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Transport by oscillatory flow
in soils with kinetic mass transfer
I. Theory

Donald A. Neeper' and Philip H. Stauffer?
Earth and Environmental Sciences Division
Los Alamos National Laboratory
Los Alamos, NM 87545, USA

Abstract

The objective of this paper is to provide a design tool for
estimating the effectiveness of passive soil vapor extraction,
which is the removal of volatile contaminants by barometric
pressure variations. This work is applicable to other cases of
oscillatory flow in porous media, including tidal aquifers and
water or gas flow due to earth tides. Oscillatory flow of a
fluid in a porous medium can generate a one-way transport of
heat or chemical 1f there is a gradient of temperature or
chemical concentration in an immobile phase. An immobile phase
might be provided by soil heat capacity, by stagnant fluid, by
sorption, or by dissolution in pore water of soil. The rate of
transport is proportional to the square of the amplitude of
periodic fluid displacement. Averaged over time, the transport
is proportional to the gradient, and i1s thereby similar to
diffusion. As a function of oscillation freqguency, the transport
rate has a broad peak near the value wr=1, in which ® is the

angular frequency of oscillation and 7 is the characteristic
equilibration time of the mobile phase with the immobile phase.
The analytic theory is presented, along with finite element
numerical simulations using actual barcometric pressure histories
that illustrate application to passive soill vapor extraction.

Keywords: Soil vapor extraction; Transport; Diffusion;
Oscillatory flow; Remediation

1. Introduction

This paper explores isothermal axial transport due to
oscillatory flow of gas or ligquid in a porous medium, with
application to the ventilation of soils by barometric pressure
variations. Oscillatory flow can increase the transport of heat,
dissolved chemicals, or vapor species in the moving fluid, in
effect increasing the diffusivity along the axis of flow. This

! Guest Scientist and corresponding author. Tel. +1 505 662 4592 E-mail address: dneeper@earthlink.net
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transport occurs whenever a mobile phase of a substance (such as
a chemical dissolved in water) equilibrates over time with an
immobile phase (such as chemical sorbed on the soil matrix),
while the mobile phase undergoes oscillatory motion. Although
the theory is quite general, we specifically apply it to passive
soil vapor extraction (PSVE), in which offending vapors are
removed from the vadose zone by barometric pumping of air at an
open borehole.

1.1 Review of passive soil vapor extraction

Ellerd, et al. (1999) review PSVE. Jennings and Patil
(2002) note that application of PSVE has been hindered by the
absence of procedures for estimating its effectiveness. This
paper offers such a procedure, expressing the transport as a
diffusivity that depends on the period of motion and the rate of
exchange between the mobile and immobile phases of the
transported substance. We call this the "exchange diffusivity."

1.2 Review of oscillatory flow and transport

Choi and Smith (2005) simulated oscillatory gas advection
in soils, finding that ordinary chemical diffusion was greater
than effects due to advection. However, they assumed
instantaneous equilibration between mobile and immobile phases,
thereby neglecting the process that we investigate here.
Schonewill (2008) offered an extensive review of the chemical
engineering literature related to oscillatory flow. However, his
own work examined the dispersion transverse to the flow
direction, while the focus of this paper is on transport along
the axis of flow. Kay (1977) considered the dispersion of a
point source of contaminant during combined tidal and steady
estuarine flows. Kurzweg, et al. (1984) analyzed flow in tubes,
where the viscous boundary layer of the fluid provides an
immobile phase. Nilson et al. (1991) considered barometric air
flow in fractured rock, in which the gas-filled porosity between
the fractures provides an immobile phase. The analyses of
Kurzweg and Nilson depend on the detailed mechanism of the rate-
limited exchange between the mobile and immobile phases. In
contrast, this paper offers a simplified analysis, in which the
exchange between the mobile and stagnant phases is represented
by a first-order rate constant, regardless of its physical
mechanism. Jaeger and Kurzweg (2003) report removal of vapors
from a packed bed by pressure oscillations imposed from one end.
They regard the compressible gas oscillations in a packed bed as
complicated and "not readily amenable to analytic or numerical
calculations." Although analysis of flow in porous media on the
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scale of particle size would indeed be complicated, our
simplified analytic method uses lumped parameters such as
porosity, permeability, and rate constants, representing the
situation as a special case of retarded advective transport.

Nonequilibrium transport in soils is often represented as a
combination of mobile and immobile phases of the transported
substance, as when flow occurs in preferential channels adjacent
to stagnant porosity (see, for example, Brusseau, 1994; Wilson,
et al., 1995), or when a mobile fluid transports a substance
that i1s sorbed on the immobile soill matrix (Ma and Selim, 1998).
Lal and Shukla (2004) and Jury and Horton (2004) discuss rate-
limited ("kinetic") sorption. Among others, Armstrong, et al.
(1994) and Switzer and Kosson (2007) review rate-limited mass
transfer as a cause of the so-called "rebound" of vapor
concentration observed during cessation of active soil vapor
extraction (SVE). Most previous modeling of SVE has considered
rate-limited mass transfer only when coupled to steady, rather
than oscillating, flow. Cirpka (2005) considered kinetic
sorption during sinusoidal flow, but the results were not
applied to practical problems. Although applicable to
oscillatory transport in a variety of circumstances, this paper
will focus on practical application to soil vapor extraction.

1.3 Outline of this paper

In a previous theory of oscillatory transport (Neeper
2001), the immobile phase had unlimited capacity. Section 2 of
this paper expands that theory, allowing finite capacity in the
immobile phase. This analysis does not depend on the mechanism
of partitioning between the mobile and immobile phases;
therefore, it is applicable to almost any physical situation
that can be represented by a mobile-immobile nonequilibrium
model with oscillatory flow.

In Section 2 we discuss why barometric pumping at a
borehole is much more significant than at the plane surface of
the ground. For practical design of PSVE systems, we show that
the quasi-cyclic advection in a mobile-immobile system can be
represented as a location-dependent diffusivity. This enables
assessment of the long-term effectiveness PSVE, without
requiring simulation of the time-dependent barometric flow and
kinetic mass transfer.

Section 3 compares the results of the analytic theory with
finite element simulations of flow and transport. Section 3.1
presents a numerical simulation of a soil column for which the
results agree with the analytic theory. Section 3.2 presents a
simulation in cylindrical geometry, with flow driven by an
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actual barometric pressure history. The cylindrical results
predict that the barometric frequency spectrum is adequate to
enhance the passive extraction of soil vapor in a realistic
situation.

Section 4 discusses practical application of the theory.

Section 5 summarizes the conclusions of this paper.

Finally, in a second paper of this sequence (Neeper and
Stauffer, this issue) we present analysis of a field experiment
for which a mobile-immobile model agrees in detail with time-
dependent data.

2. Theory of oscillatory transport in porous media
2.1 The idealized configuration

The oscillatory transport mechanism requires only that
mobile and immobile phases of the transported substance both
exist, and that they equilibrate at a finite rate. Fig. 1
illustrates idealized one-dimensional mobile-immobile transport
systems. Fluid moves with sinusoidal displacement amplitude, A,
in a channel through a fixed matrix. The fluid carries heat or a
chemical substance, to which we generically refer as the
"tracer." The immobile phase may be sorbed on the channel wall
(Fig. 1(a)) or held in the stagnant porosity of the matrix (Fig.
1(b)). The time-average concentration of the tracer increases
with distance according to a linear gradient.

[Fig. 1 here]

We define the capacity of the channel, V., as the quantity
of tracer held in the moving fluid per unit concentration of the
moving fluid, per volume of soil. This is simply the porosity
occupied by mobile fluid. The capacity of the matrix, V,, is
defined as the quantity of tracer held in the matrix per unit
concentration of the moving fluid, per volume of soil. For
example, if the immobile phase were stagnant fluid, the matric
capacity would be the porosity occupied by that stagnant fluid.
If the tracer were linearly sorbed on the matrix, the matric
capacity would be the product of the partition coefficient and
the soil density. For a vapor tracer with no sorbed or dissolved
phases, V. and V, would be the air-filled porosities in the
channel and matrix, respectively.

2.2 Concentrations as functions of time
Consider an infinitesimally wide element of fluid in the

channel as illustrated in Fig. 1. The sinusoidal displacement of
this element of fluid is
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x = Asin(wt) . (1)

At any position, x, we assume that the concentrations of the
moving fluid element in the channel and of the immobile adjacent

matrix, C. and Cp, equilibrate according to rate constants 7. and

Tn. T. represents the time in which the concentration in the
channel would exponentially approach a constant concentration in

an adjacent matrix of infinite capacity; likewise, 1, represents
the time in which the concentration in the matrix would approach
the constant concentration in an adjacent channel of infinite
capacity. See Appendix A for additional clarification of g, and

T.. The concentrations of the two phases change in time according
to:

oC, = JFK;AxJ)—C;Cnﬂ] , and (2a)
ot T,
agt”’ = —I—[Cc(x,t) -C, (x,0)] . (2b)

m

Egs. (2a) and (2b) are a form of the rate-limited mass
transfer, as presented by Jury and Horton (2004) for a mobile-
immobile water model. Tracer gain by the channel must equal loss
by the matrix:

oc
p 9 _ _y % (3)
o o

which leads to

n _ Vn (4)
TC VC
and
oC, z, OC_
- . tm . (5)
ot T, Ot
We seek steady state solutions of the form:
C, = C, +a,sin(wt+1,) (6a)

C, = C,+yx+a,sin(ot+n,) , (6b)
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in which a. represents the amplitude of concentration change in
the moving infinitesimal element of fluid, and a, represents the
amplitude of periodic change of concentration at any immobile
location x along the matrix. Cp represents the equilibrium matrix
concentration at the arbitrary location x = 0, and y is the

concentration gradient. The phase shifts 7. and 7, describe the
concentration changes relative to the phase of the fluid
displacement.

Solution of the previous equations leads to:

= }/A 3
o Jenrast, )

i (8)

A
Tm
am = ac % ! ( 9 )

nm = 770+7Z. " (10)

n, = 1TIan

Egs. (9) and (10) show that the concentrations in the matrix and
channel vary oppositely in phase, with amplitudes inversely
proportional to their relative capacities.

The system is analogous to a resistance-capacitance
electrical network, with voltage analogous to chemical
concentration. As outlined in Appendix A, when two or more
immobile phases exist, their different capacities and
equilibration rates combine to act as a single immobile phase,
just as parallel linear circuits act as a single equivalent
circuit. Therefore, Egs. (1) through (10) apply equally well to
a system with more than one immobile phase--for example, a
system with a vapor transported by air, an immobile phase of
vapor in stagnant air-filled porosity, and additional immobile
phases dissolved in pore water and sorbed on soil.

2.3 Longitudinal flux in the channel

The net longitudinal flux in the channel (quantity per
cross-sectional area per time) is the integral of the product of
velocity and concentration over one cycle at x=0, divided by the
period of the cycle:
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T
F = _}j[ac sin(wt +17,, — A ysin(wt) | * Awcos(wt)dt
0

2 2
y A . (wr,)

. (11)
2% (wr,)’ +(1+% )?

The ratio of channel flux to concentration gradient, F/y, may be
regarded as a diffusivity in the channel, D., which we call the
"exchange diffusivity" because it depends on the rate of
exchange between the channel and matrix:

_ (@z,)°

D f}/ A,
e V4 2Tc (G)Tc)z + (1_}_% )2

(12)

We expect the channel capacity will usually be smaller than
the matric capacity, making 1./, < 1. In that case, as the
angular freguency becomes large (®wt. >>1), the exchange

diffusivity approaches A%/21., suggesting that a large rate of
transport might be achieved by combining a sufficiently large

frequency with a small 7.. Indeed, this has been observed for
flow in small pipes (Kurzweg and de Zhao, 1984), but, as a
practical consideration for porous media, we caution that the
mechanical power to generate a particular displacement amplitude
increases with the square root of the frequency (Neeper, 1991).
Tortuosity is not explicit in Eqg. (12). However, the exchange
diffusivity includes the effects of tortuosity because the
displacement amplitude represents a straight-line movement of
the fluid and transport of tracer, whether or not the flow
actually follows a tortuous path.

2.4 Exchange diffusivity applied to gas flow Iin plane geometry

For ease in comparing equations, equation numbers relating
to plane flow will be appended with the letter X, while
corresponding equation numbers relating to cylindrical flow will
be appended with the letter R.

We consider compressible gas flow in porous media driven
by pressure variations that are much smaller than the unchanging
average pressure, Py;. For plane pressure penetration in a semi-
infinite medium, as might occur due to barometric pressure
cycles at ground surface, the local pressure amplitude P, and
displacement amplitude Ay decrease exponentially with distance X
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from the source of oscillatory pressure of amplitude Ps. (see,
for example, Neeper, 2002). (Note the distance from the surface
of the medium, X, should not be confused with x, the
instantaneous displacement of a particular element of gas from
its equilibrium position as described in Eqg. (1) .) Where ¢, and 4.
are the total gas-filled porosity and gas-filled porosity in the
channel, respectively, and other symbols have customary meanings
as defined in the notation at the end of this paper, from
Darcy's law the penetration of small a sinusoidal pressure is

P, = Psexp(—%) . (13X)

in which the exponential penetration depth, O, is given by

5§ = 2L (14)

oug,

As explained in Appendix B, for sufficiently small Py, the plane
displacement amplitude in the channel is approximately

o . (15X)

The value of O varies greatly for barometric components
penetrating into soils. For example, with P, of 1.0e5 Pascals, an
air-filled porosity of 0.4, a period of 1 day, and a

permeability of 1.0e-12 m?, O would be approximately 19 m.
However, if the period were 16 days and the permeability 8.0e-12

m?, O would be approximately 220 m.

From Egs. (12) and (15X), the exchange diffusivity in the
channel at a distance X from the plane pressure source (e.d.
below ground surface) is

14 kP
“ 2 ¢ u P

exp(-2X/8)][ s I = [F,JIF,] . «ex
(a)rc)2-+(14-f;€{ r

When expressed in terms of the local pressure amplitude Py at
depth X, Eqg. (16x) becomes
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Lo, kP 7, ]
2 ¢02 /,l P 2 Tc 2 .
)" (wr,) +<1+An>

The symbolic factors, Fux and Frp of Eqg. (16X) represent the
exchange diffusivity as a product of a hydraulic term and an
equilibration term. Fig. 2 presents the frequency dependence of
the equilibration term, Fr. The maximum flux occurs when z, >> 7.
and wi, = 1. In physical terms, the maximum occurs when the
matrix has large capacity and the period of motion eqgquals the
channel equilibration time multiplied by 2n. The peak value of Fy
decreasegs and shifts toward higher frequencies as the matric
capacity is reduced.

[Fig. 2 here]

(17X)

DeX :[

2.5 Exchange diffusivity applied to cylindrical gas flow

Cylindrical flow occurs when either extraction or injection
wells are operated in a uniform geologic formation. Small
amplitude sinusoidal cylindrical gas flow is described by
equations analogous to (13X), (15X), (16X), and (17X) (Neeper
2003) . The pressure amplitude, Py, at any particular radius, R,
from a borehole of radius R, is given by:

P, = PSM , (13R)
No(Z,)

in which Ny is the magnitude of the modified Bessel function of
zero order with argument Z, and

z = 286, z, = 2R (18)

(See the table of notation at the end of this paper.) As
explained in Appendix B, the radial displacement amplitude is
approximately

L[k, M@ _ g EN@)

4, = — > =
N ¢c wﬂf)() NO(Zb) \/_2— ¢c 130 NO(Z)

, (15R)

and the exchange diffusivity in the radial channel is
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3 ¢ u P N (Z,) H,
(w7,)’ +(1+ )
When expressed in terms of the local pressure amplitude, Pk,
g. (16R) becomes
[ k P; N{(2) T, ] e

2¢ # By NJ(Z) (07,)’ +(1+/)

The equilibration factor Fz is identical in Egs. (16X) and
(16R), but the greater displacement amplitude near a borehole
can cause Fyr 1n cylindrical systems to be much larger than the
corresponding Fuyx in plane geometry. Fig. 3 compares the
exponential term in Fux with the Ny /Ny term in Fyr, showing that,

for distances within 0.1*0 of the pressure source, the exchange
diffusivity will be much greater in cylindrical flow than in
plane flow.

[Fig. 3 here]

2.6 Comparing exchange diffusivity with mechanical dispersion

Values of the plane hydraulic term, Fyx, vary from 9.0e-9 to
3.0e-3 m2/s for the following range of soil properties and
pressure amplitudes: 0.3 < @, < 0.5; 0.02 < ¢, <0.5; 1.0e-11 < k
< 1.0e-12 m?; and 100 < Px. < 1000 Pa. For the more porous soils
or larger local pressure amplitudes, Fyx is larger than the
binary diffusivity of many volatile hydrocarbons in air.
Therefore, barometric pumping by the mobile-immobile mechanism
may be important, or even dominant, in dispersing subsurface
vapors if significant barometric periods are comparable with ..

In practical measurements, the exchange diffusivity and
mechanical dispersion are inseparable, as both add to the
chemical diffusivity to form a total diffusivity. The value of
the exchange diffusivity is given in general by Eq. (12). The
mechanical dispersion, equivalent to a diffusivity, is given by

D = av, (19)

mech

in which v is the fluid velocity in the channel. For a
sinusoidal flow, the average magnitude of the velocity is

v = (g)wA : (20)

T
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In either a plane or cylindrical geometry, the ratio of exchange
diffusivity to mechanical dispersion becomes

D
Dy _ Du _ 7dp (21)
D, .. D 4o

mech

The maximum possible value of Fy 1s 1/2. Therefore, it is
possible that Doy and Der might be larger than Dyeen if

—_— > — (22)

This is a necessary, but not sufficient, condition. For example,

when Fr = 1/4, A/a must be larger than 16/wn if the exchange
diffusivity is to exceed mechanical dispersion.

Auer, et al., (1996) predicted significant contributions to
vapor plume dispersal by plane barometric pumping from ground
surface, assuming values of a of 0.1 or 0.2 m derived from
measurements with liguids. However, Mahieu, et al., (2008)

recommended values of a £ 0.07 m for gas flows. With « £ 0.07 m,
Eg. (21) indicates that the advective exchange diffusivity may
exceed the mechanical dispersion in many situations when the
period is greater than one day and the permeability is greater
than 1.0e-12 m?. This is particularly true when flow occurs in
preferential channels, increasing the digplacement amplitude as
given by Egs. (15X) and (15R). (See Appendix C regarding possible
errors in the Auer paper.)

3. Comparison of analytic theory with numerical simulation
3.1 Soil column in plane geometry, single frequency

We used the FEHM numerical transport code to simulate
oscillatory flow and transport as a test of the analytic theory
and to explore its implications. The FEHM code allows gas flow,
saturated and unsaturated water flow, time-dependent pressure
and concentration boundary conditions, and multiple chemical
tracers with different sorption characteristics and solubility.
Tracers do not affect the gas or water motion. FEHM has been
utilized extensively for vadose zone simulations. See, for
example, Zyvaloski et al., 1997; Stauffer, et al., 2009; or
Chaudhuri, et al., 2009.

Our initial test simulation represented a one-dimensional
soll column of one meter length, in which air flow was generated
by sinusoidal pressures applied at opposite ends of the column.
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The sinusoidal pressure amplitudes and phases were programmed to
cause the same flow that would occur in a semi-infinite length
of soil with pressure applied at one end. A minor steady
pressure gradient was applied to inhibit unidirectional flow
(see Appendix B). The permeability was 1.1E-12m?.

Fig. 4 presents a logical diagram of the computational
nodes. For this simulation, tghe lower row of nodes represents a
two rows of nodes represents a soil with total porosity 0.5,
air-filled porosity of 0.3, and average saturation 0.4.

[Fig. 4 here]

As indicated by Fig. 4, each matrix node was coupled only
to its adjacent channel node, with the combination of both nodes
representing a single macroscopic volume of soil. The chemical
tracer was an idealized soluble vapor that had no influence on
gas pressure or gas motion. The capacity of a channel node for
the tracer was its pore volume, while the capacity of a matrix
node was its air-filled pore volume plus its volume of water
divided by a dimensionless Henry's constant. For this soil
column simulation, the Henry's constant was 1.0, generating the
same capacity in the matrix water as an equal volume of air. The
longitudinal chemical diffusivity (along the channel) was 7.0E-
06 m?/s, allowing chemical diffusion in parallel with the
advective transport. For each simulation, the chemical
diffusivity between matrix and channel was artificially set to

establish a desired value of 7., while the 7,/7. ratio remained
constant at 4.0, equal to the ratio of matrix capacity to
channel capacity. Advection between the channel and matrix
carried little tracer in comparison with diffusion, thus causing

a negligible reduction of ..

The initial pressure and concentration distributions in the
matrix and channel were set to instantaneous values according to
the analytic theory, as would occur in steady-state operation
with a concentration difference of 1 mole/m® across the 1 meter
length of column. The amplitude of gas displacement in the
channel was approximately 0.25 m, but decreased slightly with
distance from the end with the larger pressure amplitude,
according to Eq. (15X). Therefore, to maintain a constant average
flux of tracer, the initial concentration gradient was set to
increase slightly with distance. The magnitudes and phases of
tracer concentration at the end boundaries were programmed to
vary sinusoidally in time according to the analytic theory, with
a one-day period.

Fig. 5 compares the quantity of tracer transported by the
soil column during 10 days of operation, as predicted by the
FEHM simulation and by the analytic theory. In the numerical
simulation, the total transport of tracer is due to a
combination of the oscillatory advection, chemical diffusion,

channel
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and numerical dispersion. The simulated oscillatory advective
transport presented in Fig. 5 is the total production of tracer,
minus the presumed chemical diffusion and numerical dispersion,
calculated according to the average gradient. As explained in
Appendix D, the numerical dispersion was measured as equivalent
to a diffusivity of 6.0eE-08 m?/s, which is small compared to the
binary chemical diffusivity of 7.0e-06 m?/s. Fig. 5 shows that
the advective production by FEHM was slightly greater than
predicted by analytic theory, with the difference being 4% near
the peak of the curve. In simulations of the soil column, the
advective transport was only 12% of the total production at the
peak of the curve, and only 2% of the total at the largest value
of wt.. Thus, it is not surprising to find a small systematic
difference between the numerical and analytic values of the
oscillatory advective transport. The near-agreement between the
numerical results and the analytic theory provides confidence in
our subseqguent simulations of barometric pumping in cylindrical
geometry, where the oscillatory transport can be dominant.

[Fig. 5 here]

3.2 Cylindrical flow driven by a barometric spectrum of
frequencies

To examine whether the barometric spectrum of pressures
would enhance passive extraction at a borehole, we ran a set of
simulations in cylindrical geometry, representing soil extending
to 100 m radius around a borehole of 0.1 m radius. The initial
uniform concentration of the tracer in the pore gas was 1
mole/m®. The applied pressure in the borehole represented an
annual atmospheric pressure history at Los Alamos, minus the
damped and delayed pressure penetrating vertically from ground
surface to a depth of 40 m in a soil with a vertical
permeability of 1.0e-12 m?. The use of such an effective pressure
history in the borehole was discussed by Neeper (2003) and
Rossabi (2006). The porosities and saturation were as described
in Section 3.1, but the capacity ratio t./t. was fixed at 6.0 with
a Henry's constant of 0.5. The chemical diffusivity for
longitudinal transport in the channel was 4.0eE-6 m?/s, and the
radial permeability was 1.6e-12 m?. This value of permeability
was chosen to represent a situation that would be marginally
acceptable for PSVE. Soils with permeability smaller than 1.0e-
12 m? are sometimes unsuitable for vapor extraction {(Burke, et
al., 2000). Thus, these simulations explore barometric pumping
with permeability near the lower limit for which passive vapor
extraction might be considered practical.

Multiple tracers, each with a different . value imposed by
an artificial value of diffusivity between the matrix and
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channel, were simulated with repeating one-year cycles of the

same pressure history. The variation of 7. was a means for
testing the range of equilibration times for which barometric
spectrum might be beneficial.

Fig. 6 shows the moles of tracer produced per length of
borehole as a function of 2#zr., a convenient unit of
equilibration time equal to the oscillatory period at which @
equals 1. The lower two curves of Fig. 6 display production with
no flow, when transport is due only to retarded diffusion in the
channel. Without flow, the production by chemical diffusion
would be approximately three times larger if the soil had single
porosity, thereby allowing radial transport by diffusion in all
of the air-filled porosity.

[Fig. 6 here]

The upper two curves of Fig. 6 show production with
barometric flow, with and without mechanical dispersion. A
mechanical dispersivity of 0.07 m increased the production by at
most 1%, confirming that the peak of production is due to the
exchange mechanism. Production peaks when 277, is approximately
17 days, or 7. is approximately 2.7 days; however, the exchange

mechanism appreciably increases the production for values of 27z
between 1 and 1,000 days. This numerical example demonstrates

that cylindrical barometric pumping can be important if 7. is
between 0.16 and 160 days. Such equilibration times occur in
actual soils. For example, Nadim, et al. (1997) measured
equilibration times between two and ten days for
trichloroethylene in soil columns. Thus, the effective
barometric spectrum may be quite suitable for PSVE in many
soils. The Fuyx and Fyr terms in Egs. (16X) and (16R) increase
nonlinearly with radial permeability and inversely with the
square of the channel porosity, suggesting that the oscillatory
advective transport would be even more pronounced in a more
permeable soil, or in a soil with a smaller channel porosity.

3.3 The exchange diffusivity as a computational device

Applying the multiple frequency components of the
barometric spectrum to Eqg. (16R) will generate multiple terms of
exchange diffusivity at any specific distance from a borehole.
As discussed in Neeper (2001) and in Appendix E, these multiple
terms can be added linearly to form a single effective value of
the exchange diffusivity at any radius. It should therefore be
possible to estimate the transport of a tracer using a diffusion
calculation, eliminating the need to simulate the fluid flow at
every instant throughout the months or years of interest. The
exchange diffusivity does not provide an estimate of the
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instantaneous flux. Instead, it relates to the average value of
the flux throughout the longest cycle of fluid motion.
Barometric flows include cycles longer than 7 days. Therefore,
we expect that transport predicted by the exchange diffusivity
over an interval of months will be approximately equal to the
more exact value predicted by a complete simulation including
fluid flow.

3.3.1 Comparison of exchange diffusivity with simulation

Figure 7 shows the exchange diffusivity as a function of
radius for the barometric spectrum and soil properties of the
simulation described in Section 3.2. Fig. 7 also shows the total
diffusivity, which is the sum of the exchange diffusivity and
the chemical diffusivity of 4.0E-6 m?/s.

[Fig. 7 here]

To compare an estimate using exchange diffusivity with
simulation, we ran a calculation identical to that of Section
3.2 for 2mt. = 16.791 days, but with the total diffusivity
(exchange plus chemical) applied to the channel while the gas
was held immobile. Fig. 8{(a) compares contours of concentration
in the matrix after 1 and 10 years, as calculated by the
complete simulation and by the total diffusivity without flow.
Fig. 8(b) compares the tracer produced at the borehole as a
function of time. The exchange diffusivity closely replicates
the transport of tracer, underestimating the production at ten
years by 2.8%.

[Fig. 8 here]

3.3.2 Application of the exchange diffusivity as a design tool

In Fig. 7, it is apparent that, for the pressure spectrum
and soil of this problem, the exchange diffusivity is
insignificant at any radius larger than 10 m. This does not
imply that the so-called radius of influence of the passive
borehole is 10 m. In fact, most of the tracer removed during ten
years originated at a radius larger than 10 m. The chemical
diffusivity, combined with the large circumferential area at a
radius greater than 10 m is adegquate to maintain the flux
carried by the exchange diffusivity at a smaller radius.

Manipulation of terms in Eqg. (16R) will show that the radial
exchange diffusivity is approximately proportional to the square
of the permeability. Thus, increasing the permeability from 1.6
to 16 Darcies would increase the exchange diffusivity in Fig. 7
by two orders of magnitude.

For this example, we calculated the value of the exchange
diffusivity sum over frequency components at each radial node of
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the corresponding simulation. The Bessel functions in Fu of

Eg. (16R) might make such a calculation onerous for practical
applications. As shown in Fig. 7, the exchange diffusivity
varies approximately with the inverse of the square of the
radius. This is because, for significant frequency components of
the barometric spectrum, almost the same volume flow of air
occurs at any radius less than 10 m. For a design tool, it would
usually be adequate to calculate the sum of exchange diffusivity
frequency components at only one value of radius, and then apply
a 1/R? dependence to obtain values elsewhere.

4. Is the exchange diffusivity a practical concept?

Values of the soil properties ¢., 7., and 7, are not usually
known. Therefore, it is reasonable to ask whether the theory can
be applied to practical situations. Although dual porosity
increases the exchange diffusivity, we emphasize that the theory
does not require a dual porosity. In an ideal soil with uniform
flow in all porosity, ¢. would simply be equal to ¢,. However,
situations represented by dual porosity occur frequently in the
literature. For example, Selker, et al. (1999) review
preferential flow, and Brusseau (1994) extensively reviews the
dual porosity model. The channel porosity, ¢., might be estimated
in the field by tests with inert tracer gas (Marley, et al.
1992; Barna, 1995), by curve-fitting of a few weeks of PSVE test
data (Neeper and Stauffer, this issue), or, for saturated
systems, by leaching tests (Kamra, et al. (2001)).

Estimates of 7. and 7, can be derived if the capacities and
rate constants are known, but one must be aware that sorbed
capacity may depend on competing contaminants and moisture
content (Poulsen, et al., 1998). Although the immobile (matric)
capacity may be quantitatively uncertain, it is usually much

larger than the mobile (channel) capacity, in which case ./t

would be small. 7. might then control the rebound of
concentration after a temporary active extraction (Switzer and
Kosson, 2007). Soil properties can also be discerned from
laboratory breakthrough curves (Brusseau, 1994; Brusseau et al.,
2010) .

The permeability and air-filled porosity should be known
before any SVE system is designed. The parameters ¢., 7., and
do not imply that the theory applies only to soil with a dual
porosity. If values of 7. and ¢. can be estimated by the means
suggested above or other methods, then the theory would be
practical for guiding the design and predicting the performance
of a PSVE system. When the concept of the exchange diffusivity
is applied to a set of barometric pressure amplitudes using
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Egs. (16X) and (16R), the investigator must remember that a
diffusion calculation predicts only the average transport
throughout a time interval long enocugh to contain all
significant frequency components of the effective barometric
spectrum at the subsurface depth of interest.

5. Review and conclusions

This paper presented an analysis of the unidirectional
transport of chemicals or heat by oscillatory flow of a fluid in
a porous medium. The transport mechanism occurs when the heat or
chemical equilibrates with an immobile phase via any rate-
limited process. The transport is independent of the exact
nature of exchange, but maximum transport occurs when the period
of fluid motion is close to the equilibration time of the moving

fluid multiplied by 2#. Transport by this mechanism can exceed
the transport by chemical diffusion or by mechanical dispersion.
It was shown that the transport can be expressed in terms of an
exchange diffusivity, which predicts approximately the same
average transport rate as a detailed simulation of fluid motion
with kinetic mass transfer. When the flow is driven by multiple
frequencies, the individual frequency components of exchange
diffusivity add linearly to form a single, larger value of
exchange diffusivity.

All examples presented here featured chemical transport by
air as the moving fluid, with the immobile phase provided by
vapor in stagnant air-filled porosity combined with dissolution
in stagnant pore water. These examples were chosen to illustrate
application of the transport mechanism for passive soil vapor
extraction. However, similar examples could be made using
periodic flow of water with an immobile phase of solute provided
by stagnant porosity or by rate-limited sorption.

Oscillatory transport was evaluated for barometric pressure
cycles. Finite element simulation of plane flow in a soil column
produced transport in agreement with the analytic theory.
Simulation of cylindrical flow showed that a barometric pressure
spectrum is appropriate for passive extraction in soils with
equilibration times in the range of 0.16 to 160 or more days.
Other configurations with single porosity were not evaluated.

The rate of transport induced by the oscillatory mechanism
is proportional to the square of the displacement amplitude of
the fluid. The dual porosity presumed in the examples causes a
larger displacement amplitude than would occur with uniform flow
in all porosity, thereby increasing the transport. The dual
porosity is a simplified representation of various flows in
multiple channels. However, it not an artifice, as flow in
preferential channels may be the rule more than the exception in
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heterogeneous soils or fractured media. See, for example,
Selker, et al., 1999; and Kamra, et al., 2001.

Notation

Units are examples appropriate for chemical transport.

A Displacement amplitude of periodic fluid motion (m).
C Concentration (moles/m?®)

D Diffusivity (m?/s)

F Flux (moles/m® s)

Fyx Fpr Hydraulic terms in expressions for exchange diffusivity.
Equilibration term in the exchange diffusivity.
Magnitude of modified Bessel function, zero order.
Magnitude of modified Bessel function, first order.
Pressure (Pa).

Radius (m).

Period of oscillation (s).

Capacity, expressed as an equivalent volume.

Distance from source of pressure in plane flow (m).

Peak concentration (moles/m’).

Peak width (m).

V2* (R/D) .

Amplitude of periodic variation of concentration.
Permeability (m?)

Time (s).

Fluid velocity (m/s).

Displacement of fluid from average position (m).
Mechanical dispersivity (m).

Gradient of concentration (moles/m?).

Half-width of a Gaussian curve at 1l/e of peak height (m).
Exponential penetration depth of a periodic pressure (m).
Phase angle (radians).

Viscosity (Pa s).

Exponential equilibration time (s).
Porosity.

Angular frequency (radians/s).

SN TEI AR RIXITFOINITHINSEIN T 2T

Subscripts

a Air, related to air-filled porosity.

b Borehole.

c Channel.

e Relating to exchange diffusivity.

i Indicating value at time zero or initial location.
m Matrix.

o Time-average value.

p Peak value, maximum value.

R Relating to cylindrical coordinates.
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S Value at source location of a sinusoidal variable.
w Relating to width.
X

Relating to plane, Cartesian coordinates.
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Appendix A. Multiple immobile phases

The transport system with oscillating fluid and one or more
immobile phases is analogous to an electrical circuit driven by
oscillating voltage, as shown in Fig. Al. Electric capacitance
is analogous to volume (or equivalent capacity) of the moving
and immobile phases. The resistance-capacitance product is
analogous to an equilibration time. For example, for a single
immobile phase represented by resistance r; and matric capacity
V;, the channel equilibration time 1. would be r;*V.. Some readers
may find it easier to derive the results expressed in Egs. (7)-
(10) by application of circuit theory than by the Egs. (1)-(6b).
Multiple immobile phases act in parallel, as indicated by Fig
Al, and can be reduced to a single equivalent resistance and
capacitance. Therefore, the theory for a single immobile phase
applies to multiple immobile phases.

[Fig. Al here]

Appendix B. The significance of small amplitude displacement.

Egs. (15X) through (17R) presume that the spatial
displacement of the air is equal to the integral of the velocity
at a fixed location and is therefore sinusoidal. However, 1if the

displacement amplitude is significant compared to ¢, then the
displaced element of air experiences a pressure gradient that
varies with position during the cycle and the displacement is
not exactly sinusoidal. The pressure gradient is larger as the
air moves toward the source of oscillating pressure, leading to
a gradual drift away from the source of pressure. This can cause
difficulties during numerical modeling (Neeper and Stauffer,
2005). For one-dimensional vertical propagation of barometric
pressures from ground surface, a small, steady reversed gradient
would eliminate the accumulation of one-way displacement.
However, there is no apparent reason why a slow radial movement
of air might not progress outward from an open vertical
borehole. When the channel porosity is much smaller than the
total porosity, the nonlinear movement would have actual
displacement amplitudes smaller than predicted by Egs. (15X) and
(15R), leading to predicted values of equilibration diffusivity
that are too large.

Appendix C. Possible errors in the paper by Auer, et al. (1996).

Haagenstad (2009) reported that Fig. 3 of the Auer paper
may present pore velocity rather than Darcy velocity as labeled.
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Also, it appears that the peak absolute wvalue of the velocity,
rather than an average absolute value, was used in calculating
the mechanical dispersion. These errors do not alter the broad
conclusions of the Auer paper.

Appendix D. Measuring numerical dispersion in simulations.

In one-dimensional diffusion, an initial point-like (delta
function) distribution of tracer will expand in time, with the
concentration becoming a Gaussian distribution in space. In both
plane and cylindrical simulations, we utilized a test tracer
located initially in only one channel node. Transport of this
special tracer into the matrix nodes was prohibited, else spread
of the tracer would occur due to oscillatory transport. The
tracer had negligible chemical diffusivity; therefore, its
spread was solely due to numerical dispersion of the irregular
barometric flow.

In plane geometry, an initial narrow spike of concentration
C; of width W; will diffuse to a profile given by

C(X,t) =

2|z Dt 4D¢

in which D is the diffusivity and X, is the location of the
concentration peak at time t. The diffusivity can be deduced
from the peak of the distribution according to

L (e (D2)
P 4xt| Y ’

Ci(Xi, 1) Wi {(X—X,,)z}
— L expd — | —— ,

in which Y is the height of the peak. Likewise, the diffusivity
can be deduced from the half-width at 1/e of the peak value of
the Gaussian distribution, 4:
A2

vy (D3)
In the simulation of the soil column reported in Section 3.1, a
spike of tracer was initially located at X=0.32 m. Fig. D1 shows
the profile of the spike at 1 and 10 days. From the curve at 1
day, the diffusivity values due to numerical dispersion are D, =
6.09E-8 m2/s, and D, = 6.00E-8 m2/s. These values are two orders
of magnitude smaller than the chemical diffusivity in the
channel (7.0E-6 m2/s) during the simulations leading to Fig. 5.
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Therefore, we conclude that the results were not seriously
affected by numerical dispersion.
[Fig. D1 here]

Fig. D2 displays concentration profiles for tracer spikes
initially at radii of 2.50, 4.99, and 7.51 meters in the
cylindrical simulations of Section 3.2 and Fig. 6. Even if a
spike had no dispersion, its width would expand as it moved to a
smaller radius and contract as it moved to a larger radius,
because air volume is conserved. Consequently, for cylindrical
systems,

2R Y
DW:A— - : (D4)
4¢\ R,

Tracer is removed when part of a profile is exhaled from the
simulated borehole, as indicated by the distorted curve in Fig.
D2 for the tracer initially at 2.50 m radius. The numerical
dispersion cannot be estimated accurately from such distorted
distributions, limiting the time interval over which this
technique is valid. At 70 days, D, values calculated by Eq. (D2)
are 1.1E-7, and 0.8E-7 m?/s, respectively, for the tracers
initially located at 4.99 and 7.51 m radius. Eq. (D4) predicts D,
values of 1.1E-7, and 0.9E-7 m’/s, respectively. These values
indicate that numerical dispersion did not significantly affect
the cylindrical simulations of Section 3.2. Furthermore, in a
simulation as long as one year, tracer in the channel at a
radius less than 5 m is eventually expelled into the borehole by
advection; therefore, numerical dispersion near the borehole
does not significantly alter the long term production of tracer.
[Fig. D2 here]

Appendix E. Addition of frequency terms in an exchange
diffusivity.

According to Eg. (12), the exchange diffusivity depends on
the square of the displacement amplitude of the fluid. It might
therefore seem that a total diffusivity could not be formed by a
linear sum. Furthermore, displacements of various frequency
components do not add linearly to form a total displacement,
because any displacement will bring a fluid element to a new
position, where the phases of the pressure components are
different. However, the transport of tracer at a given location
depends on the time integral of velocity at that fixed location,
as expressed in the integral of Eg. (11). In Eqg. (11), a sum of
Fourier components of concentration and local displacement will
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be orthogonal to all but the corresponding components of
velocity, with the result that the flux is a sum of Fourier
terms, each with its own local displacement amplitude. See
Neeper (2001). In general, an element of fluid will drift away
from its initial location, but the exchange diffusivity at a
particular location will remain unchanged when averaged over
times longer than the window of Fourier components.

Fig. El presents a logical flow diagram for calculating the
exchange diffusivity and the total diffusivity as a function of
radius, as was illustrated in Fig. 7. In Fig El, calculations
are indicated by ellipses, while data or results are indicated
by rectangles. FFT indicates a fast Fourier transform. No
inverse transform is needed unless the investigator wishes to
see the effective pressure history as illustrated in the
companion paper (Neeper and Stauffer, this issue). It is not
necesgssary that the original atmospheric pressure data appear in
the form of 2" points per day for 2" days (n,m are integers).
However, this form will preserve the unique components of the
atmospheric solar tides, which are harmonics of 1 day.

[Fig. El1 here]
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FIGURE CAPTIONS

Fig. 1. (a) Schematic diagram, indicating the small fluid
element of Eg. (1), with oscillatory flow in a channel and
adsorbed solute on the channel wall. (b) Schematic diagram
indicating liquid or gas in stagnant porosity. Concentration
increases to the right in both diagrams.

Fig. 2. Plot of FE versus wi. for selected values of 7 7.

Fig. 3. Variation of the hydraulic terms with distance in
cylindrical geometry for two values of Rpy/6, and in plane
geometry. Fr varies as the ratio of the [Ny (R) /No (Rp) 12, whereas
Fx decreases exponentially.

Fig. 4. Logical diagram of the connections between nodes of the
finite element simulations.

Fig. 5. Quantity of tracer transported as a function of wr,
comparing analytic theory with finite element simulation.

Fig. 6. Tracer produced per meter length of borehole in
cylindrical geometry as a function of channel equilibration time
with and without dispersivity of 0.07 m.

Fig. 7. Barometric exchange diffusivity and total diffusivity
versus radius for the conditions of Section 3.2. The exchange
diffusivity varies approximately as 1/R%.

Fig 8. (a) Air concentration of tracer versus radius at 1 and 10
years after initiation of extraction, as calculated according to
the exchange diffusivity with no gas motion, and as calculated
by a simulation with flow. (b) Tracer produced per meter of
borehole length as a function of time.

Fig. Al. Diagram of analogous electrical circuit with two
immobile phases indicated by V;, r; and V;, r. V. represents the
channel capacity.

Fig. D1. Concentration of spiked tracer versus position along
soil column at 1 day and 10 days in the simulation of Section
3.1. The peak height Y and half-width A yield estimates of
numerical diffusivity.

Fig. D2. Concentration versus radius of three spikes initially
at radii of 2.50 m, 4.99 m, and 7.51 m in the simulation of
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Section 3.2. Gaussian fits provide estimates of numerical
diffusivity.

Fig. El. Flow chart for calculation of total diffusivity,
starting with atmospheric pressure data.

29
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Fig 8. (a) Air concentration of tracer versus radius at 1 and 10
years after initiation of extraction, as calculated according to
the total diffusivity with no gas motion, and as calculated by a
simulation with flow. (b) Tracer produced per meter of borehole

length as a function of time.
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Fig. Al. Diagram of analogous electrical circuit with two
immobile phases indicated by V;, r; and V;, rz. V. represents the
channel capacity.
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Fig. D1. Concentration of spiked tracer versus position along
soil column at 1 day and 10 days in the simulation of Section
3.1. The peak height Y and half-width A yield estimates of
numerical diffusivity.

7 1= — F25 T < B4.5———
g 0-9§ / \ R =250m | g : R7i(;-d4.99m / 3 S 41 R =751m f\‘
@ E @ 1 ays 2 [} E
% O'8§ / 70 days £ 2: Y p %3.5—;-— 70 days ; \
5 0-75 , \ © P ® 34 .
=064 =15 s = 7] J A
%0' E \ Z ‘;{\ Z25 7 ;
©0.54 o O ]
<< 0.4 \ < 4 / E 24 \
N / \ 14 R é ] 97/
;_03- = E ]—1.5_
Zoal | Z oo | F /
- ouv. & T .
%01 | Z ..f —— Simulation \ %0.5f —— Simulation X(
SR / S ol T o Ggussx?nﬂt N 87 ,./r‘/ - = - - Gaussian fit
[ LAY DLELEANEES BLALEL AL AL LD SR MRS frd i T 1 [v'd 0 CRRRELEE IAELALALEY RLALLALEE SR AL BLALNLELEE LA
= 2 3 4 5 6 7 8 2 3 4 5 6 7 8 = 4 5 6 7 8 9 10
RADIUS (m) RADIUS (m) RADIUS (m)

Fig D2. Concentration versus radius of three spikes initially at
radii of 2.50 m, 4.99 m, and 7.51 m in the simulation of Section
3.2. Gaussian fits provide estimates of numerical diffusivity.
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Fig. El. Flow chart for calculation of total diffusivity,
starting with atmospheric pressure data.






