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Introduction

Many groundwater contamination in-
cidents begin with the release of a
petroleum liquid (e.g. gasoline or diesel
fuel) into the subsurface. Once there,
such a nonaqueous phase liquid (NAPL)

poses a long-term threat to large quan--

tities of groundwater because of a com-
bination of interphase mass transfer and
transport processes, namely, volatiliza-
tion, dissolution, gas-water partitioning,
advection in the gas and aqueous
phases, as well as diffusion. These
processes can lead to contamination of

soil and groundwater far beyond the ex-

tent of the original NAPL spill. Therefore,
a complete removal of the NAPL is re-
quired to successfully clean up the con-
tamination.

NAPL recovery techniques com-
monly used today include free product
recovery from an extraction well, dissolu-
tion into extracted groundwater, and
vapor extraction from the unsaturated
zone. Free product recovery has been
successful at many sites and should be
the first step where free product has ac-
cumulated above the water table. How-
ever, substantial volumes of NAPL can
remain after this effort due to capillary

forces that cause trapping of NAPL blobs
(residual NAPL) in the soil matrix. Dissolu-
tion of these trapped blobs into extracted
groundwater is rather time consuming
and very expensive because large
volumes of water have to be extracted and
treated before even modest quantities of
residual NAPL can be removed. This is
due to the low aqueous solubility of most
petroleum hydrocarbons. Vapor extrac-
tion involves forcing air through the un-
saturated zone, thereby enhancing
volatilization of the residual NAPL as clean
air comes into contact with it. The vapor
is then collected from extraction wells and
treated. Vapor extraction has been suc-
cessfully applied at some sites (3,8,10).
However, it is widely recognized that it is
suitable only for the removal of the more
volatile compounds from highly perme-
able and well-drained soils.

In the last three years, several en-
hanced 6il recovery (EOR) methods have -
been suggested for residual NAPL
removal. The two EOR methods that have
received the most attention are steam in-
jection (1,5,6,7,12) and surfactant flood-
ing (11). Adding thermal energy to the
system during steam injection raises the
temperature, increases the vapor pres-
sures of the NAPL..compounds, and en-
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hances vaporizatién. In surfactant flood-
ing, one hopes to reduce the Interfacial
tension. and thus mobilize the NAPL
blobs. Although laboratory experiments
have been promising, surfactant flooding
is largely untested in the field.

The objective of our work is to use
numerical modeling to evaluate the effec-
tiveness of steam injection for gasoline
removal at an actual contamination site,
and to aid in the process design. The
study site is being used as a full scale

AN

-

\\\\\\\1

‘1’

AR

1l
] k>\\\k\\\\\
20— __._‘.c.::..
n Sty Clay/ Silty Gravel
- \\\\\\ Clay
n \\\\\\\\\\\\/
40 —
i jsnnann Clayey Silit/ Silty Sand
] Silt . -
60 — |IIIIIIlIIIIlIIiIltlllIil ......
18 Sandy Silt/ vl Gravelly Sand/
_ Sandy Clay tiiii] Sand
80 —
E _l Gravelly Clay/ Sandy Gravel/
s Clayey Sand Gravel
a
a | =
Q

Gravelly Si1t/
Clayey Gravel

Figure 1. Typical lithologic log.

867




pilot, and cleanup operations are
scheduled to start in early 1992,

To this end, we have developed a
numerical simulator capable of handling
three-dimensional, three-phase (gas, oil,
and water) flow due to capillary and vis-
cous forces as well as gravity. The
simulator is fully compositional, allowing
interphase mass transfer based on the
assumption of local thermodynamic equi-
librium. Thermal energy transport by con-
duction and convection is also included.

Site Description
" The subject site is located in Liver-

more, California. The contamination
resulted from leaking underground

- storage tanks and it is estimated that

some 17,000 gailons of leaded gasoline
leaked between 1952 and 1979. Thetanks
were removed in 1980,

Unconsolidated sediments beneath
the site consist of interlayered gravels,
sands, silts, and clays that form a highly
heterogeneous medium. A typical
lithologic log is shown in Figure 1. The
more permeable sands and gravels are
generally thin, rarely exceeding 3 meters
(10 feet). The thickness of the sity and
clayey deposits varies over a wider range,
up to 9 meters (30 feet) in some places
and less than a meter feet in others. The
depth of the water table at the site ranges
from 27 to 30 meters (90 to 100 feet) .

- Earlier studies of-the site (2,4,9)

_found that most of the residual oil in the

vadose zone was within 12 meters (40
feet) of the location of the storage tanks.
Nearthe water table, NAPL was found to
have spread [aterally up to 60 meters (200
feet) from the tanks' location due to the
slope of the water table. Fiuctuation of the
water table over the years has also
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caused some gasoline to be trapped
below the current average water level.
Analysis of soil samples indicated that
residual gasoline is present to a depth of
10 meters (30 feet) below the water table
(i.e. approximately 40 meters (130 feet)
below the ground surface). At the present
time, gasoline saturations range from 0.1
in the fine-grained silty materials to 0.05 in
the coarser materials.

Model Construction

The pilot- has been designed as a
seven-spot pattern with a distance of 18
meters (60 feet) between the production
well and the six surrounding steam injec-
tion wells (Figure 2). The injection and
production wells for the project will be
completed within a depth of 50 meters
(160 feet) from the ground surface, cover-
ing the known vertical extent of the con-
tamination. Because of symmetry,

simulation of only one-twelfth of the
seven-spot pattern is required. The areal
configuration of this minimum symmetry
unit and the finite difference grid are
shown Figure 3. In the vertical plane, the
model contains seven layers, covering a
total of 50 meters (160 feet) from the
ground surface (Figure 4). It is clear from
Figure 1 that a seven-layer model is only
an approximation of the layering found at
the site. However, such an averaging is
necessary to keep the problem manage-
able. A similar averaging scheme was
used in a model for a nearby site (referred
to as the "clean" site) where a pilot 30-day
steam injection was performed in July and
August of 1991, Our maodel of the clean
site yielded a satisfactory history match,
lending some credence to the layering
scheme adopted here. '

" Finite Difference Grid
Plan View
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Figure 3. Finite difference grid —plan view, 7
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Vertical Cross-Section
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Figure 4. Model vertical cross section —layering and soil permeabilities.

Table 1.
Soil Property Data

Sands and gravel
Permeability (md) 10000
Porosity 0.2
Irreducible water saturation (%) 10
Residual oil saturation (%) 55
Silts and clays _ ,
| Permeability (md) 10
Porosity 0.25
Irreducible water saturation (%) 15
Residual oil saturation (%) 6.5
Heat Capacity (J/kg-K) - ‘ 720
Thermal Conductivity (W/m-K) 3.1
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The soil property data used for the
simulations described here are based on
a combination of data from cores and
values published in the literature for each
soil type. These data are listed in Table 1.

Simulations

Prior to simulating the proposed
steam injection, three simulations were
carried out in sequence to obtain condi-
tions representative of the current subsur-
face conditions at the site. The first of
these simulations generated gravity-
capillary equilibrium conditions in the ab-
sence of a NAPL (only water and gas
phases were present). The bottom
boundary of the model was held at a pres-
sure that is the sum of atmospheric pres-
sure and a hydrostatic pressure that
corresponds to the height of the average
water table above that boundary. Atmos-

pheric conditions were maintained at the
top boundary. This simulation included
water and air as chemical components.

The second simulation represented
the gasoline spill. Using the gravity-capil-
lary equilibrium conditions obtained from
the first simulation as initial conditions, a
NAPL of specified composition was in-
jected at the ground surface for a period
of 20 years. A constantinjection rate of 2.3
gallons per day was specified, resulting in
atotal of 17,000 gallons of NAPL injected
over the 20-year period. The composition
of the injected NAPL is related to that of
gasoiine in the following way. We divided
the components of weathered leaded
gasoling into three groups according to
the number of carbon atoms: Cs-Cs; C7-
Cs; and Cg4. Within each group, the
compound with the highest mole fraction
was identified and its physical/chemical

Percent Recovery
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Figure 5. Model results —recovery of gasoline components.
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properties were used to represent that
group. The three pseudocomponents that
resulted from this exercise are benzene
(CsHe); p-xylene (CgH1o); and n-propyl-
benzene (CgH12).

The third simulation was then per-
formed to represent a 10-year period fol-
lowing the removal of the tanks and
duringwhichthere was no NAPL injection.
The NAPL already present in the soil con-
tinued to be redistributed by gravity and
capillary forces however. Also, vaporiza-
tion and gas phase diffusion continued to
transport NAPL components both to the
ground surface and to other parts of the
aquifer. Results from this simutation were
used as initial conditions for simulating
the proposed steam injection.

The steam injection simulation was
for a period of 100 days. Steam was in-
jected into layers 2 through 6 while the
production well was open to layers 2
through 7. The rate of steam injection was
controlled by specifying the injection
pressure and temperature, and the injec-
tivity of each layer to which the well is
open. An injection pressure of 3.5 bars,
corresponding to a saturation tempera-
ture of 148°C was specified. The quality of
the injected steam was 90 percent.
Similarly, each layer open to the produc-
tion well was assigned a productivity
index. It was assumed that the pump is
located in layer 5 and that its pressure is
0.8 bars.

Results and Conclusion$

The results of the steam injection
simulation are summarized in Figure 5
which shows the percentage recovery of
sach hydrocarbon component as a func-
tion of time. Our simulations indicate that
vaporization-and subsequent advection
to the production well is the dominant
recovery mechanism. Consequently,
benzene, the most volatile of the com-

ponents was more easily removed than

the other two. At the end of the 100-day
simulation period, 90% of the original ben-
zene-in-place had been removed. By
comparison, 51% and 40% respectively,
of p-xylene and n-propylbenzene had
been recovered. The simulation period
will be extended in future simulations to
determine the time required for complete
recovery of the contaminants. In con-
clusion, the results of this study indicate
that steam injection should be successful
for remediation at this site.
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