, etc. Hutzler, Murphy,
and Gierke (/) comprehensively reviewed SVE; their article includes a list
of representative pilot and field scale operations. Sink (2) recently pub-
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lished a list of 29 SVE operations in a report on the treatment of off-gases
from SVE for VOC removal. DiGiulio et al. (3) made several recommen-
dations regarding the design of field tests for assessing SVE feasibility.
These authors note the importance of diffusion kinetics, and describe a
rather simple field test for assessing the impact of such kinetic limitations
on SVE. Fall et al. (4), Hutzler, McKenzie, and Gierke (5), and Sterrett
(6) reported observing kinetic (diffusion and/or desorption) limitation ex-
perimentally in lab or field studies, although other workers found local
equilibrium models adequate at some sites (Refs. 7 and 8, for example).

Most mathematical models of SVE make the local equilibrium assump-
tion that the mobile vapor phase and the stationary condensed phase(s) in
immediate contact with it are at equilibrium with respect to VOC transport
(Refs. 7-12, for example). Exceptions include a one-dimensional lab col-
umn model developed by Hutzler, McKenzie, and Gierke (5), and lab
column and two-dimensional vapor stripping well models by Wilson (13).
Our two-dimensional model makes use of a lumped parameter approxi-
mation to handle diffusion kinetics and can be run on a microcomputer.
Although the results of the model appear quite reasonable, it suffers from
a major disadvantage in that one must use very small values of the time
increment when doing the numerical integrations required by the model.
When the model is used on a 20-MHz PC-AT clone microcomputer with
a math coprocesser, times required for physically realistic simulations are
typically 60 h or more per run. This severely limits the usefulness of the
model for the practical simulation of SVE operations which are diffusion
controlled. We felt that it was imperative to develop a model for vapor
stripping well operation which would include diffusion kinetics and which
would run on a microcomputer at least 10 times faster than our first dif-
fusion-controlled model. This would permit the ready inclusion of diffu-
sion/desorption kinetics in modeling work where this was needed. In the
present paper we develop models for vapor stripping in laboratory columns
and by means of field vapor extraction wells which include diffusion/de-
sorption limited kinetics and which utilize a steady-state approximation
similar to that used in chemical kinetics to simplify the rate equations arising
in that field. See Laidler’s text for a discussion of this approximation (14).

ANALYSIS
In the following models we shall make the steady-state approximation
for the vapor-phase VOC concentrations. That is, we assume that the
vapor-phase concentrations are sufficiently small that the mass of contam-
inant VOC in the vapor phase is an almost negligible fraction of the total
mass of VOC present in the system. If this is the case, then the net rates
of change with time of the vapor-phase VOC concentrations with time will
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be extremely small in comparison to their rates of change by diffusion
(replenishment) and their rates of change by advection (removal). The
steady-state approximation consists in setting these very small net rates of
change of VOC concentrations in the vapor phase equal to zero. This type
of approximation is very commonly used to simplify the analysis of the
kinetic mechanisms of chemical reactions; one sets the net rates of change
of highly active intermediate species present at extremely low concentra-
tions (atoms, free radicals, etc.) equal to zero. In chemical kinetics the
approximation is quite well established and very good; our use of it in this
new context will obviously require justification by comparison with the
results of calculations in which it is not made.

One-Dimensional (Laboratory Column) Model

The model we take for SVE in a laboratory column is diagrammed in
Fig. 1. Let

A = cross-sectional area of column

v = soil air-filled porosity

w = soil volumetric moisture content

Ui,12 = linear gas velocity between the ith and (i + 1)th compartments
into which the column is mathematically partitioned

¢! = vapor phase VOC concentration in the ith compartment

¢ = stationary phase(s) VOC concentration in the ith compartment

Other terms are defined in Fig. 1. We use SI units throughout.

-+

L F N

" n-l .

4 3 t Vapor advective
transport

= Diffusion/

desorption

)

T .

4 F i+l

T .

G F !

NEXE

L

}

J;'s- 2

+ F !

T
Mobile Stationary
vapor phase(s)

FIG. 1. Model for soil vapor stripping in a laboratory column; mathematical partitioning.
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As with our previous diffusion-controlled model, we use a lumped pa-
rameter method for approximating diffusion and desorption kinetics; es-
timation of the rate parameter for diffusion was discussed earlier (13). The
lumped parameter approach assumes that diffusion into and out of the
blocks of low-permeability porous medium is governed by

N
E"‘[KH Cf] M

Included here is the assumption that partitioning of VOC between the
vapor and stationary phases is linear—that the system obeys Henry’s law,
with an effective Henry’s constant which typically is substantially smaller
than the Henry’s constant for the VOC in aqueous solutions.

If we focus only on diffusion transport between the stationary and vapor
phases in the ith compartment (a conservative process), we have

dc? dci _
vAAx( dt)dm + wAAx il 0 )]

where Ax is the length increment in the column. So

dc? _ o
VAAx(Zt_)m_ )\wAAx(KH c,-) 3)

A mass balance on the vapor phase in the ith compartment gives

dc} c
VAAx<E) = U,'_l/2VAC:}_1 - U,'+1/21¢'14c:’Y - WAAXX(‘I—(; - Cf)

(advection) (diffusion) (4)

0 (from steady-state approximation for the vapor
phase concentrations)

Solving Eqgs. (4) for ¢! then yields

L Yz WA P =
¢ == ci/(Ax+vKH)’ i=1 (5)

Ui-112 WA Vit WA .
Vo= | ——= ¢V — —_— + —, = 2’ 3, LRI
K (Axc"+vc)/<Ax vKH) !



12:41 25 January 2011

Downl oaded At:

SOIL CLEAN UP BY IN-SITU AERATION. VII 747

Equations (1) are then integrated forward in time, with the ¢! being
calculated at every step from Eqgs. (5). This integration can either be done
by a standard predictor-corrector method (15), or one can rearrange Egs.
(1) to

dct Ac?
i + A _,‘ = i
c K.

(6)

One then assumes that ¢! remains essentially constant during the time
increment in the integration, At. Integration then yields

ci(At) = ¢i(0) exp (—NAL) + c/(0)[1 — exp (=NAN)/ Ky  (7)

At this point we are in position to carry out the calculation. We need
an expression for the gas velocity within the column; this is given by (8)

_ KD(Plzn B P(Z)ut) 2 Pnzn _ Pgut e
v, = 2L P, in L X (8)
where P,, is the column inlet pressure (atm), P,, is the column outlet
pressure (atm), and K, is the soil permeability.

The next step is the initialization of the ¢§(0)—the initial VOC concen-
trations in the pore liquid. These are given by

¢i(0) = 10-%pc/w ©)

where p = soil density (g/cm?)
¢ = VOC concentration, mg VOC/kg of soil
w = volumetric moisture content of the soil, dimensionless

The c?(0) are then calculated from Egs. (5). This is followed by calcu-
lation of the ci(At) by predictor-corrector integration of Eqs. (1) or by
Eqgs. (7). These values are then used in Egs. (5) to calculate the c?(At).
One then repeats these last two steps to carry out the integration of the
system over the duration of the run.

Our use of the steady-state approximation from chemical kinetics in this
different context requires some scrutiny. We therefore compare the results
of this approach with those of a local equilibrium analysis of the same
system; the two should be in close agreement in the limit as A—. A local
equilibrium analysis gives

¢! = Kyci (10)
and

m; = AvAxc! + AwlAxci (11)
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so that
m; = AAx[vKy + wic (12)
A mass balance on the ith volume element gives
dmi/dt = Av[v,_y2¢f-; — Vir126Y] (13)
Substitution of Egs. (10) and (12) in Egs. (13) yields

dei _  vKy  VioipCioy < Vil
dt vKy+w Ax

(14)

for the local equilibrium approach.
We next examine the steady-state approach in the limit as A—>. Our
starting point is Egs. (1) and (5),

dc§~ i}’__ ,
E—R( Cf) 1)

and

y _ (Vic1z wA Visz . WA . '
Ci"’(Ax ¢+ v Cl)/(Ax +VKH), 1—293’--' (5)

Divide Eqgs. (5') by Ky and subtract c; to obtain

(C_f _ c*) - 1 (i_1pci-1/Kn) — (Ui+1/26'f)) (15)
Ky ! Ax \ (vii12/Ax) + (WANVKY)

For A= we can neglect the first term in the denominator, so

Y vK
(— - C‘f) = WAH; (Vi-126-1/ Ky — Vis1265) (16)

Substituting Eqs. (16) and (10) into Eqgs. (1) yields

dC': _ VKH

«E—t- = m Wi-112€5-1 — Vis12€5) 7

Comparison of Egs. (17) with Egs. (14) from the local equilibrium approach
shows that their right-hand sides differ by a factor of 1 + vKy/w. Typically,
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v is roughly 0.3, w is about 0.2, and Ky is less than or equal to 0.005
(dimensionless), so our factor is smaller than 1.0075. It therefore appears
that the steady-state approximation can be expected to lead to errors in
clean-up time estimation of less than 1%,

Two-Dimensional Analysis of a Field Vapor Stripping Well

We use the overrelaxation procedure employed in earlier papers (12,
13) to calculate the soil gas velocity field in the vicinity of a vapor extraction
well. This permits us to include stratification, anisotropy, and other in-
homogeneities in the permeability function, impermeable caps, and passive
wells if desired. In this paper we therefore need concern ourselves only
with the movement of the contaminant VOC in the presence of a given
soil gas velocity field. Cylindrical symmetry is assumed, and the system
(illustrated in Fig. 2) is therefore described by the two cylindrical coor-
dinates r and z. Insofar as possible, the notation of the previous section is
used; modifications in notation are as follows.

VOC vapor concentration in the ijth ring-shaped volume element
stationary (condensed phase) VOC concentration in ijth volume ele-
ment

Ar, Az = length increments in the r and z directions, as indicated

Vi = m(2i + 1)AzAr* = volume of ijth volume element

CU
ij

S
C,‘j

We assume as before that diffusion and/or desorption processes are first
order, so

% = \ey/Kn ~ ) (18)

Surface

i gpme
T
L]well

waler table

FIG. 2. Model for soil vapor stripping by means of a vacuum extraction well; mathematical
partitioning of the domain of interest.
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If we focus only on diffusion transport between the stationary and the
vapor phases in the ijth volume element, we have

ac" dcs;
V. Wy, i =
s (at)diff Hr dt =0 (19)

since this process conserves VOC within the volume element.

Advective transport is considered next. The upper and lower surface
areas of V;; are given by w(2i + 1)Ar%. The outer cylindrical surface to V;
is 2mw(i + 1)ArAz, and the inner cylindrical surface to this volume element
is 2miArAz. From Eqgs. (18) and (19) we see that

Wi () = —wVAet/Kn - ¢ 20)
j ] ]
dt diff

A mass balance on the vapor phase in the ijth volume element gives

w(2i + l)AzArz%ct’I = —vRS(—vB)2m(i + 1)ArAzci,,

vIS(—v)m(2i + 1)Aricy,, + vES(vk)2wiArAzcl_,;

+

vBS(R)w(2i + DAricy;_, + [vES(—vk)2miArAz

vES(B)2w(i + 1)ArAz — viS(WY)m(2i + 1)Ar?
+ vBS(—vB)yw(2i + 1Ay — ww(2i + 1)AzAPN(c/ Ky — ci)v™!

21

The notation for the velocities is indicated in Fig. 3. The function S(v) is
a unit step, vanishing for v < 0 and equal to 1 for v > 0.

The quantity dc¥/dt is then set equal to zero from the steady-state ap-
proximation, and Eqs (21) are solved for c}j; this yields the following set
of linear algebraic equations for these quantities.

—URS(—vE)2w(i + 1)ArAzci,,; — v§S(—vi)w(2i + 1)Aricy;.,
+ v,‘;S(v 2miArAzel_y; + vES(E)w(2i + DArky;_,
+ wr(2i + 1)AzArAc V™!
—vkS(—vk)2miArAz + vES(vR)2w(i + 1)ArAz
+ v}fS(v Nm(2i + 1)Ar2 + vBS(—vB)m(2i + 1)Ar?
+ ww(2i + 1)AzAr’A/Kyv

=

(22)
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r
v’
v —— — v
Vi]B
z

FiG. 3. Notation for the soil gas velocities at the four surfaces of one of the ring-shaped
volume elements used in modeling a vacuum extraction well.

Recall that
dejj/dt = Mci/Ku — cfj) (189

This set of equations can be integrated forward in time by a predictor-
corrector method or by assuming that the cf; can be regarded as essentially
constant during the differential time increment used in the numerical in-
tegration. The first method uses the following algorithm.

starter:
ci(AD* = c5(0) + Atic—zgi) (23)
predictor:
ci(t + AD* = ¢(t — A + 2At4_c39 (24)
corrector:

Ardcy(t) N dci(t + Ar)*

ci(t + A1) = ¢j(e) + > dt o (25)

The second method yields, as before,
ci(t + At) = cj(t) exp (—NAL) + (D[l — exp (—ANAD)/Ky  (26)

The computational procedure is then as follows.
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First, one inputs the system parameters (dimensions, isotherm param-
eter, porosity, moisture content, etc.) and the gas velocities from the pro-
gram used in our earlier local equilibrium models. One then initializes the
c§i(0) values exactly as in the column model discussed in the last section.

One then iterates Eqs. (22) holding the cj;(0) at their initial values until
the cj(0) have converged. (Actually, this turns out not to be necessary
unless one is interested in the initial transient behavior of the system, which
is rarely of concern.)

One then calculates the cjj(Af) from Egs. (23) and (25) or Eq. (26).
This is followed by calculation of the cj(A¢) by means of a couple of
iterations of Egs. (22). Note that terms will be missing from these equations
along the boundaries and the axis of the cylindrical domain of interest.

One is now in position to continue the integration forward in time of
this system of differential and algebraic equations. The mass of contaminant
still remaining in the domain of interest at time ¢ is readily calculated from
the values of the cj;(f), and plots showing the distribution of contaminant
in the domain of interest can be made as desired. These have been discussed
in detail in our earlier work.

RESULTS

Computer programs were written in TurboBASIC to implement the
diffusion-limited models of vapor stripping in laboratory columns and by
means of vapor extraction wells. The laboratory column model, which runs
very rapidly, was used extensively for testing approximations and algo-
rithms. It is unlikely to be particularly useful, however, since the very
process of collecting soil samples and packing them into lab columns dis-
rupts the soil inhomogeneities which are a major cause of diffusion-limited
soil vapor extraction. In this section we therefore focus our attention on
results obtained with the two-dimensional cylindrically symmetrical model
for soil vapor extraction in the field with a single vacuum well. The runs
were made on MMG286 microcomputers with math coprocessors and run-
ning at 12 or 20 mHz. A typical run required between 2 and 3 h. This
compares very favorably with the run times of 2—4 days required for similar
runs (carried to similar levels of clean up) made with our earlier diffusion-
limited model (13), and is not significantly longer than the computation
times required to run similar systems for similar times with our local equi-
librium model.

The standard parameter set used is given in Table 1. These parameters
were used in all the runs except as noted on the figures or in the captions
to the figures.

A set of runs was made to explore the validity of the steady-state ap-
proximation used in this model for diffusion-controlled soil vacuum ex-
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TABLE 1
Standard Parameter Set for Simulations of a Soil Vapor
Stripping Well

Parameter Value

Radius of domain of influence 10 m

Depth of water table 8§m

Depth of well 6m

Radius of impermeable cap Om
Gravel-packed radius of well 0.12m
Wellhead pressure 0.866 atm
Temperature 12°C

Gas-filled porosity 0.2

Water-filled porosity 0.2

Pneumatic permeability, K, 0.6206 m*/atm-s
Pneumatic permeability, K, 0.6206 m?/atm-s
Effective Henry’s constant 0.01 (dimensionless)
Initial contaminant concentration 10 mg/kg

Soil density 1.7 g/em?
Molar gas flow rate 1.102 mol/s
Volumetric gas flow rate 0.02579 m*/s

traction and to see the effect of varying the rate constant \ for diffusion
from the porous domains of low permeability. The parameters for these
runs are given in Table 1; only the diffusion rate constant was varied. A
calculation was made using our local equilibrium model for comparison
purposes. Three calculations were made for each of the values of A shown
in Fig. 4. These were 1) a calculation using our “exact’ model (i.e., without
the steady-state approximation); 2) a calculation in which the predictor-
corrector method was used for the numerical integration; and 3) a calcu-
lation in which the integrated form of the differential equations was used
for the numerical integration. All three models which included diffusion
gave results which are virtually identical; plots at the scale of Fig. 4 would
be completely indistinguishable. These numerical results are in agreement
with our analysis above of the lab column model in which it was found
that one could expect excellent agreement between the steady-state dif-
fusion-limited model with a large diffusion rate constant and the local
equilibrium model. The steady-state model which uses the integrated form
of the differential equations was slightly faster than the steady-state model
which uses the predictor-corrector method. Both of these were a minimum
of 6 times faster than the “exact” diffusion-limited model. It was found
that the value of AAt must be 0.01 or less if reliable results are to be
obtained with the steady-state models; At was set equal to 100 s for the
runs with A = 10745~



12:41 25 January 2011

Downl oaded At:

754 RODRIGUEZ-MAROTO AND WILSON

10,0 M, 4101

1

0 5 10 15 20 25%10® sec
time

FIG. 4. Plots of log,, total contaminant mass versus time; effect of diffusion rate constant \.

From the top down, values of A are 1078, 1077, 5 x 1077, 10-%, 10, and 10-*s"'. The plot

with A = 10~*s~!is indistinguishable at this scale from a plot with A = o (the local equilibrium

model). Other system parameters are given in Table 1. No passive wells or impermeable caps
are present.

It was observed that for this system and at this gas flow rate the local
equilibrium results were indistinguishable from those obtained when A =
10~*s~. As A decreases below 10-%s~!, however, the rate of VOC removal
becomes progressively slower.

Another set of runs was made in which the effective Henry’s constant
Ky was reduced from 1072 to a value of 10~3; these are shown in Fig. 5.

2r

'°gloM'otal

1
0 5 10 15 20 25%|0" sec
time
FIG. 5. Plots of logj, M. versus time; effect of diffusion rate constant k. Ky, for these runs

has been reduced to 0.001. From the top down, values of A are 10-8, 1077, 10-¢, 103 s~!,
and o (local equilibrium).
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(Note the change in scale of the time axis between Figs. 4 and 5.) It was
found that, if all of the system parameters except A and K, are held constant
and that Ky, is varied proportional to A, then the clean-up time is propor-
tional to A~!. A comparison of Figs. 4 and 5 also shows that the damaging
effects of a small effective Henry’s constant are not limited to local equi-
librium and near-local equilibrium calculations.

In our earlier work on diffusion-limited SVE (13, 16), rather limited
numbers of runs were presented and a number of interesting points were
left unexplored because of the punishing time requirements of computa-
tions with the exact model. The steady-state model eliminates this problem,
and we here investigate these matters.

In Figs. 6 and 7 the effects of overlying impermeable caps are investigated
for a range of values of the diffusion rate constant. Figure 6 compares runs
having no cap with runs having a cap of radius 6 m. We see that a cap
results in the greatest percentage reduction in clean-up time (to, say, the
99.9% level) if the diffusion rate constant is large; for slow diffusion rates
the cap has a negligible effect. Figure 7 compares runs made with caps of
4 and 8 m radius for systems having a range of diffusion rate constants.
The larger caps give shorter clean-up times, but, as in Fig. 6, the differences
decrease as the diffusion rate constant becomes smaller. These results are
as one would expect intuitively, since the effect of a cap is to increase the
efficiency of the gas flow pattern by increasing gas flow rates in the rela-
tively stagnant portions of the domain near the periphery of the cylinder;
however, the efficiency of the gas flow pattern in advection becomes less
and less important as diffusion rates become more and more limiting.

10g,,M, 5141

0 5 10 15 20 25x10°® sec
time

FIG. 6. Plots of log,y M., versus time; effect of an impermeable cap of 6 m radius. Runs
made without a cap are indicated with dashed lines. From the top down, values of X are 1077,
5 x 1077, 10~° s~*, and = (local equilibrium).
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\

i
(o] 5 10 15 20 25 30%10* sec
time

FiG. 7. Plots of log,y M. versus time; effects of impermeable caps of 4 m radius
(dashed lines) and 8 m radius (solid lines). Values of A are 5 x 1077, 10757, and = (local
equilibrium) from the top down.

The effects of the presence of a set of passive vent welis located around
the periphery of the domain of interest and screened along their entire
length are shown in Figs. 8 and 9. No impermeable cap is present in these
runs. For this particular geometry, the passive wells result in relatively
little changes in removal efficiencies; with the local equilibrium run and
the run with the largest diffusion rate constant (10~° s~?), the presence of

10g,,M;o1a1

0 5 10 15 20 25xI0%sec
time

FiG. 8. Plots of log;s M. versus time; effects of passive wells screened along their entire

length and located around the periphery of the domain. Runs made with passive wells present

(solid lines) and absent (dashed lines) have values of A of 10, 10~ s~}, and o from the top
down.
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2r

|oqlo M'otol

10%|0"sec

e
n
»H
o+
o]

time

F1G. 9. Plots of log,y M, versus time; effects of passive wells. Runs with passive wells present
(solid lines) and absent (dashed lines) have values of X of 1078, 1077, and 5§ X 10~7 5! from
the top down.

passive wells may actually reduce efficiency toward the end of the run. As
the diffusion rate constant becomes very small, the effect of the passive
wells on clean-up time is seen to decrease on a percentage basis, as one
would expect.

The situation is rather different if these passive wells are combined with
overlying impermeable caps. In Fig. 10, runs were made with or without
impermeable caps of radius 10 m and passive vent wells screened along
their entire lengths. The combination of caps and passive wells results in

o] 5 o] 15 20 25%10% sec
time

FiG. 10. Plots of logy, M. versus time; effects of passive wells combined with a 10-m

impermeable cap. Runs with passive wells and caps present are indicated with solid lines;

runs without wells and caps are shown with dashed lines. Values of A are 1077, 5 x 1077,
and 107°s~! from the top down.
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significant increases in removal rates for diffusion rate constants of 5 X
10-7 s~! and larger. As before, as diffusion becomes slower it overpowers
the effects of anything one can do to the gas flow pattern.

In Fig. 11, runs were made with and without caps and passive wells
screened along their entire lengths; the radius of the impermeable cap was
8 m. In this configuration the passive wells are highly beneficial, more than
doubling the rate of removal for the local equilibrium model and resulting
in very substantial increases in removal rates for diffusion rate constants
greater than 5 X 1077 s~!. If one is under some pressure to meet a rather
short deadline for clean up of a site (a not uncommon situation), these
results suggest that money spent on a configuration involving both caps
and passive wells might be well spent.

The effects of gas flow rate are shown in Figs. 12 and 13. In Fig. 12 we
see that clean-up rates for the local equilibrium model are directly pro-
portional to the soil gas flow rate, exactly as one would anticipate. As
diffusion processes become more limiting, however, the payoff achieved
by increasing the gas flow rate becomes less and less. In Fig. 13 it is apparent
that doubling the gas flow rate from 2.75 to 5.5 mol/s results in only a
20% increase in clean-up rate if the diffusion rate constant is 1076 s~1. If
this parameter is 1077 s!, increasing the gas flow rate from 2.75 to 5.5
mol/s results in a negligible increase in removal rate. One concludes that
diffusion limitations should be explored in some depth during the pilot
phase of an SVE feasibility study. DiGiulio et al. (3) recently published a
very good experimental procedure for doing this, which should probably
become routine practice.

'°g|o M'Ofﬂl

0 5 10 15 20 25x10° sec
time

Fi1G. 11. Plots of logy, M. versus time; effects of passive wells combined with an 8-m

impermeable cap. Runs with passive wells and caps present are shown with solid lines; runs

without wells and caps are shown with dashed lines. Values of A are § x 1077, 10" s~!, and
o (local equilibrium) from the top down.
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FIG. 12. Plots of log,y M., versus time; effects of gas flow rate. No passive wells or caps are

present. Runs made with the local equilibrium assumption are shown with dashed lines. Runs

having A\ = 5 x 1077 s~' are shown with solid lines. Gas flow rates in each of the two sets
of runs are 1.05, 2.75, and 5.5 mol/s from the top down.

CONCLUSIONS

An improved mathematical model for soil vapor extraction with a vac-
uum well has been developed which permits one to take into account
diffusion and/or desorption kinetics by means of a lumped parameter
method. The effects of the diffusion rate constant, effective Henry’s con-
stant, gas flow rate, impermeable caps, and passive wells have been ex-
amined by means of this model. The model, which uses a steady-state
approximation, yields results which are indistinguishable from the results
of an earlier, more exact model; the present model requires 1/6th to

lOgIO Mloml

5x107

time

FIG. 13. Plots of log,y M., versus time; effects of gas flow rate. No passive wells or caps are

present. Runs made with A = 107 s-* are shown with dashed lines; runs made with A =

10-¢ s~! are shown with solid lines. Gas flow rates are 1.05, 2.75, and 5.5 mol/s from the top
down in each set.
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1/25th the computer time of the earlier method, so it can readily be used
for design calculations requiring a large number of simulations. The model
runs on readily available microcomputers.
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