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Abstract : Residual sources of nonaqueous-phase liquids (NAPLs) in the unsaturated zone can create soil
gas plumes which act as a long-term source of soil gas and groundwater. A mathematical model is
developed for predicting soil gas concentrations that are a product of gas phase plumes that originate from
an immobilized NAPL in the unsaturated zone. Multiphase flow, density-dependent gas flow, and interphase
mass transfer between liquid and gas are included in the model. Extensive simulations with a finite-element
based numerical model were performed to cstimate the soil gas phase plumes resulting from an immobilized
trichloroethylene  (TCE) residual located in a hypothetical laboratory-scale medium. Effects of various
parameters are evaluated 1o highlight some of the important phenomena associated with the transport of gas
phase plume in variably saturated media. The simulation results indicate that the gaseous plume is very
sensitive to soil texture. the locations of the residual NAPL source and water table, and variations in

infiltration and evaporation rates.
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INTRODUCTION

Recently, subsurface contamination by nonaque-
ous-phase liquids (NAPLs) becomes a wide-
spread problem.” The NAPLs cause various
concerns because of their persistence in the
subsurface and their ability of contaminating
large’ volumes of soil and groundwater.”” NAPLs
heavier than water are referred to as dense
nonaqueous-phase liquids (DNAPLs). Due to
capillary forces, DNAPLs leave zones of resi-
dual contaminant suspended in the pore structure
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when they flow through an unsaturated zone.
Halogenated organic compounds such as trich-
loroethylene (TCE) are the most frequently
detected contaminants in the subsurface.” A
residual NAPL in the unsaturated zone is subject
to volatilization. Volatilization is the primary
mass transfer mechanism by which contaminants
partition from the NAPL phase to the soil gas
phase. Due to its high mobility, the vapor vola-
tilized from residual organics may lead to
significant gas contamination in the surface
environment for a significant amount of time.”
Many theoretical and experimental studies
have focused on the migration of NAPLs and
volatilization of residual NAPLs."” ™ Results of
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previous studies indicate that gaseous molecular
diffusion and density-driven advection may be
the dominant transport mechanisms. They aiso
concluded that boundary conditions at the
ground surface can have a major impact on the
subsurface distribution of contaminants. The
inclusion of volatilization, water/gas partitioning
is shown to be necessary for accurate determi-
nation of the fate of VOCs in variably saturated
media. Modeling miscible transport of volatile
organics in multiphase flow condition involves
many computational difficulties. Most of previ-
ous studies, therefore, have limited applicabilities
due to some of simplifications made in mathe-
matical or numerical aspects. The importance of
various factors affecting vapor migration has not
been fully quantified.

The objective of this paper is to provide an
insight into the relative importance of driving
forces causing development and transport of soil
gas phase plumes in the variably saturated sub-
surface resulting from the residual NAPL
sources. To accomplish this objective, one used
a finite-element-based numerical model using
fully-coupled two-phase flow equations with
advective-dispersive transport in the gaseous
phase.

First, the theoretical considerations and mathe-
matical formulations are presented. The results
from a series of two-dimensional simulations are
presented and discussed. Results of simulations
address the impact of soil texture, the location
of the residual NAPL source and water table,
and variations in infiltration and evaporation
rates.

MATHEMATICAL FORMULATION

Continuity Equation

This study considers the situation where
vaporization at the residual source produces a
gas mixture, and transport occurs primarily by
gaseous phase advection and dispersion. One
will neglect any partitioning directly between the
gaseous and the solid phases as suggested by
Culver er al.” Mass losses due to chemical or

biological decay are also neglected.

Based on the mathematical formulations by
Abriola and Pinder®, the physical processes
involved in the above situation are expressed by
equations of advection-dispersion mass transport
for component / in phase «.
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This study considers three phases including
water(W), NAPL(N), or gas(G) and three compo-
nents or species including water(w), NAPL(n),
or gas(g). e is the porosity, S is the fluid
saturation, of is the concentration of component
i in g-phase, v is fluid velocity vector, p“ is
the ¢-phase mass density, and p% represents
source or sink due to interphase mass exchange.

The dispersion coefficient D is the second-
order tensor defined as®'
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where @; and o7 are longitudinal and
transverse dispersivities, Dj, is molecular diffu-
sion coefficient, and §; is the Kronecker delta.
Empirical relationship for tortuosity( r ) of the
partially saturated porous medium developed by
Millington and Quirk” was used to determine an

effective diffusion coefficient 7“ D%,

7
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Mass Transfer Processes

Volatilization and water/gas partitioning, mass
transfer between phases in a porous medium,
represent sources of pure organic vapor. First-
order relationships were used to describe the

LS 10
mass transfer driving force.'”

pe=ct(pl -pf) )
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Pl =CC (HpY = pf) (5)

where  p% presents the equilibrium vapor
concentration of NAPL component in the gas
phase and H is the dimensionless Henry's law
coefficient defined as follows:

G
H=P
P, (6)

CY and C§y are the first-order mass transfer

rate coefficients depending on many physical
parameters, such as porosity, pore scale geo-
metry, and the degree of saturation.*” Lumped
parameter power-law relationships were used in
the developed model.

C’(’i — /‘l(i.’\' (8SN )(J.S (7)
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where A and A°" are the rate coefficients
for interphase mass transfer processes.

Fluid Flow Equation
The average interstitial velocity vector of fluid
@, v is expressed in terms of the multiphase

. ~ - 11
extension of Darcy’s equation.'"
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where p* is the «-phase pressure, ¥“ is the
specific weight of the phase ( = p%), g is the
gravitational acceleration, k is the intrinsic
permeability tensor, and k,, is the relative
permeability.

van Genutchen'” gives the following equation
to determine saturation from pressure.

1 n

p w g S;m —1
p.(S.)= (10)
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where g and 7 are empirical parameters, S, is
the effective saturation, and m is given by
1

m=1-—
The relative permeabilities of water and gas
are obtained by Mualem’s statistical model"”’

van Genutchen’s equation. The relationships can
be expressed as:

and

| m | m
k= S:ﬁ; {|:1 - (I -5 )’“ } _!'l - (l =S )"’ :| }

(12)

where ¢ and ¢ are pore connectivity para-
meters for water and gas, S and S, are
effective saturations, and subscript ¢ represents
entrapped quantity.

SIMULATION MODEL

The coupling of equations developed -earlier
give rise to a set of highly nonlinear and inter-
dependent set of partial differential equations.
The set of governing equations are numerically
solved for a two-dimensional vertical cross sec-
tion using the finite-element method.

In many situations, a NAPL source is often
located below the ground surface. This gives
rise to a long-term gaseous phase source. To
investigate the effects of various factors on the
gas phase concentration in a hypothetical labora-
tory-scale system, a number of two-dimensional
simulations were conducted. Of interest in these
simulations is the role that soil texture, depth to
the water table, location and size of source, and
infiltration and evaporation rates have on the
transport of trichloroethylene in the unsaturated
zone. Due to its widespread occurrence as a
subsurface pollutant, TCE is used as the VOC
for all the numerical simulations. Its relatively
high vapor pressure, vapor density, and water

. 9, NO. 5, 2004
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Table 1. Physical and chemical properties of fluids used in the simulations.

Property Value
water-gas ( g uw) 72.75 dyne/cm
surface tension NAPL-water (o ww) 31.74 dyne/cm
gas-NAPL (6 on) 47.5 dyne/cm
Fluid ' water ( o ) 0.9982 g/em’
properties density 3
gas (00) 0.00129 g/cm
viscosity water {1 w) 0.01 poise
gas (2 ¢) 0.0002 poise
molecular diffusion water ( D, ) 0.00001 cm’/sec
coefficient gas (DY) 0.009 em®/sec
Transport mass transfer rate gas-NAPL (A7) 1.154 % 10° sec”
properties coefficient gas-water ( A°7) 1.154 % 10° sec”
Henry’s law constant () 0.236
equilibriu'm saturated vapor s
concentration concentration (;g) 0.0011 g/cm

solubility, compared to other VOCs, make TCE
especially suitable for this investigation. The
relevant physical and chemical properties of
TCEM), water, and air, listed in Table 1, were
used in all the simulations.

A typical two-dimensional
unconfined aquifer, that is 200 cm long and 110
cm deep, similar to that considered by Lenhard

laboratory-scale

et al”, is used in these simulations as shown in
Figure 1.
ranges from 60 cm to 100 cm depending on
examples. A residual TCE was placed 82.5 cm
from the left boundary and 7.5 ¢cm to 37.5 cm
below ground surface. This residual occupies 5

The depth to water table elevation

cm X 5 cm to 15 em X 15 cm of the unsa-
turated zone. The physical and hydraulic pro-

Ground Surface

Residual TCE
82.5cm

8,=0.2

10cm

Water Table

\ Water Flow
i «—

Na Flow Boundary

< »
< »

200 cm

Figure 1. Domain used for TCE transport simula-
tions.

perties of the porous media, reported by Vogel

et al"™

, are presented in Table 2.

Boundary conditions were assigned for both
water and gas flow. The lower boundary and the
left and right boundary in the unsaturated zone
were assumed to be impermeable to fluid flow.
A boundary condition representing atmospheric
gas pressure was assigned at the top. A specified
fluid flux was assigned to the ground surface for
the cases of infiltration or evaporation. The left
and right boundaries within the saturated zone
were specified water head difference of Ak, =
0.5 cm. All boundaries were impermeable to gas
flow except for the ground surface where an
atmospheric pressure was prescribed.

All  inflow boundaries for water, which
include the ground surface and the left saturated
zone boundary, were assumed to be zero mass
flux boundaries. All other boundaries were
assigned zero dispersive flux conditions for
aqueous phase transport. All boundaries for gas
transport were treated as zero dispersive flux
boundaries, except for the ground surface which
was assigned stagnant boundary layer conditions.

RESULTS OF SIMULATIONS

Fluid flow simulation was conducted with a
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Table 2. Physical and hydraulic properties of the porous media used in the simulations.

Property L Soil texture :
coarse sand loam silt
Field porosity (¢ ) 0.47 0.43 0.46
properties permeability (k) 214107 em’ 2.95%107 em’ 7.09%10% em’
scaling parameter («) 0.156 cm’' 0.036 cm’' 0.016 cm’!
fitting parameter ( 7 ) 4.26 1.56 1.37
AS;r/:)pZ]rTi(jezl ‘ water (Siv) 0.0 0.0 0.0
residual saturation NAPL (Sw) 0.2 0.2 0.2
2as (S(,v,v)m 0.0 0.0 0.0
k-S model ~ pore connectivity water ( <) 0.5 0.5 05
properties ‘ parameter gas (¢) 0.5 0.5 0.5
saturated medium to get an initial fluid satu- . S S Y
ration distribution. The initially water-saturated 2 , - ah s
soil is allowed to drain, thereby creating a = . Lo 3 - 83 g
quasi-steady-state moisture profile. Quasi-steady- £ AU coo 0 :
state conditions were reached after 7200 to : :Z i’;k
14400 seconds depending on soil texture. After ” T, ™ \
reaching quasi-steady-state saturation, a residual 100 |
TCE source is applied at a specified location. M e e e i%oord‘«i‘lte(cr‘nia oo me
The simulations were carried out over a period (a) coarse sand
of 8 hours. Extensive simulations with a variety ‘ o
of parameters were performed to examine effects a (v TN ;
of these coefficients on the transport. 2 RN/
B g
Soil Texture g
Simulations were performed to examine the Sl
importance of the soil texture characterized by :: i
physical and hydraulic properties listed in Table :?z SO S|
2. Fig. 2 shows the concentration contour of gas T e
phase TCE plumes for coarse sand, loam and (b) loam
silt at 8 hours. Solid lines represent 1 X 10°, 1x o
107, and 1x 10" g/lem’, respectively, and dashed ,:i |
lines 5% 10 and 5x10° glem’. » :
The gaseous plumes are shown to be near S -
circular, centered very near the source. Vapori- g
zation at the source produces a gas mixture and 540_}
transport will be primarily gaseous phase advec- o ;
tion and dispersion. For the case of highly 1"’2 ‘ ‘ J
¢ m a0 e @ w0 20 w0 w0 w0 200

permeable texture such as coarse sand, all soil
gas contours far away from the TCE source
indicate vertical diffusion from the water table
located on -100 ¢m to the atmosphere. The 1 X
10 g/em’ soil gas concentration contour extends
more than 55 c¢m from the source in the hori-

x-Coordinate (cm)
(c) silt
Figure 2. TCE concentration after 8 hours for
different soil textures: depth to water
table = 100 cm, coordinates of source
location = (82.5 c¢m, -7.5 cm), source
size = 10 cm X 10 cm.
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zontal direction. Less spreading was observed in
less permeable soils such as loam and silt. Slow
movement of gaseous plume is due to high
water saturation in the unsaturated zone and low
intrinsic permeability. Hydraulic properties of a
soil can therefore be taken to be a significant
factor in this simulation.

Source Size

In order to evaluate the contribution of source
size to transport, simulations were repeated for
different source sizes. In the simulations
performed, an immobilized TCE source was
located -7.5 cm below the ground surface in
areas of 5 ¢cm X 5 cm, 10 ¢cm X 10 cm, and 15
cm X 15 cm. Based on the simulation results,
area of gas phase concentration higher than 1 x
10° glem’ was evaluated. The source size
affects the solution as expected; much larger
size of TCE-contaminated area in gas phases
was greater in case of a large source, as illu-
strated in Figure 3.

12000 N
=)
g o
5 ~ Coarse Sand
D 8000 - 7
3
@©
£
1
o]
é 4000 —
5 loam . o
3 a-- """
< e
e .
ORI it
0 i T

0 40 80 1200 160 200 240
Size of NAPL Source (cm?)

Figure 3. Area of TCE-contaminated region after
8 hours for different soil textures:
depth to water table = 80 cm, coor-
dinates of source location = (82.5 cm,
-7.5 cm).

Location of Water Table

The importance of location of water table in
TCE transport was demonstrated by comparing
simulation results from three different cases. The
depths to water table are 60, 80, and 100 cm

from ground surface.

The area of gas phase TCE plumes at 8
hours is shown in Figure 4. Examination of the
gaseous plumes indicates that the TCE conta-
minated area increases when the water table is
located deeper. Deeper water table results in
higher gas saturation at the TCE residual. Since
the dominant pathway for gaseous plume is
through diffusion into the gas phase, the trans-
port of TCE increases due to the higher gas
phase saturation. In other words, volatilization
becomes increasingly important as the water
saturation decreases. The contaminated area, as
demonstrated earlier, increases with the increa-
sing water saturation as the source becomes

larger.
12000
_©
g 10000 - o
dg_, ’_/ -a
g 8000~ S o
£ A
]
£ e
3 o
5 6000 - Depth to WT (cm)
i o @ 100
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Size of NAPL Source (cm?)

Figure 4. Arca of TCE-contaminated region after
8 hours for different location of water
table for coarse sand: coordinates of
source location = (82.5 ¢m, -7.5 cm).

Residual Source Location

Additional simulations were performed to
examine the importance of the vertical position
of the source. The coordinates of exact residual
locations are (82.5 cm, -7.5 cm), (82.5 cm,
-22.5 c¢m), and (82.5 ¢m, -37.5 cm).

Figure 5 shows area of gas phase TCE
plumes at 8 hours resulting from the TCE
residual placed at various locations. Area of
TCE contaminated region decreases when the
contamination source is located closer to the
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Figure 5. Area of TCE-contaminated region after
8 hours for location of NAPL source
for coarse sand: depth to water table =
80 cm, source size = 10 ¢cm X 10 cm.

water table. As the source moves closer to the
water table, the area contaminated by gas plume
decreases with the increasing water saturation.
Being a retarding mechanism for gas phase
transport, higher water saturation reduces the
volatilization rate. On the other hand, diffusion
directly from the source to the atmosphere is
decreased when the source is moved away from
the ground surface. The residual TCE placed
below -22.5 cm in the unsaturated zone does not
affect the rate of volatilization considerably due
to these combined effects.

Variations in Infiltration and Evapora-
tion Rates

Infiltration or ground water recharge rates are
both spatially and temporally variable, and de-
pend on climactic, soil, and vegetative condi-
' With all other conditions identical to the
base case, Fig. 6 shows the effect of infiltration
rate of 5> 107 cm’/em’/sec to 5% 10° cm’/em¥/
sec on the TCE transport in the various soil

tions.

textures. The contaminated area increased sligh-
tly for all soil textures considered, as compared
to those areas determined for the base case.
These small changes in mass transfer rates are
considered as a result of the combined effects of
increased advection and higher water saturation
near source.

10000 -~
N2 8000
o
£ Soit Texture
§ G Coarse Sand
2 6000 - - H- Loam
% -0 ---- Silt
£
§  a00
c
S o ----- - -8
ko]
b 2000
z o
o &
1E£-007 1E-006 1E-005 1E-004
infitration Rate (cm?/cm?/sec)

Figure 6. Area of TCE-contaminated region after
8 hours for different infiltration rate for
coarse sand: depth to water table = 80
cm, source size = 10 c¢cm X 10 cm,
coordinates of source location = (82.5
cm, -7.5 cm).

To incorporate an evaporation process on the
ground surface, the distribution of the phases
was determined from fractional flow. Given that
total evaporation rate ¢, is specified, the flux of
a phase fluid ¢, is determined as

du = fodt, (13)

where f, is the fractional flow function defined

_ kk,,
by mobility of each fluid “  u,
o l{l
f{l =S
Ay + A (14)

The simulations were carried out using total
evaporation rates of 5x 107 cm’em/sec to 5x
107 em*/em®/sec on the TCE transport through
coarse sand for the various source sizes. The
area of contaminated region was decreased with
the inclusion of evaporation since TCE
contaminated gas leaves the unsaturated zone by
escaping to the atmosphere. The rate of eva-
poration plays very important role in the
transport of TCE through the unsaturated zone
into atmosphere. As shown in Figure 7, higher
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Figure 7. Area of TCE-contaminated region after
8 hours for different total evaporation
rate for coarse sand: depth to water
table = 80 cm, coordinates of source
location = (82.5 ¢cm, -7.5 cm).

rate of total evaporation greatly reduced the sp-
read of the plume in gas phase.

CONCLUSIONS

A model was developed for predicting the
fate of an immobilized NAPL in the unsaturated
zone. Multiphase flow, density-dependent gas
flow, and interphase mass transfer between
liquid and gas are included. A numerical inves-
conducted on a

tigation was hypothetical

laboratory-scale media involving transport of
TCE. Effects of various parameters are evaluated
to highlight some of the important phenomena
associated with the transport of gas phase plume
in variably saturated media.

High degree of soil gas concentration as a
result of the TCE residual was observed for a
highly permeable soil due to low water satu-
ration in the unsaturated zone and high intrinsic
permeability. Larger size of source located near
ground surface with deep water table results in
larger area of contamination since volatilization
becomes increasingly important as the water
saturation decreases. The contaminated area was
decreased with the inclusion of evaporation since
TCE contaminated gas escapes to the atmos-
phere. However, the effects of infiltration were

not significant.
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