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Abstract

The study of gas flow in unsaturated soil is important for better modeling of
volatile organic compounds (VOCs) transport. A gas flow in unsaturated soil can be
induced naturally by the atmospheric pressure fluctuation. Oscillations in barometric
pressure are both diurnal, corresponding to daily heating and cooling of the
atmosphere, and of longer time periods, resulting from the passage of weather fronts.
Daily variations will average about 4 to 5 mbar while those due to weather front
passage can be 25 mbar or more.

A one-dimensional conceptual model was used to investigate the advective
gas flow zones in the subsurface induced by the natural atmospheric pressure
fluctuation. From analytical solution, it is clear that the gas phase inside unsaturated
zone moves with sinusoidal velocity whose amplitude decrease with depth. Two zones
can be distinguished. First in which the gas phase can reach the soil surface and
continuously mixed with clean air. The depth "Penetration Depth" of this zone may
range from 0.05m to 0.8m. Second is "Oscillation Zone" in which the air oscillates
around its original position but still remains in the soil. Maximum air displacement
toward the upper boundary may reach 0.24m when the depth of the lower
impermeable boundary is 10m. This displacement is more as the lower impermeable
boundary is deeper. The mixing of air above penetration depth with clean air above
soil surface and the oscillation of air below penetration depth may have a significant
effect on natural VOCs transport and fate in the soil region within these depths.
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Introduction

Volatile organic compounds
(VOCs) were identified as one of the
more ubiquitous groups of hazardous
chemical present in contaminated
groundwater due to widespread uses
of VOCs in the manufacturing of
pesticides, plastics, paints, and
pharmaceuticals, and textiles. These
contaminants may enter the ground as
separate phase liquid due to chemica
spill, or leaking storage tanks [1]. In
the unsaturated  zone, VOCs
congtitute a health hazard when they
reech  groundwater through a
multitude of transport processes. A
detailed understanding of factors
affecting the transport of VOCsin the
unsaturated zone is necessary for
better risk assessment.

Modeling VOCs transport in the
unsaturated zone involves a number
of transport (advection, dispersion,
diffusion) phenomena coupled with
phase change and reaction processes
(volatilization, sorption, and
bi odegradation). These processes and
phenomena are usualy important in
both the agueous and gas phases.
However, some of these transport
mechanisms, such as, density driven
gas flow, sorption from the gas phase
to the solid phase, and NAPL
capillary rise, may not be critical in
each contamination case or their
importance may not be fully realized
[2]. Study of gas flow in unsaturated
soils is important for better modeling
of VOCs transport. Gas flow induced
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either naturaly by the amospheric
pressure fluctuation or artificialy by
vapor extraction which is the major
mechanism for cleaning up vadose
zone contamination with volatile
organic chemicals [3]. Gas flow
induced by the atmospheric pressure
fluctuation is the process on which
the passive soil vapor extraction
(PSVE) is based and being devel oped
as an in-situ cont-

aminant extraction methodology for
sites where the volatile contaminants
resde in the vadose zone [4,5]
However, unavoidable gas flow (in
uncapped soils), induced naturally by
the atmospheric pressure fluctuation,
has not been considered or quantified
in previous studies delt with VOCs
transport in  upper region of
unsaturated zone. Jury et a. [6]
introduced a screening analytica
model intended to classify and screen
organic chemicals for their relative

susceptibility to  different  loss
pathways (volatilization, leaching,
and degradation) in soil. The

illustrative calculations in this study
dea  with initid depth  of
incorporation of chemicals in soil of
1cm and 10cm from soil surface. The
transport in gas phase was considered
to be governed by diffusion process
only.

Jury et d. [7] introduced a
screening  analytical  model  which
evaluates the relative volatilization
losses of a number of organic
compounds under typicd  soil
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conditions. The model identifies
those compounds with high potentia
for loss during 1 vyear after
incorporation under 100cm of sail
cover. The same study deals with
incorporation depth ranges from 1mm
to 166m. The transport in gas phase
was considered to be governed by
diffusion process only.

Grathwohl and Mair [8] performed
numerical simulations in order to
assess the diffusive spreading of
volatile fuel constituents, their
biodegradation in unsaturated zone
and degassing to the atmosphere. This
is especialy important in arid region
where the groundwater table is far
below the surface and groundwater
recharge is limited. In these
simulations the source was emplaced
in the subsurface at 1m depth. No
advective gas phase transport was
considered. Poulsen et al. [9] used
numerical model to evaluate the
impact of vapor sorption on VOC
trangport from the unsaturated zone to
the atmosphere. Model simulations
dea with soil-water content in the
few centimeters depth below the soil
surface. Barometric pressure
variaions effect on advective gas flux
in this region did not considered in
these simulations.

Natura atmospheric pressure
fluctuation are transmitted through
the unsaturated subsurface. These
pressure waves ae damped and
delayed in phase to degree dependent
on the effective vertical permeability
of the formation. As a result, at a
given time the atmospheric pressure
at the surface and soil gas pressure in
the subsurface are different [10].
Shan [3] developed one dimensiond
analytical solution to the air pressure
in the unsaturated zone driven by
time-dependent air pressure at the
upper boundary using field data to
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determine vertical air permeability in
unsaturated soils. The solution can
aso be used to cdculate the gas flow
rate crossing the land surface under
natural conditions. This natura air
flow is determined by barometric
pressure fluctuations, permeability of
the subsurface, and depth of lower
impermeabl e boundary.

The purpose of this paper is to
present a conceptual study to the
advective gas flow zones in the
subsurface induced by the
atmospheric pressure fluctuation that
may be useful for VOCs transport and
fate modeling studies.

Mathematical M odel

Oscillations in  barometric
pressure are both diurnal,
corresponding to daily heating and
cooling of the atmosphere, and of
longer time periods, resulting from
the passage of weather fronts. Daily
variations will average about 4 to 5
mbar while those due to wesather front
passage can be 25 mbar or more [4].

A typica record of
atmospheric pressure pattern is shown

in Fig. (1). Barometric pressure
record for Baghdad city for year
2007, obtained from Irag
meteorologicd office and seismology
organization show pattern
gpproximate.  Although, the record
shows inherently random
meteorological conditions, a time

series analysis may be used to capture
the main features of the variation.

Daily variation component
and weather front passage component
can be captured. It is clear that the
weather front passage component is
the most significant component.

Due to linearity (superposition
feature) of mathematical model used
to predict pressure variation in soil
(next section), this study deals with a
hypothetical sinusoidal component of
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amplitude 12.5 mbar with a period of
10 days. A one-dimensional mode is
useful to capture the main features of
gas flow phenomena induced in the
upper region of unsaturated zone.
Analytical determination of
pressure variation with time and
space

The governing equation of
the problem of gas flow in a porous
medium is driven from the
conservation-of -mass principle as
follows[11, 12]:

n = soil porosity

P = pressure (Pa)

t = time (sec)

k =intrinsic soil permeability (nf)

k, = dimensionlessrelative
permeability (-)

i = gas viscosity (Pa.sec)

This equation is nonlinear. Under
circumstance where the gas pressure
in the whole system does not vary by
alarge magnitude (e.g., less than 20%
of the mean pressure), Eq.(1) can be
simplified to a linear form without
causing sSignificant  error.  The
expected magnitude of atmospheric
pressure variation is less than 2.5% of
the mean pressure. Therefore for the
purpose of conceptual study, one can
start ith a linearized governing
equation. In case of one-dimensiona
gas flow, such an equation is[11, 12]:

AL '"25’ ........... @)
qt X
Where

a= —kr P (mZ/SEC)
nm

P,= mean pressure (Pa)

The system under consideration is
conceptuaized as shownin Fig. (2).
As described in the previous section a
uniform sinusoidal pressure
fluctuation is assumed at the upper
boundary. No flow is assumed at the
lower boundary:
PO g A3)
eTx g,
x = distance from |ower boundary
(m)
P(,t) =P, + ASn(wt) ........(4)
where
A = Amplitude of pressure
fluctuation (Pa)
w = Angular frequency of
fluctuation ( sec™1)
and
P(x0)=P,
The anal ytical solution for the
problem described by Eq.'s (2)-(5) is
in accordance with [13].
P=P,+ ASn(wt +f )+
n+l 2

ey ) en2fa)

n-0161*w? +k“p *(2n+1)*
*Expl- k' (2n+1)p 2t/ 412)*
Cos@ .......... (6)

*

where

i ' w12
A= A} Cosh2k 'x+0032k'xu (7
i Cosh2k +Cos2k' |

_ 1 Coshk'x(1+i)i 8
_arg%—c:oshk'l(m){ ......... (8)

1
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T, =time for complete pressure
variaion period (sec).

I = depth of unsaturated zone (m).

The first term of EQ.(6) is the steady
state solution, the second term the
trandgent and the last term drop to
zero dfter a short time. The steady
periodic solution of the pressure for
the system considered is:

P(x,t) = P, + ASn(wt +f) ... (10)
The quantities A'and f are the
amplitude and phase of the steady
pressure oscillation at the point
x.These are functions of the two
dimensionless quantities x/I andk | .

If the surface pressure can be
represented by the Fourior series

4 a, Sin(mwt)

m=1

The steady periodic part of the
solution is

§ a ASn(mat +f ). (12)

m=1

Although Shan [3] presented an
analytical solution that can be used to
cadculate the gas pressure in the
unsaturated soil under normal natura
conditions using barometric pressure
pattern in tabulated form, EQ.(12)
suggests that the same result can be
reeched when deding with the
problem mathematically in frequency
domain, using methodology that is
well  developed for theory of
communication engineering. In the
frequency domain, we determine the
response by multiplying the Fourier
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transform of forcing function by the
system function [14] asfollows:
In general, for any functionf (t):

Where F(iw) istheintegral Fourier
transform of f (t)

For the system considered in this
study, the system function H (iw) can
be obtained from Eq. (10) as:

H(iw) = %' = (15)

F{P(xt)} = F{P(,t}.H(w) ...... (16)

Where F{P(t)} istheintegral
Fourier transform of the forcing
function. Then:

P(x,t) = F[F{P(l,t)}.H (iw)]... (17)

Gasflow velocity, travel time, and
flow lines

After the gas flow equation is
solved , interstitial gas velocity can
be calculated using Darcy's law:

v= intergtitial gas
(m/sec).
For pressure given by Eq.(10):

velocity
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« A Snfwt +f )+
e X Q-

nme ﬂf U

g it

An anaytica expron of vcan be
obtained from  Eq.(19) after
substitution from Eq.'s (7) & (8). The
interstitial gas velocity is a sinusoida
function of A,l,k,w,and n.

Any particle in any depth will
oscillate up and down near its origina
position. The oscillatory particle
location with time, starting from any
point can be calculated using simple
particle tracking technique [15, 16].

v= . (19)

Cos(wt +f ).

The technique is initiated by
specifying the coordinates of the
starting point from which, the

velocity is calculated using EQ.(19).
This velocity is used to calculate the
incremental  distance moved by
particle through a smal increment of
time. This incrementa travel distance
is stored, and the location of the
"particle” is updated based on the
velocities and the incremental travel
time. This procedure is repeated until
the "particle" completes the cycle.
Maximum distance toward the upper
boundary is stored:

H
Xona = OY(X, 1)t Imax
0

As shown in Fig.(3), if the
"penetration depth" is defined as a

distance from upper boundary in
which the particle can reach the soil
surface and the "oscillation zone" is

zone in which the particle oscillates
around its origina position but till

remains in the soil, the penetration
depth for any system can be
determined.

Results and Discusson

Fig.(4) shows the way in
whi ch the penetration depth varies for
arange of sail settings. It is clear that
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the increase in depth of the lower
impermeabl e boundary cause increase
in penetration depth. The range of
penetration depth is 0.05m to 0.78m.
In order for barometric pressure
variation creates significant
penetration depth the gas phase
permeability should be at least on
order of 1E-13nf (.1 darcy). Fig.(5)
shows the way in which maximum
particle displacement, toward the
upper boundary, varies as a function
of origina particle depth. The soil
permeability considered is 1E-11 nf
and depth of the lower boundary is
10m. The maximum particle
displacement is more significant in
the upper soil zone and may reach as
highas.24 m.
Conclusions

A one-dimensional conceptual
model was used to investigate the
advective gas flow zones in the
subsurface induced by the naturd
atmospheric  pressure  fluctuation.
From andytica solution it is clear
that the gas phase inside unsaturated
zone moves with sinusoidal velocity
whose amplitude decrease with depth.
Two zones can be distinguished. First
in which the gas phase can reach the
soil surface and continuously mixed
with clean air. The depth "Penetration
Depth" of this zone may range from
.05m to .8m. Second is "Oscillation
Zone" in which the air oscillates
around its origina position but till
remains in the soil. Maximum air
displacement toward the upper
boundary may reach .24m when the
depth of the lower impermeable
boundary is 10m. This displacement
is more as the lower impermeable
boundary is deeper.
In order for barometric pressure
variation creates significant
penetration depth the gas phase
permeability should be at least on

PDF created with pdfFactory Pro trial version www.pdffactory.com



http://www.pdffactory.com
http://www.pdffactory.com

Eng. & Tech. Journal, Vol. 28, N0.10, 201(

Flow Zonesin Unsaturated Soil Dueto
Barometric Pumping

order of 1E-13 n? (.1 darcy). The
time for complete cycle considered is
10 days.

The mixing of air above penetration
depth with clean ar above soil
surface and the oscillation of ar
below penetration depth may have a
significant effect on naturd VOCs
transport and fate in the soil region
within these depths. Traditionally, the
time scae of naturd transport of
VOCs considered in previous studies
is of order of months or years. This
time scale is much higher than time
for one complete cycle considered in
this study. Further theoretical and
experimental investigation is
necessary for more understanding of
the effect of barometric pumping on
VOCs transport in the upper region of
soil.
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Figure (1) Typical Barometric Pressure Record
measured in Shallow well [3].
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Figure (2) Flow System Considered in this Study
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Figure (3) Flow Zones I nduced by Barometric
Pressure Variation
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Figure (5) Maximum Particle Displacement
toward the Upper Boundary for Different
Depthsfrom Soil Surface.
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