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Foreword
|

The U.S. Environmental Protection Agency is charged by Congress with protecting the
Nation’s land, air, and water resources. Under a mandate of national environmental laws, the
Agency strives to formulate and implement actlons leading to a compatible balance between
human activities and the ability of natural systems to support and nurture life. To meet this
mandate, EPA’s research program is providing data and technical support for solving
environmental problems today and building a science knowledge base necessary to manage our
ecological resources wisely, understand how pollutants affect our health, and prevent or reduce
environmental risks in the future.

i
1]

The National Risk Management Resea:rch Laboratory is the Agency’s center for
investigation of technological and management approaches for reducing risks from threats to
human health and the environment. The focus of the Laboratory s research program is on
methods for the prevention and control of pollutlon to air, land, water, and subsurface resources;
protection of water quality in public water systems; remediation of contaminated sites and ground
water; and prevention and control of indoor aiir pollution. The goal of this research effort is to
catalyze development and implementation of innovative, cost-effective environmental
technologies; develop scientific and engmeermg information needed by EPA to support regulatory
and policy decisions; and provide technical support and information transfer to ensure effective
implementation of environmental regulations and strategies.

o .

This publication has been produced as fpart of the Laboratory’s strategic long-term
research plan. It is published and made available by EPA’s Office of Research and Development
to assist the user community and to link researchers with their clients.
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E. Timothy Oppelt, Director
National Risk Management Research Laboratory




Abstract

The objective of this project was to develop a technical assistance document for
assessment of subsurface hydrocarbon spills and for evaluating effects of well placement and
pumping rates on separate phase plume control and on free product recovery. Procedures
developed for estimation of hydrocarbon spill volume include interpolation and spatial integration
of measurements from soil cores, and fluid level data from monitoring wells. The first method
involves vertical integration of soil concentration measurements to yield oil volume or species
mass per unit area followed by kriging and areal integration to estimate the total mass or volume
within the measurement zone. This method is especially well suited to determine the amount of
residual product in the unsaturated zone. The second method involves kriging of well fluid levels,
calculation of free oil volume per area using a: physically based model for vertically hydrostatic
three phase fluid distributions that converts well product thickness to soil product thickness,
followed by areal integration to estimate the volume of free product floating on the water table.

A procedure is presented to evaluate effects of steady-state water pumping from multiple point
sources on the oil flow gradients to evaluate if hydraulic control of plume spreading will be
obtained for a selected system of pumping wells and/or trenches. Estimates of residual oil in the
unsaturated and saturated zones are made frorfn three phase capillary pressure-saturation relations
and from the initial oil thickness distributions and computed water table drawdown, which enable
determination of the recoverable spill volume for alternative well configurations. - A variety of
practical examples and case studies are presented to illustrate the methodology and to
demonstrate how various factors interact to affect free product recovery system effectiveness. The
applicability of trenches and vacuum enhanced product recovery to hydrocarbon spills is also
discussed. |

This report was submitted in ﬁ,llﬁllmen;t of Contract No. 68-C2-0108 by International ‘
Technology Corporation and its subcontractor Environmental Systems & Technologies, Inc.,
under the sponsorship of the U.S. Environmerital Protection Agency. This report covers a period
from June 1993 to April 1995, and work was completed as of April 30, 1995.
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Section 1

Intiroduction

i
}

The characterization and remediation of groundwater contarmnatlon is one of the most
challenging probléms facing the environmental field today. In particular, the problems caused by
hydrocarbon spillage and disposal are both Wrdespread and complex. For example, it has been
estimated that over 75,000 underground storage tanks annually release 11 million gallons of
gasoline to the subsurface (Hall and Johnson, 1992). Given that from 100 to 150 compounds can
be identified in a typical gasoline, each having' distinct physical and chemical characteristics,
significant scientific and technical knowledge is required to successfully manage the potential
environmental impacts and health risks associated with hydrocarbon releases in the subsurface.

Hydrocarbons are fluids that are immiscible with water and as such are considered
nonaqueous phase liquids (NAPLs). In general, most hydrocarbon compounds are less dense than
water and are termed light nonaqueous phase liquids (LNAPLs). When released in the subsurface,
LNAPLSs remain distinct fluids and flow separately from the water phase. The downward
migration in the vadose zone is generally rapld and depending upon the complexity of the
heterogeneities in the soil, may form an intricate network of pathways. Once in the vicinity of the
capillary fringe, hydrocarbons will spread honzontally with minimal penetration below the water
table due to buoyancy. Contact with groundwater as well as infiltrating recharge causes chemical
constituents to dissolve from the hydrocarbon into the groundwater resulting in contamination of
the aquifer. Further, volatile constituents may partition into and move in the soil vapor. Through
this complex array of physical and chemical processes, the hydrocarbon continually changes. It is
due to these processes that the characterlzatlon containment, and remediation of hydrocarbons
pose unique and difficult problems for the env1ronmenta1 professional.

The first step in assessing a hydrocarbon spill generally involves delineating the vertical
and horizontal extent of soil and groundwater contamination. Characterization may include visual
observations of soil borings, in situ vapor readings, laboratory analys1s of soil concentrations,
measurements of fluid levels and dissolved and vapor concentrations in monitoring wells or
probes, and surface or subsurface geophys1ca1 methods.

Measurements of soil concentrations (e g., total petroleum hydrocarbons or individual
species) provide the most reliable quantltatxve information on the actual volume or mass of
hydrocarbon in the subsurface. However, since laboratory analyses of soil samples are costly and
are not practically amenable in monitoring temporal changes (that occur over time), the estimation
of spill volume from fluid level measurements ! 1n monitoring wells has a much greater
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practical value. Unfortunately, estimation of hydrocarbon volume from well fluid level data is less
straightforward than estimation from soil concentration data. A general lack of understanding in
this area, compounded by promulgation of methods of dubious validity and poor accuracy, have
resulted in widespread misunderstanding. "

It is well known that the hydrocarbon volume in the soil per unit area (“oil specific
3 volume”) is significantly less than well product thickness (a.k.a.“apparent product thickness™)
! (e.g., van Dam, 1967). Using a very simpliﬁecii theoretical approach, de Pastrovich et al. (1979)
suggested that well product thickness will typically be about four times greater than the soil zone
f thickness within which free product occurs (a:k.a., “soil product thickness”). Hall et al. (1984)
f investigated the relationship between soil product thickness and well product thickness in the
: ~ laboratory and proposed an empirical relationfto correct for discrepancies in the method of de
? Pastrovich. Laboratory investigations by Hampton and Miller (1988) found the methods of both
| de Pastrovich and Hall lacked accuracy, and they questioned the relevance of estimating soil
product thickness, since it does not directly relate to oil specific volume, which is of more
fundamental interest. :

A theoretically based method for estimating oil specific volume from well product
thickness was developed and reported independently by Lenhard and Parker (1990) and Farr et
al. (1990). The method is based on the assumption of vertical equilibrium pressure distributions
near the water table, which can be inferred from well fluid levels. From the fluid pressure
distributions and a general model for three phase capillary pressure relations, vertical oil
saturation distributions are computed and integrated to yield oil specific volume.

i

In addition to “free” product that is sufﬁciently mobile to enter a monitoring (or recovery)
well, a significant portion of the total spill volume may occur as “residual product,” confined as
hydraulically isolated blobs or thin films of oil that are effectively prevented from moving by
capillary forces. Changes in water table elevation will generally result in increased residual
volumes over time. These fluctuations may result from natural recharge variations, drawdown or
injection as well as air-oil and oil-water fluid interface elevation changes due to plume spreading
or recovery operations. The key to maximizing product recovery from spill sites involves
| minimizing the volume of residual product that is induced as a result of recovery system

. A 5
operations. |

. ‘
Product recovery systems are often implemented based solely on containment
considerations. That is, trenches and/or wells are located to prevent further plume migration.
While such an approach may be effective in a limited sense, it disregards an evaluation of
. efficiency, as plume containment can be achieved using many different well/trench configurations
; and operating conditions. Depending on the regulatory requirements, risk characteristics, and
hence the cleanup objectives, “efficiency” may have different meanings: total volume of product
recovered, ratio of product recovered per gallon of water pumped, time to reach asymptotic
recovery, capital and operating costs, etc. Onc;e specific objectives have been defined, various
design strategies may be evaluated to obtain the desired “efficiency.”

2
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Recent advances in numerical models for multiphase flow (ES&T, 1994 abc; Parker et al.,
1990, 1991) along with increases in rmcrocomputer speed and capability have made it possible to
perform sophisticated analyses to assess the effects of various design options and natural events
on spill migration and recovery system performance Although such analyses require significant
computational effort and personnel commltment which can limit their applicability to large or
high-risk sites, their use is essential to fully evpluate the potential complexities of hydrocarbon
assessment and remediation. ;

] :

The purpose of this report is to outline a set of accurate yet computationally simple
protocols for spill site assessment and remedial design for hydrocarbon spills. The protocols
provide a practical means to improve the quality and to reduce the costs of site investigations and
remedial actions at hydrocarbon spill sites. The methods are particularly suited to small spills, for
which more sophisticated analyses may not be warranted, and as a preliminary modeling tool for
larger sites. :

This report discusses the physical processes that control hydrocarbon retention, movement
and recovery. It describes algorithms for estimating free and residual hydrocarbon volumes from
monitoring well and soil boring data, as well as for evaluating plume migration and containment,
and product recovery volume and time as affected by well and/or trench placement and operaﬂ:lon
The methodologies are simple, and although somewhat laborious for hand calculations, require
minimal computational effort for readily avallable desktop computers. The algorithms in this
report have been implemented in the program! Spill CAD (ES&T, 1994c).
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S;ectioh 2
Basics of Hyc}irocarbon Behavior
2.1  Water, Air, and NAPL Flow |
A good place to start to develop an understandmg of how hydrocarbons move in the subsurface
is Darcy’s law. This well known relatlonshlp, ‘which is the cornerstone of groundwater
hydrology, may be generalized to describe tl;le movement of nonaqueous phase liquids
(NAPLs) and air in soil. The general form o;f Darcy’s law may be written as

f

t

| ,
p Ny Sx p
where g, is the Darcy velocity of fluid p (e g., p = air, NAPL or water), x is distance, h

is the water height equivalent pressure of phase p, K, is the saturated hydraulic conduct1v1ty
of the soil to water, k is the p-phase relat1ve permeablhty, 1,, is the ratio of p-phase to
water viscosity, Py is the P -phase specific grav1ty, and u is a gravitational vector that is one
in the vertical direction and zero in the hongontal direction.

Darcy’s law says that fluid flows in response to a pressure gradient and to gravity at a
rate inversely proportional to the fluid v1scosﬁy, and directly proportional to the relative
Dpermeability. Relative permeability is a factor that reflects the ability of fluid to move through
the pore space when it is partially occupied by other fluids. When p-phase fluid completely
fills the pore space, the relative permeabﬂlty for the phase is one, and when no mobile p-
phase is present the relative permeability is zero

; o

Relative permeability depends on the ffraction of the pore space filled with p-phase
(i.e., p-phase “saturation”), but more importantly on the hydraulic radius of the flow channels
created by the pore geometry and by the interfaces with other fluids. Thus, narrow flow
channels exhibit a smaller relative permeab1hty than wide channels, even if the saturation is the
same.




Understanding how multiple fluids 1nteract within a porous medium and compete for
the available pore space is the key to understandmg relative permeability and, more
fundamentally, to the relationship between Rhase pressures and phase saturations. This will be

considered in the next section. !
|
!
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Figure 2-1. Water retention in a collectimil of capillary tubes.

2.2  Capillary Retention Relations i

|
Two Phase Capillary Pressure Relations i
In the absence of NAPL, water and air may coexist in the pore space and the saturatlon of
each phase will depend on the pressure difference between the fluid phases, which is referred
to as the capillary pressure. When two immiscible fluids are in contact, the pressure
difference between the phases will induce a curvature to the interface. Since pore geometry
ultimately controls interface curvature in a porous medium, as the capillary pressure changes,
the interfaces recede or expand into d1fferent pores and the fluid saturations change. This may
be more clearly understood by consideration ‘of an idealized representation of a porous medium
consisting of a bundle of parallel capillary tupes (Figure 2-1). If the bundle is placed in
contact with a free water surface (i.e., plane l‘of zero capillary pressure, a.k.a. the “water
table”), and allowed to equilibrate, water will rise in the tubes to a height at which capillary




forces are balanced by gravitational forces. |
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curvature to capillary pressure as

The Laplace capillary equation relates interface
|

!

20

h=— | | (2.2)

I

E

where A, is the capillary pressure head (the| difference between air and water pressure heads),
o is the 1nterfa01al tension between the ﬂu1ds (here, air and water), and R is the radius of
curvature of the air-water interface. At equilibrium, h, corresponds to the height of capillary
rise above the free water surface, and if the sohd surface is readily wettable by water, the
radius of curvature corresponds to the tube rad1us As we view the system from bottom to top,
we notice that as the capillary pressure increases, the fraction of the pore space occupied by
water (i.e., water saturation) decreases (Figure 2-1).

This provides a simple illustration of the concept of a “capillary fringe” above a water
table. It should be emphasized that the _tranéition from a water-saturated condition is gradual,
due to the distribution of pores of different sizes. The example also demonstrates the
relationship between capillary pressure and phase saturation and its relationship with the pore
size distribution of the porous medium. s

Of course, pores in real soils are not really straight tubes, but rather channels of
complex shapes that exhibit cross sections of varying size and shape along their length. The
capillary pressure required to remove water from a pore of variable cross section diameter will
be controlled by the smallest pore throat, whlle drainage will be controlled by the largest pore
diameter (Figure 2-2). This results in the dependence of water saturation in the pore space on
the history of capillary pressure changes -- a phenomenon referred to as hysteresis. As a
result, lower water saturations occur at a giwflen capillary pressure when capillary pressure is
decreasing (“imbibition) than when capillari pressure is increasing (“drainage”). Within the
limits of the primary imbibition and drainage curves, scanning curves define wetting and
drying paths for less extreme water content ¢hanges (Figure 2-3). Futhermore, during
imbibition displacement of the nonwetting phase (e.g., air or NAPL) is incomplete due to pore
bypassing by the wetting phase, resulting in'residual nonwetting phase in the soil. The
maximum residual nonwetting phase will oc:cur for the primary imbibition path (Figure 2-3).
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Figure 2-2. Water distribution in pores dﬁring imbibition and drainage.
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Figure 2-3. Hysteresis in capillary pressurie function during drainage and imbibition.
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The shape of the curve relating water saturation to air-water capillary pressure can be
described parametrically using an empirical formula developed by van Genuchten (1980) given
by - :

8, =(1-S,)(1+(ah, Y ™S,
i

where S, is the water saturation corresponding to a given air-water capillary pressure %, S,
is an apparent “irreducible” water saturation, o and » are van Genuchten parameters for the
soil, and m = 1 - 1/n. Kool and Parker (1988) have shown that for a wide range of soils,

o for imbibition is approximately two times the value of «for drainage.

-

@2.3)

Because soil grain size distribution, 1n conjunction with grain packing geometry,
controls the soil pore size distribution, soils 'of different types will exhibit different saturation-
capillary pressure relations. Typical capillary pressure functions for two soil types are shown
in Figure 2-4. Finer materials require larger capillary pressures before air can occupy a
significant fraction of the pore space. Fmer materials also tend to hold more water at very
high capillary pressures, when the water content tends to approach an apparently “irreducible”
value by water held tightly due to short range attractive forces between water molecules and
solid surfaces. |
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Figure 2-4. Drainage air-water capillary pressure functions for different soils
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When a third fluid enters the picture (i.e., NAPL or “oil” for brevity), the distribution
of fluids in the pore space gets more comphcated but the same physical processes still control
the system. The first important issue to understand is the relative “wettability” of the different
fluids in the porous media. The fluid of highest wettability by definition has the greatest
affinity for the solid grains that make up thef porous medium, while the fluid of lowest
wetta_bility will occupy pores farthest from the solid phase. Most geologic media are “water-
wet,” meaning that water is the phase of highest wettability. Air is usually the phase of lowest
wettability, and NAPLs exhibit mtermedlate wettability. Under such circumstances, the
distribution of fluids in the pore space will appear something like that shown in the illustration

of Figure 2-5. f

When three fluids (air, oil and water)f jointly occupy the pore space, fluid-fluid
interfaces will occur on the pore scale between the fluids of highest and intermediate
wettability (i.e., water and oil) and between the fluids of intermediate and low wettability
(i.e., oil and air). Capillary pressures may be defined for each of these interface pairs. The
radlus of curvature of oil-water interfaces wal be controlled by the oil-water capillary pressure
(pressure difference between oil and water), jand air-oil interface curvatures will be controlled
by the air-oil capillary pressure (difference between air and oil pressure). The Laplace
capillary equation (eq. 2.2) applies to both interfaces, if the appropriate capillary pressure and
interfacial tension are used. |

) il
soil o
grains

Figure 2-5. Distribution of air, oil and alter in a porous medmm
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If wettability follows the usual order, the radius of curvature of the oil-water interfaces will
be controlled by the fraction of pore space occupled by water, while the radius of curvature of air-
oil interfaces will depend on the fraction of pores filled with oil and water, since both phases are
less wettable than air. Therefore, water saturation is expected to be a function of oil-water capillary
pressure, and total liquid saturation is expected to be a function of air-oil capillary pressure. If the
pore size distribution is time invariant, the Laplace capillary-equation indicates that capillary
pressure function for two and three fluid phase systems should be related by

|
t

‘ 2.1)
S II(h ) SIII(BOWhOW) SIH(Baohao)

;

|
where S, (haw) is the water saturation versus air-water capillary pressure functlon in the two

phase a1r—water system, S m(how) is the water saturation function in the three fluid phase

© system, S (hao) is the total liquid saturation function for the three phase system, and 3, and
B,,, are scaling factors that depend on the interfacial tensions for the various fluid pairs (see
Section 2.8). Combining (2.3) and (2.4) provides a general parametric form to describe three
phase capillary pressure relations in terms of air-water capillary parameters and the two fluid-

dependent scaling factors (Parker et al. 1987)

2.3 Vertical Equilibrium Fluid Dlstrxbutlons

After a NAPL that has a specific gravity less than one reaches the water table, further vertical
movement becomes limited by buoyancy forces If vertical hydraulic grad1ents are small near
the water table, vertical pressure d1str1but10ns will approximate hydrostatic conditions.
Deviations from true vertical equilibrium may be expected, especially in the unsaturated zone.
However, these deviations may be accommodated by suitable definition of “quasi-static”
capillary pressure relations, as discussed in Sectlon 2.7.

Vertical equilibrium pressure d1str1but10ns can be defined in terms of vatious ﬂu1d
“table” elevations. In a monitoring well screened over an interval with free oil (Figure 2-6),
one will observe an oil lens in the well that may be characterized by an air-oil table elevation,
. (Where the air-oil capillary pressure is zero), and an oil-water table elevation, Z_ (where
the oil-water capillary pressure is zero). One may also define an air-water table elevatlon Z,,
(where air and water pressures are equal), whlch is related to the observed table elevations 1by

I
1
i
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Z, =7 +p o | (:2.5)
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where H =2 ,~-Z,, is the apparent oil thickness or well hydrocarbon thickness. The vertical
equilibrium capillary pressure distributions wﬂl be given by

2.6
h=0,(Z-Z, ) o (2.6
=19, )22, 269
|
| |
where Z is any elevation above the datum used to define table elevations. Stipulation of any
two of the three table elevations completely Edeﬂnes the static three phase capillary pressure
distributions. From the capillary pressure distributions and known or assumed saturation versus
capillary pressure relations, vertical fluid d1str1but1ons may be computed. Water saturation will
. be a function of oil-water capillary pressure' hence of height above Z,,,. Total liquid saturation -
will be a function of air-oil capillary pressure hence of height above Z,,. Using the three

phase van Genuchten model of Parker et al.! (1987), water and free oil saturations may be
computed as

8, =(1-8,)(1+(aB, /1)) "+, | (2.72)

S,=1-S )(1+(oc[3ao ao);‘)'m+ S, =S,

(2.7b)

Vertical equilibrinm water and oil saturatlon dlstrlbu’aons for a representative case are shown in’
Figure 2-6. Note that oil saturation varies contmuously with elevation and is not reasonably
represented by a pancake-shaped d1stnbut10q contrary to common misconception (see Section
3.2). Field studies have indicated that the thi‘ee phase van Genuchten model provides a good
representation for both coarse and fine gramed soils (Huntley and Hawk, 1992; Ostendorf et

al., 1993.)
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Figure 2-6. Three phase fluid distributior‘lls in equilibrium with a screened well.

Oil Specific Volume or “True Product Thicljcness”

The volume of free oil per unit area in the soil (“oil specific volume”) may be computed by

integrating the oil content over depth as 5

V =

2.8)

where the limits of integration represent the | upper and lower elevahons where free oil occurs.

The lower limit of integration is Z_, and the upper limit may be computed as

!
i

4 [
Z Z + l proljaGHo
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Oil specific volume may be thought c%)f as the “true oil thickness,” in the sense that it is

| the thickness of product that would occur if all of the free oil over an area were extracted from
the soil and placed in a container of same area Employing (2.6), (2.7) and (2.8) will yield a
relationship between V. and H,. Free oil slf)eciﬁc volume versus well product thickness for
gasoline in a sandy loam and typical silt loam soil (Table 2-3) is shown in Figure 2-7.
Hysteresis in the capillary pressure relatlons will be manifested as hysteresis in the V. /(H )
function. Hysteresis in the curves is not shown but some variations will occur during wetting
and drainage paths. The functions illustrate the effects of a “capillary fringe” above the oil-
water table, which results in a threshold apparent oil thickness before significant free oil occurs.

The threshold for the sandy soil occurs between 0.5 to 1.0 feet, and for the silty soil it is about
twice as great. !

i 2 '
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Figure 2-7. Free oil specific volume versufs well oil thickness for gasoline in different soils.
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2.4 Residual Oil in Saturated and Unsaturated Zones

|
Saturated Zone Residual Oil [
When the oil-water table rises, oil-water capillary pressures decrease resulting in increases in
water saturation. Due to pore scale heterogene1t1es water will displace oil from some pores
faster than others, leaving islands of stranded oil, cut off from the continuous oil phase. This
will result in “smearing” of the oil dlstnbuuon below the zone of mobile phase hydrocarbon. At
a given elevation, the trapped oil saturation, S,;, may be calculated using the empirical model
of Land (1968) as a function of the current vlvater saturation, the historical minimum water
* saturation and the maximum residual oil saturat1on The trapped oil specific volume may be
computed by integrating the trapped oil specrlﬁc volume as

(2.10)

Zy

|
fci)S c’zz

| - :
where S, is the trapped oil saturation that oecurs as hydraulically discontinuous blobs occluded
by the water phase. Since oil-water capi]lary§ head controls water saturation, it is evident that
changes in the oil-water capillary head will govern oil entrapment, and that these changes will
govern the trapped oil specific volume. Integiration of (2.10) using Land’s (1968) model
indicates that trapped oil specific volume is (;’f the form o
‘ | 2.11a)

dVotzeol‘dizow

|

| . |
where dV, is the change in trapped oil specific volume, dZ _, is the increase in the oil-water
table elevation above an elevation Z_. over a time interval, and 0 _ is the average incremental
trapped oil content in the soil, which may belestimated as

(2.11b)
6Vot“rnln (d) or’ )

where § . is the maximum residual oil saturation, and 6 r is the average free oil content in the
soil, approx1mated by

| @.11c)




i

|

|
where V- and H, are the free oil specific volume and apparent product thickness, respectively.
The elevation Z_,_ is given by '

(2.11d)
z. =7 Y.z
min : mln fed
- . A, @.11e)
Z =min| —— _""°
¢ 2aB,,(1-p,,) 3

f
where Z lgifis the historical minimum oil-water table elevation, and Z, is the change in the -
oil-water capillary fringe thlckness due to a reversal in wetting history from water drainage to
water imbibition. ] -
|
Unsaturated Zone Residual Oil
In addition to residual oil caused by fluid entrapment during water imbibition, another source of
residual oil arises due to retention in the unshturated zone. During periods of falling Z_,
downward oil redistribution eventually becomes negligible under gravitational forces, as oil
saturation reaches a critical value. We refer to this value as the unsaturated zone residual
saturation. The increase in residual oil spee1ﬁc volume in the unsaturated zone due to an

incremental drop in the air-oil table, AZ may be described by

ao’

t

" (2.12)
AV, =S,

where S {g Min (S og,S ), in which S is the maximum unsaturated zone residual saturation
after drainage from a high oil content, and S is the average free oil saturation at a given areal
- location.

Water Table Fluctuations
When water table fluctuations occur, the volume of residual product may increase and decrease
over time as product becomes trapped or released. If fluctuations occur within a historical band,
when the water table falls, the saturated zone residual decreases and the unsaturated zone
residual increases. Usually the volume of prbduct released from the saturated zone exceeds the
volume tied up in the unsaturated zone, so tﬁe free oil specific volume increases. This results in
an increase in apparent oil thickness that wili be observed in monitoring wells (Kemblowski and

i
]
i
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Chiang, 1990). When the water table rises, the converse will occur. Add1t10na1 factors that tend
to magnify the effect of water table ﬂuctuauons on apparent thickness include hysteres1s in
capillary pressure relations and nonequ111br1um vertical pressure gradients.

2.5 Oll Relative Permeability and Transmlsswlty
Horizontal movement of free product at the water table is controlled by the oil piezometric
gradient and the oil transmissivity given by the vertically mtegrated form of Darcy’s law as
i
(2.13)
0 L T ¥,
o; ° ox
; A ,
where O, is the vertically integrated oil ﬂux [L*T™Y, ¥ =Z, +h Jp, is the oil prezometrlc
head in which Z_ is the air-oil table and h ' is the air pressure in units of water height, p, is

oil specific gravity, and T, is the oil transmlsswlty defined by

|
i

Py g
T,= o f k K dZ

2.14)

where p,, is the oil specific gravity, n,, is the oil-water viscosity ratio, £, is the oil relative
permeability, K is the saturated hydraulic conduct1v1ty, and the limits of 1ntegrat10n are the
upper and lower elevatlon where free oil occurs

Note that in the absence of a gas pressure gradient, oil flow occurs in response to a
gradient in the air-oil table. If a gas pressure gradient occurs, its effect on oil flow will be
additive with the air-oil table gradient. E

Oil relative permeability increases w:ith increasing water and oil contents and may be
computed from the van Genuchten (1980) niodel with a refinement to correct for residual oil
after Kaluarachchi and Parker. (1992) as |
j 4 : (2.15)

|
k=S~ YA(1-8 /"y -(1-8 ymy?

|
i
|
|
i
|
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Where §,=(8,+S,-S,)/(1-8,) is effective total liquid saturation and S,=(S,-S (-8, ) is
effective water saturation. Assuming vertical equilibrium fluid distributions, (2.14) may be
integrated using (2.15) to obtain oil transmissivity as a function of free oil specific volume or
apparent oil thickness for a given soil and fofr a given hydrocarbon. Oil transmissivity is nearly
a linear function of free oil specific volume (Figure 2-8).
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Figure 2-8. Typical oil transmissivity functions for gasoline in sandy and silty soils.
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2.6 Estimation of Fluid Proterties
The following two sections summarize methods for estimating soil and fluid properties that
govern NAPL retention and movement in the subsurface listed in Table 2-1.

i
Product Specific Gravity f
Oil specific gravity, p,,, varies significantly for different petroleum hydrocarbons depending
on their chemical composition (Table 2-2). We recommend direct measurement of specific
gravity, since such determinations are very simple and inexpensive to perform. Measurements
may be performed in the laboratory on prodﬁct samples using standard methods for fluid
density determination. Since hydrocarbon den31ty varies with temperature, measurements
should be made at a temperature close to that expected in the field.

A simple field procedure to determine product density in wells with free product is to
measure the water piezometric elevation (Z_; ) using a tube inserted through the oil layer in the
monitoring well, and to measure the air-oil and oil-water table elevations under static
conditions. We compute the product dens1ty by

2,2, (2.16)

Since (2. 16) assumes that equilibrium conditjons exist within the well bore, it is advisable to
wait until fluid levels are stable after insertinlg piezimeter tubes before taking readings.

|
I
P

Product Viscosity | _
Dynamic (also called "intrinsic") viscosity can be measured using standard methods (e.g.,
ASTM D-88, D-4243, D-871, D-1795). For refined petroleum hydrocarbons, we have found

the following approximate correlation between specific gravity and viscosity for various

hydrocarbons , o
i

b e.1m
’r]m=8.28p;ro

i
i

where 7,, is the ratio of dynamic viscosity of product to that of water.
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Typical values for various products are givelirl in Table 2-2 at 15 °C (4PI, 1989).. Viscosity
increases with decreasing temperature by about 1-2 percent per degree Celsius.

| ,
Table 2-1. Soil and Fluid Properties for Three Phase Flow

>3

|
Fluid properties: l _
l
p,,  Ratio of oil to water density [L°] :
M, ~ Ratio of oil to water viscosity [L°] z 7 7
B,  Ratio of water surface tension to oil surface tension [L°]
B,, Ratio of water surface tension to oil-x%vater interfacial tension [L°]
|
Soil properties: |
|
K,, Saturated hydraulic conductivity [LT"]
¢ Total porosity [L°] E
S, Water saturation at field capacity [L ";]
S,, ~ Maximum unsaturated zone residual cf)il saturation [L°]
S, ~ Maximum saturated zone residual oilésaturation [L°]
VG pore size parameter [L 7] i
n VG pore size distriution exponent [Léo]

!
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Table 2-2. Typical Specific Gravity (Rp, ), Oil-Water Viscosity Ratio (Hm,,), and
Capillary Scaling Factors (BB, and Bf, ) for Various Hydrocarbon Mixtures

Product p,, ‘ Mo Bao Bow
Gasoline  0.73 0.45 3.5 1.4
~ Diesel fuel  0.83 2.7 2.2 1.9
Fuel oil #2  0.87 5.3 1.9 2.1
Fuel oil #5  0.92 215 1.6 2.8

i

i s
Fluid Scaling Factors |

Air-oil and oil-water scaling factors B, and B,,) are necessary to describe three phase
saturation-capillary pressure relations. One may estimate the scaling factors from oil surface
tension and oil-water interfacial tension date (Lenhard and Parker, 1987) as

. |

' ’ (2.18a)

i
t

B.o=0,/0,
| (2.18b)

Bow=oi/aow
T
where o, is the surface tension of water (ca.§ 68 dynes/cm), do is the surface tension of the
organic liquid, and o_, is the oil-water interfacial tension. An alternative protocol for
determining f,,, is to measure the surface tension of water saturated with dissolved
hydrocarbon (in other words, water which hz}'s been shaken with hydrocarbon and decanted to
remove all traces of free liquid) and to estimate the interfacial tension via

|
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where ¢ is the surface tension of water saturated with dissolved hydrocarbon. In the absence

of measurements of either o,, Or G, we may obtain an estimated of B,,, assuming 0 =0,
which indicates that :

i

B, =] | | |
o 1' =y | (2.20)

i

Surface and interfacial tensions may be determined in the laboratory using standard
methods (e.g., ASTM D-971). For unreﬁned petroleum hydrocarbons (that is, crude oil),
scaling factors may be estimated using a correlatlon between oil surface tension and specific
gravity given by Baker and Swerdloff (1956) as

b o | ' (2.21a)
“ 1=1/2p,,
| ‘
! (2.21b)
B,.,=2p,

which provides a simple procedure for estimating scaling factors for unrefined hydrocarbons in
the absence of additional information. Lyman et al. (1982) reviewed procedures for estimation
of surface tension and interfacial tensions of fluid mixtures.

2.7 Estimation of Soil Properties ; :

Soil properties required to describe oil and v&:rater retention and movement include parameters
defining the fluid retention properties and soil permeability. If properties exhibit variations in
the vertical direction, parameters relevant to -the capillary fringe zone (where more oil occurs)
should be used to predict oil recovery with mammum accuracy. If this results in an under- (or
over-) estimate of the water transmissivity, one may correct it by adjusting the effective and

I
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actual aquifer lower boundarier deeper (or shallower) in proportion to the error in the aquifer

conductivity. |

|

Pump tests or slug tests are the perfened method to obtain saturated hydraulic
conductivity, although laboratory tests may be sufficiently accurate if sample disturbance is
minimal and enough samples are obtained te compute a representative average. When
averaging multiple determinations of hydrauhc conductivity or other soil parameters, we
recommend employing a geometnc average las

(2.22)

G= exp {ZIHX}

|
where X, are the measurements (i = 1,. ,N) and G is the geometric average
i

Total Porosity, Effective Porosity and erldi Capacity

Total porosity, ¢ may be determined directly from soil cores, or indirectly from neutron
logging or other in situ methods. The pararrileteI S, represents the minimum water saturation
that will occur in the soil under field condiﬁbns. Note that the minimum saturation determined
by fitting to laboratory moisture retention data is usually smaller than the minimum field water
content, because equilibrium conditions do not occur in the field. We may estimate S,, from
direct measurements of the degree of saturation on ‘soil cores taken from the field at elevations
above the "capillary fringe" where water saturation drops more or less sharply.

f

|
If the specific yield of the unconfined aquifer is known, this may be used to estimate S,
as ; . -
| ' ’ (2.23)
S.=1-¢ /¢ |

i
i
I

where @ is the total porosity of the soil, andé ¢, is the specific yield or "effective porosity."
Measured specific yields often increase withéthe duration of pump tests due to "delayed yield"
effects. Since long term drainage is of concern here (mostly weeks to months), specific yields
from short term pump tests may lead to overfestimation of §,.

|
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If laboratory moisture retention data aref available, we may make an estimate of S, by
evaluating the water saturation at an air-water capillary pressure head of ca. 100 to 300 cm,
which is commonly regarded as an approximiation of "field capacity."

Residual Oil Saturations !

Maximum residual oil saturations in the unsa{turated and saturated zones are needed tro estimate
recoverable product. One may determine thei: maximum unsaturated zone residual oil
saturation, S, , in the laboratory by measuring the oil saturation in a soil core taken at a

location where oil has been able to drain from a previous oil imbibition event for at least

several days. Note that water and oil will not drain from a short column in the laboratory as it
does in the field becuase the capillary pressure at the column boundary is zero. Typical values

of §,, for field soils are in the range given by

(2.24)
SongogS”‘,(l -S.)

where f,, may range from 0.2 to 0.5 with a median of around 0.3. Fluids with higher viscosities |
and soils that are more heterogeneous with ténd to have larger J,¢ values. Theoretical analyses
indicate that residual saturation increases approximately proportional to the fourth root of product
viscosity (i.e., fbgomro’/‘, where n_, is the oil-water viscosity ratio).

One may determine the saturated zone resrdual oil saturation, S, , by measuring the final oil
saturation in an initially water saturated soil ¢ core subjected to oil flooding followed by water

flooding. Typical values of S, are given by

S, for(1-8,) \ 2.25)

where f, ranges from 0.2 to 0.5 with a medlan of about 0.3. Fluids wrth higher viscosities, and

soils that are more heterogeneous, tend to have larger /., values.
{

Capillary Pressure Parameters from Soil Cores
Air-water capillary pressure curves are often; characterized by fitting model parameters (i.e., «, 7,
and S,) to water content versus capillary pressure data obtained in the laboratory on soil cores
(which yield zrue equilibrium parameters). However, in the field, equilibrium is never truly
attained since low relative permeabilities imﬁede fluid drainage as wetting phase saturations
| |
[ 23
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diminish. To correct for the deviation from kequilibrium conditions, we use guasi-static model

parameters, which yield the correct water sat;uration distribution under field conditions when
assuming a hydrostatic water pressure distribution. Lenhard and Parker (1990) describe
procedures to estimate quasi-static retention parameters from laboratory data. The simplest
approach is to fix §,, at a value corresponding to the minimum field saturation, discard moisture
data below about S,~1.1 x §_, then fit the Iéarameters o and 7 to the reduced data set using a
nonlinear regression method. Table 2-3 gives typical quasi-static van Genuchten (VG) model
parameters for various soil types computed ftom equilibrium values reported by Carsel and Parish
(1988). * | ‘
i

:
!
f

Table 2-3. Representative Soil Properties ffor Various Soils

Soil type* K, o n! Sw S, S,
C(f/d) (LAY
- Sand 23.1 45 2.7 0.3 026 0.03
Loamy sand 11.5 3.8 24 021 024 005
Sandy loam 3.48 23 2.0 024 .0.23 0.05
Sandy clay loam  1.02 1.8 15 028 022 0.06
Loam 0.82 1.1 1.7 035 0.19 0.07
Silty loam 0.36 0.67 1.7 043 0.17 0.07
Clay loam 0.20 0.64 1.7 055 0.13 0.07
Sandy clay 0.095  0.97 1§ 0.66 0.10 0.07
Silty clay loam ~ 0.056 ~ 0.37 1.9 0.68 0.10 0.06

Silt clay 0.016 0.26 28 0.84 0.05 0.04

* Size classes in the USDAE classification system.

Capillary Pressure Parameters from Grain Size Data
Arya and Paris (1981) derived a theoretical ﬁrocedure to estimate air-water capillary pressure
parameters (that is, «, n, S, ) based on the p{roposition that capillary pressure relations relate to the
pore size distribution of the soil, which we mfay in turn infer from the grain size distribution.
Mishra et al. (1988) calibrated and implemenfted the method in the program SOILPROP (ES&T,
1990), which is also incorporated into the prcégram SpillCAD (ES&T, 1994).

|
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Capillary Pressure Parameters from Saturated Conductzvzty
Another method to estimate the VG parameter o is to employ a correlation with saturated hydrauhc
conductivity as |

amAR % 2.26)

i

1
i

Based on laboratory analyses of vertical conductivity 4~1.5d%ft %(+50%). Since field-
measured horizontal conductivities (for exarriple from slug or pump tests) are generally much
higher than vertical laboratory values, estrmates of « using the foregoing value of 4 and field
measured conductivities may be higher than values estimated from grain size distribution data. The
true field parameter values probably lie between these estimates.

Capillary Pressure Parameters from Soil TPH Data |

The most critical parameter in estimating oil:saturation distributions and spill volume is generally
the capillary curve parameter «. If independent data are available on oil saturation at points in the
field, under certain conditions it may be poss1b1e to use these to calibrate the value of «. Since oil
saturation and soil total petroleum hydrocarbon (TPH) are related, methods may be developed to
calibrate & from TPH and monitoring well data The method is based on the premise that oil
saturation distributions computed for given v{zell fluid levels, from the three phase saturation
relations discussed in Section 2.3, should agree with TPH data, if fluid levels at the time soil
samples are taken are known and if one properly calibrates the capillary model. Required data to
employ this strategy include well product thickness H) and oil-water table elevations Z,,
monitoring wells at specified coordinates (xwlxyw) , TPH measurements from a given depth mterval _
for specified coordinates (x,.y;), as well as estimates of total porosity (¢), irreducible water

saturation (S,), the van Genuchten parameter (n), oil specific gravity (p,,), and fluid scaling
factors (B,, and B,,) l
The major steps of the algorithm are aé follows: (i) interpolate Z_, and H at locations
(xyp), where TPH is measured onto a regular computational grid, (ii) at each soil bore location,
calculate an average oil saturation S from the interpolated fluid levels over the interval of TPH
measurements, and use this § to calculate a corresponding TPH value, (iii) compare measured and
calculated TPH values and 1terat1vely adjust the value of & to minimize the sums of squared

deviations. )
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Free oil saturation S, at a given location (x,, y,) and elevation Z is computed as described in .
Section 2.3, and S is determmed by averaglr{g S computed at midpoints, lower and upper 11m1ts for:
TPH measurement mtervals TPH (in mg/kg) is calculated from S as
{ ' - 227
P;,S Ko
\pb

TPH— x 108

where p,, is the oil density and p, is the soil b;ulk density.
-

The applicability of this method is criticzll,lly dependent on accurately defining the fluid levels at
the time TPH samples are taken. The method will be most reliable if well product thickness is large
(several feet), because uncertainty in fluid levéls will have less effect on TPH predictions. The
difficulty of making accurate measurements of TPH in the zone of free product should be careﬁllly

considered in employing this method. }

|
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Section 3
I
Spill Assessment Methods

3.1 Interpretation of Seil Concentration Data

If measurements of soil total petroleum hydrocarbon (TPH) are available at a sufficient number of
points in space to accurately define a three-dimensional distribution of NAPL in the subsurface,
hydrocarbon volume estimation is stralghtforward We simply interpolate the hydrocarbon content
in space and perform the volume integration. However three-dimensional interpolation is
computatlonally intensive and requires a high;, densrcy of sampling points to justify its use. To
minimize these difficulties, a two-step integration procedure may be used, which is more efficient
and robust with sparse data sets. The proced@re involves (I) vertical integration of oil content
using linear interpolation between measurement depths, followed by (ii) areal interpolation and
integration using a two-dimensional kriging algorithm.

Determination of soil TPH involves extraction of soil samples and analytical quantification
of hydrocarbons in terms of mass of hydrocar]aon per mass of dry soil. TPH extractions yield
hydrocarbon mass present as a nonaqueous phase liquid, as dissolved components in the aqueous
phase, as adsorbed components, and as components in the gas phase (to the extent they are not
lost during sample processmg) Calculations based on equilibrium partltlomng indicate that when a
nonagqueous phase exists in a sample the maj onty of the hydrocarbon mass is in the separate
phase, unless the natural organic content of the soil is high. Therefore, estimating nonaqueous
phase volume directly from TPH incurs a very small error. In practice, interpolation and
measurement errors are much greater. 5

The volumetric oil content, 0, Which: is the volume of oil per volume of soil, is related to
TPH by ! '

(3.1)
p,IPH '

0 == :
p,10°

o

where p, is the soil bulk density [ML 31, p, 1s 'the oil densrcy [ML "3] , ‘and TPH is expressed in
mg/kg. SpillCAD estimates bulk density as p (1 d)) where ¢ is soil porosity, and p, is particle

i
1
!
|
i
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densrty, which is generally between 2.6 and 3 tO g cm > (the density of quartz which is 2.65 g
cm ~? is often assumed).

For a given bore hole, in whlch TPH measurements are available at various depths, we
may compute the oil volume per unit horizontal area, or oil specific volume, V_, by integrating

the volumetric oil content over the vertical dunenswn as
|

1
i

(3.2)

z,é
)
|

where z, and z, are the lower and upper elevations where oil occurs (or the range over which we
are interested in estimating product volume). The integration may be readily carried out
numerically by linearly interpolating oil contents between measurement points along the vertical
"dimension. i
3
|
Oil specific volume computed from (3 f2) for each soil boring may then be interpolated
over a specified areal domain to obtain values of oil specific volume at N locations on a regular
grid (for example, 20 x 20 nodes), with block dimensions AxxAy using a kriging algorithm,
yielding N values of specific volume, V., where I = 1,2,... N. The total hydrocarbon volume, Yo
within the horizontal limits of the areal domam and within the vertical limits of the TPH sampling

elevations is computed as |
|

N,
Zo =AZ_1: Voz

(3.3)

where 4A=AxAy is the grid block area. IfTPH‘ data are restricted to the unsaturated zone, then the
estimated volume represents only the product in the unsaturated zone. leewrse if the
computational domain is limited to a subregron or TPH data are used for a limited depth range,

the computed volume represents an estimate of the volume within a subregion.

Note that the hydrocarbon volume estlmated from soil TPH data represents both free (i.e.,
mobile) and residual (i.e., immobile) hydrocarbon to the extent that both occur in soil samples.
Samples taken in the unsaturated Zone may represent primarily residual oil, whereas samples at
the water table may be mostly free product-- although sampling within the zone of free produc t is
not very reliable.
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Estimating the Mass of a Component

If soil concentrations of specific components (for example, BTEX) are available, we may use the

same procedure described above for total hydrocarbon to estimate the total mass of a measured

component in the soil. If the soil concentration of species ¢, expressed in mg/kg, is Y, then we

may compute the mass of & per area in the Sé)ll from the vertical distribution of ¥, in a bore hole
as

(G.49)

2,1
f ~PpY
106
Z
!
where z; and z, are the lower and upper elevations where the contamination occurs (or the range
over which we want to estimate species mass) Integration limits are the maximum and minimum
elevations at which soil concentration measurements are available for a given bore hole.

Integration of (3.4) may be performed numerlcally using p1ecew1$e linear interpolation between
measurement elevations. '

t
Values of the contaminant mass per area, m,, computed at soil boring locations from
(3.4) may be interpolated over a spec1ﬁed areal domam to obtain values at locations on a regular
grid (for example, 20 x 20 nodes), using a krlgmg algorithm. We may then compute the total mass
of species within the indicated domain as

(3.5)

R
8

N
S _&y SE—
3

-,
U]
=

where A=AxAy is the grid block area, N is the number of nodes, and m, 1s the mass of
contaminant per area at node /. |
|
Estimating the Volume of Contaminated Soil
“When soil excavation or ex situ treatment of contaminated soil is being considered, the volume of
contaminated soil must be estimated. The ﬁrst problem then is to define operationally what is
meant by "contaminated." This is typically elther mandated by regulations or subject to
negotiation with regulatory agencies based ori risk assessment studies. We assume that the
definition of "contaminated" is that the soil concentration for TPH, or for a given species (for
example, benzene or total BTEX), exceeds a spemﬁed threshold value and that soil is considered
. to be "contaminated" if the soil concentrauon* of interest, Y, is greater than ¥,

Using values of Y that are linearly inte:rpolated between sampled elevations in the vertical
direction as described above, we may define an indicator function as -
i
|
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(3.6)
0 if Y<Y

crit

8@={; i y>1

crit
i
|
|

The volume of contaminated soil per area at sfoil boring locations is computed as

- G.7)
L= fuB(Z)dZ

where z, and z,_ are the lower and upper elevations we specify. The L values are computed over a
spec1ﬁed areal domaln to obtain values at N' nodes on a regular grid (for example, 20 x 20 nodes)
using a kriging algorithm. We may then compute the volume of soil with concentration exceeding
the threshold by , |

; i | T ” (3.8)
. |
VsoifAZ;Li

| : : S
where A=AxAy is the grid block area, N'is th:e number of nodes, and L, is the nodal value of L.
’ .
Example Calculatzons |
To illustrate the calculations discussed above, soil concentration data for samples taken from a
soil boring to a depth of 45 feet are used to compute total hydrocarbon specific volume, benzene
mass per area, and volume of soil per area with TPH greater than 1000 mg/kg in a spreadsheet
format given in Table 3-1. Given multiple soil borings, similar calculations may be repeated for
other locations and the results interpolated over a spatial domain to determine total hydrocarbon
volume, benzene mass and contaminated soil volume within the sampled region using (3.8).-
Interpolation may be carried out using commercial or public domain software (e.g., GEO-EAS or
on a regular grid Surfer). The soil under consideration is assumed to have a poros1ty of 0.35and a
bulk density of 1.72 g/cm?. The hydrocarbon density is assumed to be 0.80 g/cm3. Values in
Table 3-1 were computed as follows ;

Column A. Sample depth is the d1stance from the ground surface to the center of the
core sample. ,

Column B. The sample interval, dZ, is half the distance from the current sample to the
next shallower sample, plus half the distance from the current sample to the next
deeper sample, except for the shallowest and deepest samples, in which case, the
interval is half the distance from the sample center to the next sample, plus 0.5

to account for one half of the actual length of the sample core.

30

1
i
i
i
f
H
i
[




Column C. Measured TPH in the so11 core glven as mg hydrocarbon per kg dry soil.

Column D. The average volumetrlc 011 content in the sample interval computed from

G.D.

Column E. Each entry in the column i 1s calculated as 0 dZ, and the entire column is
summed to obtain the oil specific volume v =0.206 % per ft2. ‘

;
I

Column F. Measured soil benzene concentratlon expressed as mg benzene per kg dry
soil. 5
Column G. The average benzene mass! per area in g/ft? in the sample interval is
computed from eq. (3.4), and the factor = 0.0283 is inserted to make the proper unit
conversions. The column is summed to obtain the mass of benzene per area over
the boring depth, m,,_=39.8 g/ft?. :

1

Column H. An indicator variable that is 1 if TPH<1000 mg/kg and 0 if TPH is smaller.

Column I. The volume of contamlnate;d soil per area in each sample interval is calculated
as (Z)dZ. The column is summed to obtam the contaminated soil volume of 22.5 ft3
per ft2.

Table 3-1. Example Spreadsheet Calculations From Soil Boring Data

A B C D E F G H I
Depth | dz | TPH | 6, | |7, Y, | Yy, | 5@ |s@az
(&) ® |(mgke) | () (ﬂ i) | mgke) | (@89 O [@7R?)
5 5.5 sa2 | 0.0012 | 0.006 5 13 0 0.0
15 80 | 1180 | 0.0025 | 0.020 9 3.5 1 8.0
21 65 | 3937 | 00085 | poss | 37 11.7 1 6.5
28 80 | 6836 | 00147 | 0118 | 53 20.7 1 8.0
37 85 | 678 | 00015 | 0012 6 2.5 0 0.0
45 | 45 27 | 0.0001 | 0.000 0 1.2 0 0.000
0.206 39.8 22.5
!
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3.2 Free Oil Volume From Monitoring W;’el}l Data
1
Description of Method !
As discussed in Section 2.3, free oil specific volume may be computed from well product
thickness data, if vertical equlhbnum pressure distributions are assumed and soil capillary pressure
relations can be estimated. Areal integration of oil specific volume values will then provide an
estimate of free oil volume over the areal domam
I
The procedure that is recommended fbr performing these calculations begins with a set of
well product thickness data for a given point m time from a monitoring well network. Well
product thickness values () are mterpolated aerially using a 2-D kriging algorithm to obtain
~ estimates of H | on a regular grid overlaying the site area. After interpolating well product
thickness, the free oil specific volume, Vs , may be computed as described in Section 2.3 for each
node. The total free product volume is then determmed by summing over the area as
(3.9)

Zof=AZ; v

I
)
l

where A=AxAy is the grid block area, N'is the number of nodes in the grid, and Ve 1s the free oil -
specific volume at node . \

In addition to wells within the liquid hydrocarbon plume, enough wells should be available
beyond the plume to define its perimeter. If sufﬁc1ent wells do not exist to adequately delineate
the plume, it may be necessary to define “control points" with zero oil thickness at locations
dictated by professional judgment, rather than to rely on an mterpolatzng algorithm to extrcmolate
the data. | ‘ : -

An important consideration in computing product volume from well product thickness
data is the validity of the assumption of equilibrium between the well and the surrounding soil as
well as the assumption of vertical equilibrium'in the soil. Under conditions in which an upward
hydraulic gradient exists, oil specific volume computed assuming vertical equilibrium conditions
may underestimate the actual free oil specific volume. With a downward gradlent oil specific
volume may be overestimated. '

If a well was recently installed or balled fluid levels will take some time to equilibrate
between the soil and the well. How long this will actually take depends on the oil transmissivity,
which will in turn depend on the soil and fluid properties as discussed in Section 2.5. The
equilibration time may be determined in the field by momtormg well recovery versus tune after
balllng a well. A rough estimate of the equlhbratlon time in days may be taken as 7, % where T,
is the oil transmissivity in square feet per day computed per Section 2.5 as a functlon of soil and
fluid properties and equilibrium well product thlckness For commonly encountered conditions,
the well equilibration time may range from minutes to weeks. When wells have been bailed and

1
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deviations from vertical equilibrium conditionfs are suspected, it may be better to employ the
maximum product thickness at each well to compute spill volume rather than a time-synchronous
data set. !

I

Since well product thickness only reflects fiee 0il under the existing hydraulic conditions,

the computed spill volume is only an estimate of the free oil volume corresponding to the
specified product level data. Historical chang¢s in air-oil and oil-water table elevations can induce
some oil to become hydraulically discontinuous and hence non-detectable by monitoring wells.
This may cause computed free oil volumes to %ﬂuctuate over time with the occlusion or release of
residual oil.

Evaluation of the “Oil Pancake” Approximation
A common conceptualization of the vertical distribution of free product at the water table is based
on the idea that oil occurs as a distinct lens in which the drainable pore space is saturated with oil.
This is often referred to as the "oil pancake." According to the general theory of capillary
retention discussed in Section 2, such a step ﬁmction fluid distribution in the soil will be
approached only if the soil pores are very large so capillarity is negligible (i.e., high value of van
Genuchten @) or if the pore size distribution is very narrow (i.e., high value of van Genuchten n).
The cil pancake model is often employed to interpret baildown tests (Gruszcenski, 1987). In a
baildown test, accumulated product in a monitoring well is bailed out over a short period of time
and the response of the air-oil and oil-water interfaces in the well are recorded over time (Figure
3-1). The rate of oil flow into the well is controlled by the oil transmissivity and the air-oil head
difference between the soil and the well. Water flow is controlled by the water transmissivity and
the air-water (i.e., "corrected water table") head difference. During the initial stage of a baildown
test, water and oil flow into the well in response to gradients in the air-water and air-oil tables,
respectively. Since water transmissivity is usually much greater than oil transmissivity, water
reaches an equilibrium condition earlier than the oil. As further oil flows into the well, the
air-water table gradient is reversed and water is displaced from the well. According to the oil
pancake model, the product thickness in the well when water flow reverses (oil-water table
reaches a maximum) corresponds to the "formation product thickness" which is multiplied by the
effective porosity to determine oil specific voh,i1me, often referred to as "true product thickness" in
this context. '
| -

An analysis of baildown test results with the numerical model ARMOS was reported by
Zhu et al. (1993). Well hydrographs for baildown tests with 2 feet of diesel fuel initially
present in a monitoring well are shown in Figdre 3-2 for two soils. For the sandy aquifer, the
oil-water table peaks within one minute, while water flow into the well is still occurring after 30
minutes for the silty soil. A comparison of the 'oil saturation distribution inferred by the oil
pancake model and the profile computed from!/the van Genuchten capillary model is shown in
Figure 3-3 for the two tests. It is evident that the pancake model is not a very good approximation
of the oil saturation distribution. Inspection of'the area under the oil pancake and van Genuchten
curves, which relate directly to the oil specific volume, indicates that the oil pancake model yields
an estimate of oil specific volume that is w1th1n 10 percent of the actual volume for the sandy soil.

| 33
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For the silty soil, the oil pancake model overestimates oil specific volume by a factor of 2.5 to 4.0,
depending on the coarseness of the filter pack material. Oil drainage from the filter pack after
bailing is misinterpreted as recovery from the formation by the oil pancake model.
:

7 The results indicate that the oil pancake model prov1des a poor approximation of the free

oil distribution and leads to erroneous estimates of free oil volume. Overestimation of free oil
specific volume will be increasingly severe for finer grained materials. Quantitative determination
of oil transmissivity and oil speclﬁc volume ﬁ'om baildown tests requires con51derat10n of transient
two phase oil-water flow using an appropnate numerical model

!.T
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Figure 3-2. Baildown test hydrograph for a) sandy soil and b) silty soil with diesel.
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Figure 3-3. Oil saturation distribution for van Genuchten model and “orl pancake” model
for a) sandy soil with diesel and b) s11ty soil with dlesel

Example Calculations

An example calculation is shown in spreadsheet form to compute free oil specific volume, V_,
from well product thickness; H_, in a monitoring well. The well product thickness for the
example is 3 feet and the alr-011 and oil-water table elevations are 93 and 90 feet, respectively.
Assumed soil and fluid properties for the problem are given in Table 3-2. Vertical integration is
performed from a lower elevation of Z__ =90 feet to an upper elevation of Z =934 feet,
computed from (2.9). Calculations are performed at 35 equal depth intervals of 0.1 feet to
numerically integrate for oil specific volume. To compute total free oil volume, calculations of oil
specific volume must be repeated at various areal locations. Since well product thickness must be

|
|
|
I
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a smooth function in space (discontinuities in the piezometric gradients cannot occur), while oil
specific volume may be discontinuous due to soil heterogeneity, it is preferable to interpolate H,
from monitoring wells onto a computational grid and to compute V. on the grid from
interpolated apparent thickness values. Values in Table 6 were computed as follows:

Column A. The first value of Z is Z, from (2.9), the final value istow , and intermediate
values are incremented in intervals of dZ=0.1 ft.

i

Column B. The oil-water capillary pressure how is calculated as .

o =(1-0,)(Z-Z,,)

Column C. Air-oil capillary pressure is calculated using eq. (2.6a) above Z, . Atlower
elevations 4,,=0 is employed to compute total liquid saturation.

Column D. Water saturation is calculated usirig eq. (2.7a) given h,,, at the specific
depth. i ,

i

Column E. Free oil saturatioﬁ is calculated for each depth as 875,78,

Column F. The free oil volume per unit érea'fcj)r each depth interval is computed as

<!)Sode. A sum of all values in column F gives the free oil specific volume of
0.309 ft¥/a2. ‘ ,

[

P
i

Table 3-2. Soil and Fluid Properties for Exzflmple Problem.

; p,,=0.8 K_,=8.0 ft (;iay"l | S,,=0.15

n,,=0.6 $=035 ‘ | S,=0.06

B,,=3.2 =25 ft ! . 5,020
B,,=1.5 n=2.0 ' B ‘ |
7 |



Table 3-3. Spreadsheet for Free Qil Specifi

|

ic Volume from Well Product Thickness

A B C__ | D E | F__ |
‘ Z how hao [ Sw Sof d)So Z
(&) (&) ®) | ) ) B/R?)
93.4 0.68 032 0.46 0.00 0.000
93.3 0.66 024 | 0.47 0.08 0.003
93.2 0.64 0.16 | 0.48 0.20 0.007
93.1 0.62 0.08 | 0.49 0.38 0.013
93.0 0.60 0.00 | 0.50 0.50 0.018
92.9 0.58 0.00 | 0.51 0.49 0.017
92.8 0.56 0.00 | 0.52 0.48 0.017
92.7 0.54 0.00 | 0.53 0.47 0.017
92.6 0.52 0.00 0.54 0.46 0.016
925 0.50 0.00 ! 0.55 0.45 0.016
92.4 0.48 0.00 0.56 0.44 0.015
92.3 0.46 0.00 0.58 0.42 0.015
92.2 0.44 0.00 | 0.59 0.41 0.014
92.1 0.42 0.00 | 0.61 0.39 0.014
92.0 0.40 0.00 | 0.62 0.38 0.013
91.9 0.38 0.00 0.64 0.36 0.013
91.8 0.36 0.00 | 0.66 0.34 0.012
917 0.34 0.00 | 0.67 0.33 0.011
91.6 0.32 0.00 | 0.69 0.31 0.011
91.5 0.30 0.00 | 0.72 0.28 0.010
91.4 0.28 0.00 | 0.74 0.26 0.009
91.3 0.26 0.00 0.76 0.24 0.008
91.2 0.24 0.00 | 0.78 0.22 0.008
91.1 0.22 0.00 ! 0.81 0.19 0.007
91.0 0.20 0.00 ! 0.83 0.17 0.006
90.9 0.18 0.00 | 0.85 0.15 0.005
90.8 0.16 0.00 0.88 0.12 0.004
90.7 0.14 0.00 0.90 0.10 0.003
90.6 0.12 0.00 | 0.93 0.07 0.003
90.5 0.10 0.00 | 0.95 0.05 0.002
90.4 0.08 0.00 : 0.96 0.04 0.001
90.3 0.06 0.00 0.98 0.02 0.001
90.2 0.04 0.00 ! 0.99 0.01 0.000
90.1 0.02 0.00 1.00 0.00 0.000
90.0 0.00 0.00 1.00 0.00 0.000
[ 0.309




3.3 Estimation of Dissolved and Free Phafse Travel

Description of Method !
In order to assess the potential for adverse i nnpacts of a hydrocarbon spill, it is often useful to
estimate the migration rates of dissolved and free phase plumes. These can be used in turn to
estimate travel times to property boundaries or potential receptor locations (e.g., wells, streams,
etc.). The average velocity of a dissolved phase plume, v, is given by

(3.10)

‘where g, is the Darcy velocity for water, ¢ 1§ porosity, R is a retardation factor accounting for
adsorption, K is the saturated hydraulic conductivity, and dZ_ /dx is the corrected water table
gradient. Use of total porosity in (3.10) assumes that all pore space is accessible to dissolved
contaminant. A retardation factor of 1.0, which corresponds to no adsorption, represents the
worst case with regard to dissolved plume migration -- i.e., maximum migration rate.

The average velocity of the free phasefhydrocarbon plume, v, is given by

b - - (3.11)

- qo = I To dZao
oS, V, dx

l

where g, is the Darcy velocity for oil, ¢ is por051ty, S, is the oil saturation, T is the oil
transmissivity, V. is the free oil specific volume, and dZ /dx is the air-oil table gradient. The
relationship between the mobility factor, M =T J Vs and apparent oil thickness, H_, may be
determined from the functions discussed in Sectlons 2.3 and 2.5. The results mdlcate that the
mobility factor increases with H, up to a maximum value given by
b (3.12)
ax pronw ‘
0 n:ro(b(l _Sm)

where p,  is the oil specific gravity, 1, is the oil-water viscosity ratio, X_, is the soil hydraulic
conductivity, ¢ is total porosity and Sm is the residual water saturation.

Variations in the mobility factor with HO are illustrated in Figure 3-4, which shows the
relative mobility factor, M/, ax , for a sandy and a silty soil. For the sandy soil, the mobility
reaches a maximum between 5to 10 feet. Forlthe s11ty soil, a maximum value is reached at an
apparent oil thickness of about 15 feet. If M, /A/{n is used to estimate oil plume velocity, the
results will tend to overestimate the movement on the perimeter of the plume where the mobility
factor diminishes. Figure 2-7 indicates that the minimum apparent thickness for the same sandy

i
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and silty soils due to capillary exclusion are apEproximately 1 and 2 feet, respectively. Inspection of
Figure 3-4 indicates that the oil relative mobility for both soils is approximately 0.5 at their
respective minimum apparent thickness values Therefore, the oil mobility factor on the plume

perimeter should be approx1mate1y half of the| max1mum value given by (3.12).
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Figure 3-4. Relative oil mobility versus aﬁparent oil thickness for two soils.

®®

The time for a dissolved or free phase plume to travel a distance along a streamline may be
computed as |
| (3.13)
Apéf

Yo

where v is the velocity of phase p (i.e., oil or water). The distance must be measured along a

path perpendicular to the potential contours, which correspond to the air-water table for water

flow or the air-oil table for oil flow in the absence of air pressure gradients. If the gradients

change significantly along a streamline, the travel time calculations are performed along intervals
[

1

l
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!
for which the gradient can be approximated as constant and travel times for the increments are
~ then added. §
Example Calculations i
The foregoing algorithm for estlmatlng free phase plume migration rate was evaluated by
comparing analytical results with those of the numencal model ARMOS for transient water and
NAPL flow (ES&T, 1994). The problem involves a 54,000 gallon gasoline leak in an aquifer with
a 0.5 percent regional water table gradient. Relevant soil and fluid properties are shown in Table
3-2.

i
|
i

The distribution of the apparent oil thickness 100 days after the gasoline leak is repaired
and 700 days after the leak is repaired, as predicted by the numerical model, is shown in Figure
3-5. Over the 600 day period, the outer edge of the free phase plume (taken operationally as the
0.25 ft apparent thickness contour) has migrated about 50 feet, indicating an average oil plume
velocity v, of 0.083 feet per day.

To estimate the free phase plume veloc1ty with the analytical model, we first compute the
mobility factor for the gasoline plume as -

(3.19)

M ' :
el = '[p"’K W __=17.9 ft/day
2 2n,4(1-S,)

The average oil piezometric gradient (air-oil table) will be roughly equal to the water piezometric
gradient (air-water table), which is 0.5 percent The maximum free phase plume velocity may be
estimated as :

g : (3.15)

dz_
v =M —2=0.09 fi/day
o o Ck I

i

The estimated oil velocity of 0.09 feet is apprtz)ximately equal to the value of 0.083 feet per day :
indicated by the numerical model. |
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Figure 3-5. Apparent thickness 100 and 700, idays after a gasoline leak predicted by ARMOS.




Section 4
.'

Product Rec(fvery System Design

1

4.1 Specification of Design Criteria ‘

Successful remedial design for subsurface hydrocarbon spills inevitably requires compromises
among a variety of technical, economical and Socio-political issues. Among the factors that may
be taken into consideration are: ;

* Control environmental and human h‘iealth risks to acceptable levels,

* Meet regulatory requirements for closure, ,

* Minimize disruption to normal activities caused by construction/remedial measures,
* Mitigate negative publicity and potential lawsuits associated with spill, and

* Minimize total cost for site investigation and remediation. '

Ideally, the first two points are consistent, but this is often not the case. In some cases,
exposure risk may be low enough that no action may be warranted or free product removal in
conjunction with subsequent monitoring may be an acceptable endpoint. In such cases design
optimization is fairly straightforward. The objective is simply to reach asymptotic free product
recovery with minimal cost, subject to constraints imposed by needs to minimize disruption, or
assuage socio-political concerns. For a given design option, it is only necessary to determine if the
design constraints are met and then assess the capital and operating costs amortized to present
value. “

1

Factors that will affect the cost and effectiveness of a product recovery system will include
the number and location of wells and/or trench:es, water and product pumping rates, treatment
costs, and period of operation required to reach asymptotic product recovery. In some cases, a
surrogate for cost may be employed to optimize the design. For example, if treatment costs are
high, minimizing total water pumping may be an effective surrogate for design optimization. If
costs associated with site disruption during ren}ediation are high, minimizing the duration of the
recovery system operation may be a reasonable; surrogate for design optimization.

For most sites, regulatory requirements necessitate remediation beyond removal of free
product to meet soil, groundwater or air quality criteria. In such cases, free product recovery is no
longer the endpoint, but simply a first step in the remedial process. This significantly complicates
the estimation of cost-effectiveness because total project cost, not simply the cost of free product
recovery, must be considered. If the free product recovery design can achieve cost savings in

i
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secondary remediation that exceed the additional costs of free product recovery, higher costs for
free product recovery will be justified. Accurate estimation of the time and cost that will be
required to reach specified soil or groundwater concentration levels is difficult. However, for a
given system design, the duration of the remedial operation and the operating costs may be
expected to be approximately proportionate to the mass of contaminant remaining after free
product recovery is complete. Since it is generally less costly to remove a unit mass of
contaminant as liquid hydrocarbon than as a dissolved or vapor phase constituent, a reasonable
design criteria, in cases where soil and groundwater criteria must be met, may be to maximize the
volume of free product recovered. {

In summary, the most exacting method of evaluating various remedial alternatives is to
perform a detailed cost analysis of all options that will meet imposed criteria (e.g., limit further
plume migration, avoid construction in certain areas, meet regulatory criteria, etc.). For cases
where the effort of performing such analyses is not warranted, or for preliminary screening of
alternatives in any case, cost may be replaced by a surrogate variable that can be more readily
evaluated. | '

To design a cost-effective free produd recovery system, various surrogates for cost may
be applicable in different circumstances. Some practical guidelines are given below.

Design Surrggate

* Maximize product recovery

Controlling Factor For Design

« Cleanup required to meet low soil or
groundwater standards

i
t
i
!
:
|
i
i
}
!

* High costs associated with disruption, * Minimize time to asymptotic recovery
maintenance, monitoring or leasing E
* High pumping or water treatment costs f * Minimize total water pumped
j .

For either the full cost analysis or the cost surrogate approach, the first step is to
determine whether a proposed design strategy.is expected to meet pre-conditions for a valid
design. Plume containment will often be specified as a prerequisite. If two pumps with a 10 gpm
capacity are readily available, a prerequisite may be to limit the number of pumps and the rates to
suit the equipment (if other conditions can also be met -- e.g. plume control). Site conditions may
dictate other limitations, such as constraints orfl well placement, feasibility of constructing
trenches, etc. S ;
, | : ' ‘

In order to determine if pre-conditions ‘can be met for a given design alternative, and then
to compare the optimization criteria (i.e., cost or cost surrogate), models must be used. This
chapter describes methods that can be utilized :to design free product recovery systems at
hydrocarbon spill sites. Secondary remedial measures to reduce soil and groundwater
concentrations will not be directly addressed. However, the final objectives for site closure must
always be taken into account from the outset of a remedial design, beginning with the manner in
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which recovery systems utilized for free prod1‘1ct recovery can be optlmally ut111zed in the ﬁnal .

system configuration. | ;

4.2 Effects of Well Placement and Operation
|

Case Study 1 :

A numerical study of product recovery in an anisotropic fractured rock aquifer was reported by

Parker et al. (1992). The problem involves a 27 000 gallon diesel spill investigated using the areal

oil-water flow model ARMOS (ES&T, 1994).,  The distribution of the NAPL ‘plume at the time

recovery was commenced and locations of potential recovery wells are shown in Figure 4-1. Well

RW-7 is about 50 feet downgradient of the sp111 source, wells RW-4, -5 and -6 are 250 feet

downgradient, and wells RW-1, -2 and -3 are about 450 feet downgradient. The following

recovery well configurations Were considered in the study:

_ | '
Case A - Wells RW-1 through RW-3 operating at 0.5 gpm each,
Case B - Wells RW-1 through RW-6 operating at 0.5 gpm each,
Case C - Wells RW-1 through RW-7 operating at 0.5 gpm each.
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* Figure 4-1. Apparent product thickness prior to recovery and well locations for Case Study.
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Preliminary simulations indicated a puimping rate of 0.5 gpm yielded capture for wells

RW-1, -2 and -3 when operating. Simulations of product recovery were performed for each case
until asymptotic recovery was achieved. The results are summarized in Table 4-1.

Table 4-1. Summary of Recovery System i{esults for Case Study L

Product Recovery :
' Water Pumped Time Oil/Water Cut
Case Gallons Percent | (Gallonsx 109 (days) x 1000
A 5700 21 | 1.94 900 2.9
B 2,900 11 11.51 . 350 19
C 2,700 10 1.01 200 2.7

The maximum recovery was obtained for the downgradient well system (Case A), which
recovered 21 percent of the original spill volume. Asymptotic recovery was achieved in 900 days,
after pumping 1.94 million gallons of water, g1v1ng an oil-water cut of 2.9 gallons of oil per 100
gallons water.

Adding an additional bank of wells in Case B reduced the recovery time to 350 days, and
the recovery volume was cut nearly in half. The reduced recovery is a result of increased smearmg
in the drawdown depression associated with the additional upgradient wells. The recovery time is
decreased because the average travel distance to the wells decreases. Oil-water cut dropped to
only 1.9 gallons of oil per 1000 gallons of water

Add1ng well RW-7 in Case C resulted in a small additional decrease in recovery volume,
and reduced the recovery time to only 200 days Oil-water cut increased to 2.7 gallons of oil per
1000 gallons of water due to the decrease in recovery time.

It is notable that increasing the number of wells decreases the volume of recovered
product for this problem. This is due to the geometry of the plume and to the configuration of the
recovery wells. Since the plume is rather elongated, plume capture can be achieved most
efficiently with a line of wells near the toe of the plume. Additional upgradient wells do not
improve containment. Increased "smearing" from the upgradient wells reduces product recovery
but reduces the travel distance, thus decreasing recovery time. An option that was not
investigated, but which may be advantageous, would be to include upgradient wells to reduce the
travel time, but with lower pumping rates than the downgradient wells to minimize smearing.

{
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Defining the optimal design depends on the objectives of the system. Case A provides the
maximum product recovery and yields the hlghest efficiency, as measured by oil-water cut. It also
has the lowest capital cost. Case C reaches asymptotlc recovery within a much shorter time period
with significantly less total water pumping. This may result in lower total operating costs,
although capital costs will be greater. Ifresidi;al product must be remediated, Case C becomes
less attractive due to higher long term pumplng needed to remove the additional mass from the
soil. The results clearly illustrate the fact that recovery system design generally requires trade-offs
to-be made among various cost and efficiency factors.

Case Study i E ,
An example problem is presented to mvestlgate effects of water pumping rate, well placement and
number of wells on free product recovery system effectiveness. Data for the problem was taken
from a field investigation of a pipeline leak involving a mixture of gasoline, diesel and fuel oil. The
estimated spill volume is 290,000 gallons. Numerical simulations were carried out using the
numerical model ARMOS (ES&T, 1994). To ‘simplify the analysis and to focus on the effects of
design variables, effects of seasonal water table fluctuations observed in the field were not
considered in the simulations. ;

The model domain is a 43 acre area, dtiscretized by a mesh with 804 elements (Figure 4-2).
The water table at the site occurs at a depth of 10 feet, and slightly to the west with a gradient of
about 0.002. The apparent hydrocarbon thickness prior to initiation of product recovery is shown
in Figure 4-2. The unconfined aquifer consists primarily of coarse sand and gravel. Soil and fluid
parameters for the problem are given in Table= 4-2.

i
)

Table 4-2. Soil and Fluid Parameters for Case Study II

!

o, K,=100 ft d! S,=0.10
1,,=2.0 $=035. 8,=0.05
B,,=3.4 a=35ft! S, £0.25
B,,=142 n=20 '

t

|

!

|

i
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Pumping wells were located as shown'm Figure 4-2. RW-1 was placed downgradient of
the center of the plume in order to take advantage of the natural movement of the groundwater.
RW-2 was placed at the center of the plume, and RW-3 was placed near the location of the
highest apparent oil thickness. Three scenanos involving different wells operating were
considered: :

* Case A - Pumping from well RW-1,only,
* Case B - Pumping from well RW-3 only,
* Case C ng from wells RW-1, 2 and 3.

| .
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Figure 4-2. Initial well oil thickness dlstnbutnon and location of recovery wells for Case
Study II. i

{

!

For each case, simulations were performed for several water pumping rates to determine
the optimum rate for each well configuration. Water pumping rates for the different scenarios are
given in Table 4-3. The rates shown for Case (C are the totals for all wells, and the individual
wells each were assumed to pump at one third of the total rate. Time to reach asymptotic free
product recovery and the cumulative water pumpmg for each scenario are also summarized in
Table 4-3.
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Asymptotic product recovery versus water pumping rate for each case is shown in Figure
4-3. The results clearly indicate that for a glven well configuration, an optimum pumping rate
exists at which maximum product recovery is: achieved. This optimum represents a trade-off
between two factors. If the pumping rate is too low, the capture zone of the well field is
-inadequate to encompass most of the free phase plume and recovery is below optimum because
plume spreading occurs. If the pumping rate is higher than necessary to achieve plume capture,
recovery diminishes due to increased smearing of product within the zone of drawdown. As
pumping rate increases, the final residual oil volume in the unsaturated zone increases due to
smearing over the region of drawdown (F iguré 4-4). However, the volume of residual in the
saturated zone decreases with increasing pumping as more free product is removed and as
increased smearing occurs (Figure 4-5). Max1mum recovery will occur when the total residual
volume (sum of saturated and unsaturated res1dua1) is at a minimum,

I
I
.

Table 4-3. Pumping Rates, Times to Reaclj Asymptotic Recovery and Total Water Pumped
for Case II Scenarios (optimum for each case in bold)

Pumping Pumping Duration; Water Pumped
Rate *
o Case A Case B élase C | CaseA Case B Case C
(gpm) (days) (days) (days) [ (Mgal) (M gal) (M gal)
25 8,000 9,000 10,000 288 324 360
50 5,000 9,000 6,000 360 648 432
75 3,600 7,800 3,200 389 842 346
100 3,000 5,800 ' Q,7oo 432 835 389
125 2,300 3,800 2,400 414 684 432
150 2,000 3,300 &,100 432 713 454
200 1,500 2,400 51,400 - 432 691 403
300 1,000 1,600 1,200 432 691 518
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Figure 4-5. Final saturated zone residual product versus water pumping rate for
Case Study II scenarios. |
Case A (single downgradient well) yielded the lowest recoverable product, the lowest
optimum pumping rate, and the lowest total water pumped with a recovery time of 3000 days.
The downgradient location of the well allows plume perimeter control with a lower pumping rate.
However, allowing the center of mass of the plume to migrate this distance evidently results in
low recovery.
|
- Case B, with a single upgradient well RW-3 operating, recovered more product than Case
A or Case C at a given pumping rate and at the respective optimum pumping rates. However, the
optimum pumping rate was greater for Case B than for Case A, and the recovery time was greater
for Case B than for Case A or Case C. As a result Case B required significantly greater total
water pumping than the other two cases. The h1gher water pumping rates needed for Case B
could be readlly anticipated, because the upgradient position of the recovery well will require
higher pumpmg to achieve plume capture. The higher recovery for Case B is more difficult to
ant101pate since higher pumping rates would generally lead to increased smearing. Evidently, the
increase in unsaturated zone residual due to higher pumping is more than offset by reduced
saturated zone residual due to product recovery near the plume center that keeps the center of
mass of the plume from moving downgradlent The low natural groundwater gradient is probably
a significant factor resulting in the effectiveness of RW-3. Case B recovered more than Case C
because the longer recovery time allowed for more residual to drain from the unsaturated zone

(Figure 4-4).
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Case C, with three wells operating, y1e1ded somewhat less recovery than Case B but
reached asymtotic recovery in the shortest time period. The total water pumping was much less
than that for Case B and only slightly more than that for Case A. Although the capital cost for
Case C is somewhat higher and the total recoyery somewhat lower than for Case B, the system is
significantly more effective in terms of total product removed, operating time, and oil pumped per
volume of water operating time and operatmg costs. :

In contrast to the results of Case Study Iin the previous section, the present results
indicate that upgradient wells may improve system effectiveness and even efficiency. Clearly,
many factors affect the outcome of various design options and a priori mferences concerning
system behavior are not always possible or rehable Plume geometry, hydraulic gradlent -soil and
fluid properties, well placement and dlstrlbutlon of pumping among pumps, and many other
factors must be taken into consideration. Quantltatlve models that can take the complex
interactions of these factors into consideration are critical to making good engineering decisions.

{
4.3 Plume Capture and Travel Time Analysis

|
Evaluation of Plume Capture i
As suggested in the preceding section, free phase plume control is generally a prerequisite to
achieving maximum free product recovery for a given well configuration. In most cases, plume
control will be a design prerequisite regardless of whether maximum recovery is the primary
objective, because plume migration results in 1ncreased potential groundwater contamination and
increased potential liability. '

Plume containment is generally achieved by installing a system of wells and/or trenches
from which water and product are pumped. For a given configuration of wells or trenches, the
maximum product recovery is achieved by pumping in a manner that just controls lateral plume
migration. Increasing water pumping further generally diminishes recovery. This occurs due to
the increasing volume of residual product that becomes smeared over the cone of depression of
the water table drawdown. Thus, for a given well or trench configuration, water pumping rates
generally should be adjusted to just control prbduct spreading.

In the absence of air pressure gradients, water flow occurs in response to gradients in the
air-water table, Z_, often referred to as the corrected water table (i.e., LP,.H, ). Fora
single well, the steady state water table drawdown distribution may be computed approximately
by solving the groundwater flow equation, dlsregardmg effects of hydrocarbon on water flow.
Since the saturated aquifer thickness is usually much greater than the zone with hydrocarbon, the
assumption that groundwater flow is mdependent of the presence of hydrocarbon is usually a
reasonable assumption. |

The groundwater flow equations may be solved using commonly available numerical or
analytical models. The simplest approach is to use an analytical solution for steady state flow to a
point source or sink (i.e., an injection or pumpmg Well) and to superpose the resulting drawdown
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to approximate a system of wells or a line sink (i.e., a trench). Superposition is strictly valid for
confined aquifers, but may be used to approximate unconﬁned flow if drawdown is small
compared to the aquifer thickness. From the pnnc1p1e of superposition, the effect of multiple wells
on the water table distribution (assuming no a1r pressure gradients) is computed by

@.1)
Oi J
Z07Z " ,21: AZ&WJ

where Za(:v is the air-water table elevation at !a given location without pumping, AZ__, is the
drawdown at the location attributable to well ij, and J is the total number of wells. The
pre-pumping water table configuration, Zaw(xy) may be determined by kriging air-water table
elevations at monitoring wells onto a grid and the post-pumping water table may be computed
from (4.1) and drawdowns at grid points attributable to each well.

Horizontal flow of separate phase hydrocarbon occurs in response to gradients in the
air-oil table elevation, Z_, in the absence of air pressure gradients. Once we determine the
air-water table the aJr-011 table may be estlmated for each point in the computational grid as

(42
Z,.=Z, + (1 P, H,

!
where Z_, is the post-pumping water table, p,, is the oil specific gravity, and H_ is the apparent
product thickness at the location prior to commencing pumping interpolated from monitoring well
data. Equation (4.2) yields an approximation Iof the air-oil table after water flow approaches
steady state conditions, but before significantioil redistribution has occurred. Since oil tends to
accumulate at the wells and gradually diminishes in thickness near the plume perimeter, the oil
gradient around the edge of the plume, computed from (4.2), will generally be an upper estimate.
Thus, if we can show that the gradient of Z_ ' is flat or towards the recovery wells at all locations
around the plume perimeter, control of plume migration should be achieved for the assumed
pumping conditions. !

To evaluate whether or not oil plume ‘control will be achieved, we first delineate the plume
perimeter by a small apparent product thicknéss contour (for example, 0.1 ft). Inspection of the
direction of the air-oil gradient on the plume perimeter indicates whether plume control has been
achieved. Alternatively, oil streamlines perpendlcular to Z,, contours may be drawn to assess
capture by the recovery well system.

Estimation of Recovery Time *

Once flow rates have been determined for a g1ven well or trench configuration that achieves free
phase plume control, an estimate of the time to reach asymptotic recovery may be made. An
approximate method for doing this is based on the travel time analysis discussed in Section 3.3.
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The first step is to draw streamlines perpendlcular to the estimated steady state Z
contours. The longest travel path between a recovery well or trench and the perimeter of the
plume should be identified, as this will control the time required to reach asymptotic free product
recovery. The travel path may be divided into a number of intervals. The air-oil gradient for an
interval times the mobility coefficient (Section 3.3) gives the travel time for the interval. Summing
the interval travel times will yield the total travel time.

Example Problem - Section 3.3 showed that the mobility factor A/, can be multiplied by the
water table gradient to estimate the average oil velocity (v,) dunng redistribution without
pumping. The same principle can be applied to the case of oil moving to a well or trench, with the
added complication that the pathline may not be straight nor the gradient constant. In these
situations, the pathline can be broken into smaller segments that are approximately straight with
uniform gradient. i

Returning to the example of Section 4.2, we analyze travel time using the optimum case of
three recovery wells (Case C) pumping at a combined rate of 150 gpm. Figure 20 shows the initial
distribution of the free phase plume overlain with pathlines. Each pathline depicts the movement
of an oil "particle" from the edge of the plume to a well. The travel time along each pathline is
computed using the steady state water flow field. The average velocity of the oil phase can be
computed from the mobility factor A/, and the gradient in Z_, via eq. (3.11). During oil
recovery, Z,, will drop continuously until it reaches the water table. Thus, for a steady state
approximation, we may use the water table drawdown around a recovery well as an estimate of
Z,. |

1
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Figure 4-6. Flow net for travel time analysxs. Solid lines are steady state Z,_ contours,
dashed lines are streamlines, area within dark line is plume,
arrow shows longest path. !

The longest pathline in Figure 4-6 dep1cts the maximum travel distance for oil during free
product recovery. Thus the travel time along this pathline should correspond to the time needed
to reach asymptotic recovery. For the longest ipathline, an oil travel time of 2360 days from the
edge of the plume to the well is predicted using the maximum mobility factor A4,** (eq. 3.12).
This is slightly higher than the recovery time predicted by the transient oil-water flow model
ARMOS of 2100 days (Table 4-3). !

s
H
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4.4 Estimation of Recoverable Product |
|
Description of Method | :
Methods for estimating the volume of fiee oil:were discussed in Section 3.2. Unfortunately, only
a fraction of this volume will be recoverable as a separate phase, due to various processes that
lead to the occurrence of residual oil. We distinguish between residual oil in the liquid-saturated
zone, which occurs as hydraulically discontinuous blobs trapped within a continuous water phase,
and residual oil in the unsaturated zone, which occurs as thin films and as pendular rings of oil at
- particle contacts. The recoverable volume is g:iven by ‘

Zoo %Zof a Zot _leog

(4.3)

where ) . is the current free oil volume compfuted as described in Section 3.2, )"’ is the volume
of current free oil that becomes trapped in the liquid saturated zone, and Zog is the volume of
current free oil that is retained as residual oil in the unsaturated zone.

The total saturated and unsaturated zone residual oil volumes may be computed from
specific volumes on a grid as ; '

(4.49)

| (4.5)

where Vat, is the residual ol specific volume that is trapped in the liquid saturated zone at
location 7, V_, is the residual oil specific volume held against gravitational drainage in the
unsaturated zone, and A is the element area. | :

Residual oil in the unsaturated zone ari:ses during periods of falling Z,_, when downward
oil redistribution eventually becomes negligible under gravitational forces, as oil saturation
reaches a critical value referred to as the unsaturated zone residual saturation (see Section 2.4).
The increase in residual oil specific volume in the unsaturated zone due to a drop in the air-oil
table, AZ_, is described by equation (2.12) which is applied in a series of pseudo "time-steps"
until the cumulative change in Z, is equal to AZ_ +(1 -P, M ,+AZ, where AZ_ is the water
table drawdown, H_ is the initial well oil thickness at the location, and AZ, is the regional change

in Z associated with seasonal water table fluctuations.

Saturated zone residual oil specific volume may be computed as described in Section 2.4
for the anticipated change in the oil-water table; elevation AZ . With removal of product from
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the formation during steady water pumping, the oil-water table will increase until well oil
thickness (H ) approaches zero at which pomt Z,,~Z,,- Also considering possible water table -
fluctuations, AZ =p, H +AZ,, where AZ_ is the cumulative change in Z , AZ,is the regional
changein Z_, due to seasonal water table ﬂuctuatlons and H is the initial well product
thickness. T he latter is corrected for residual oil in the unsaturated zone by computing the value
of H at each grid point corresponding to the initial V,; minus 2xV,,, where the factor 2 takes
into con51derat10n the fact that gradual oil dralna.ge from the unsaturated zone reduces saturated
zone trapped oil. A correction for the change in capillary fringe thickness due to hysteresis may
be applied to AZ_ as described in Section 2.4.

The estimates of asymptotic recoverable product volumes described above are based on
projected estimates of residual oil in the saturated and unsaturated zones, associated with changes
in fluid table elevations due to water pumping and product removal. This assumes that latéral
plume spreading is controlled. If this condition is not met, the actual recoverable product may be
substantially less than the computed values, since residual volumes will increase as the plume
spreads over a greater area. Therefore, it is véry important to verify plume control by
determining that oil gradients are mwards ‘on the plume perimeter, before performing
recoverable product calculations.

Example Problem - The following example demonstrates the calculation of residual and
recoverable oil specific volumes. To compute total recovery, similar calculations must be repeated
for each location where fluid levels are known or interpolated, so that actual volumes can be
computed by summation over the area. The example problem continues with the problem
introduced in Section 3.2, which has an initial 'apparent product thickness of 3 feet, with the air-oil
table at 93 feet and the oil-water table at 90 feet. Pumping is assumed to cause a 1.5 foot
drawdown in Z, at the location. Soil and fluid properties for the problem are given in Table 5. A
step-by-step description of the methodology for computing residual and recoverable product
specific volumes is given below for the example problem.

- 1. The initial free oil specific volume prior to beginning pumping is computed as described in
Section 3.2., which indicates V,=0.309feet.

2. The average initial free oil saturation is estifmated as

which gives a value of 0.294.

3. An initial estimate of the unsaturated zone residual oil specific volume, V™ is computed as

V" =Min(V,,V,,.V,))

gl g2’

|




‘where )
Vor=0S,AZ,,=0.0315 feet

|
ng=¢iAgw = 0.1544 feet

i (Az
7, = P [1 - o [

“w]] = 0.1217 feet
H
|

o
{
|

which gives Vi"if=0.0315 feet. ,

4 A revised estimate of the free oil specific volume corrected for oil retention in the unsaturated
zone is computed as ,

Vof _ ;;lt 2V1mt

where the factor 2 is assumed to account for the finite time for oil to drain to a new vertical
equilibrium after the onset of pumping, during which time product recovery will proceed. The
corrected free oil specific volume for the example is V,7"=0.246 feet.
: |
5. A revised value of apparent product thickness corresponding to the updated free oil specific
volume of 0.246 feet is determined by interpolation from a table of H_ versus 7, - generated
using the method described in Section 3.2, yleldmg H]"=2.65 feet.

6. To simulate oil recovery H is reduced to zero in N "time- steps", causing Z, to drop and
Z,, to rise in incremental steps. The incremental changesin Z,  and Z_ are calculated as

' pH,-Z
A Zowxz proH o [+3
f N
!
CH (1-
N

¢

where Z, is the change in the capillary fringe due to reversal from oil imbibition to oit
drainage given by (2.11¢). For the example problem, Z =0.67 feet and employing N=30
"time-steps" gives AZ, =0.0177 feet and AZ_ =0.0484 feet. Calculations of residual oil in
the saturated and unsaturated zones for 30 "time-steps" are shown in spreadsheet form in -
Table 4-4 with columns in the spreadsheet computed as follows:

{
i
i
|
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Table 4-4. Spreadsheet for Calculation of Resi(iual and Recoverable Oil Specific Volume

A B C | D E F
Step H, Vof? S of S, S,
(feed) (fedt) (fect) (feot) (fedh)
0 2.65 0.2462
1 256 | 02307 0.263 0.200 0.060
) 247 | 02156 0.255 0.200 0.060
3 2.39 0.2006 0.247 0.200 0.060
4 230 0.1861 0.238 0.200 0.060
5 2.21 0.1720 0.229 0.200 0.060
6 2.12 0.1582 0.220 0.200 0.060
7 2.03 0.1449 0.211 0.200 0.060
8 1.94 0.1320 0.201 0.200 0.060
9 1.85 0.1194 0.192 0.192 0.060 .
10 1.77 . | 0.1074 0.182 0.182 0.060
11 168 . | 0.0960 0.171 0.171 0.060
12 1.59 0.0850 0.161 0.161 0.060 -
13 1.50 0.0746 0.150 0.150 0.060
14 1.41 0.0648 0.140 0.140 0.060
15 1.32 0.0556 0.129 0.129 0.060
16 1.24 0.0471 0.118 0.118 0.060
17 1.15 0.0393' 0.107 0.107 0.060 .
18 1.06 0.0321 0.096 0.096 0.060
19 0.97 0.0257 0.085 0.085 0.060
20 0.88 0.0200 0.074 0.074 0.060
21 0.79 0.0151 0.063 0.063 0.060
22 071 0.0110 0.053 0.053 0.053
23 0.62 0.00759 0.043 0.043 0.043
24 0.53 0.00492 0.034 0.034 0.034
25 0.44 0.00292 0.025 0.025 0.025
26 0.35 0.00153 0.018 0.018 0.018
27 0.26 0.00066 0.012 0.012 0.012
28 0.18 0.00020 0.006 0.006 0.006
29 0.09 0.00003 0.003 0.003 0.003
30 0.00 0.00000 0.001 0.001 0.001
' ‘ 3.4373 1.453
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Column A:  This column is simply an integér step number,' 1,2, N.

ColumnB:  The value H,” is input in row 1 At each new step, H /30 is subtracted from the '
previous H to reduce H_ to zero in 30 steps.
1 .
Column C: V,r is computed from the corresponding H, in column A using the method

described in Section 3.2.

Ve

ColumnD:  The average free oil saturation;iis calculated as 30f=
' o

ColumnE:  The residual oil saturation in the saturated zone for the step is computed as

S, —Mm S5,

i

This column is summed to obtaln XS_,=3.473 which is multiplied by
$AZ_=0.0169 to yleld V,=0. 0587 fet.

ColumnF:  The residual oil saturation in the unsaturated zone for the step is computed as

S ]\/_fzn( og? of)

This column is summed to obtaln ZS§,,=1.453 which is multiplied by
$AZ,,=0.0062 to yield ¥,=0. 009 feet. This value is added to V""t from Step 3
above to obtain v, =0.0405 feet

rec g

vV 1701;” : Vtotal V =0.21

Finally, recoverable oil speciﬁcévolume can be calculated as

In this example, more than half the oil has been recovered because the initial apparent oil
thickness (/) was a relatively large value of 3 ft. If this problem were repeated using an
initial A of 1 ft, then only 17 percent of the oil would be recovered. Thus, a large
percentage of the oil may be recovered from the center of a plume where H, is large, but
most of the oil around the edges of the plume will be trapped as residual.
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Verification of Recoverable Oil Algorithm
The residual and recoverable oil calculations described above, as implemented in the program
SPILLCAD (ES&T, 1994) which also performs areal interpolation and intégration of specific
volumes, were verified by comparison with a model for transient oil and water flow. The test
problem is the gasoline spill described in Section 3.3 with pumping from a single recovery well
placed down-gradient of the center of the plume initiated 100 days after the leak stopped.

Water is pumped from the recovery well at rates varying from 0 to 18 gpm, while oil is
recovered at a rate to maintain product thickness in the well near zero. Transient oil and water
pumping was simulated using the numerical model ARMOS (ES&T, 1994). Both models
predicted plume containment at a pumping rate of about 4 gpm. Comparisons of recoverable oil,
unsaturated zone residual oil, and saturated zqne residual oil as functions of water pumping rate
predicted by the two models are shown in Figgres 4-7, 4-8, and 4-9.

SPILL.CAD results for pumping rates less than 4 gpm are shown as dashed lines because
residual and recoverable estimates using this approach are not meaningful unless containment is
achieved. The pseudo-transient calculations in SPILLCAD somewhat under-predict product
recovery, mostly because it traps more oil than the more rigorous numerical model in the
saturated zone. This effect can be explained by movement of oil to the well as drawdown occurs.
In the early stage of recovery, a certain amourit of oil will be recovered before water flow reaches

_steady state. {

. During this period, Z_, drops with Z_, ', even though oil is being recovered. SPILLCAD
cannct capture this transient eﬂ‘ect as the pseudo time-steps always cause Z_ to rise and trap oil
(see previous example problem). Con51der1ng this limitation, the agreement between the two
models is quite good. In both models, re51dua1 oil in the unsaturated zone increases with pumping
rate as oil smears over a larger volume of soil. This causes residual oil in the saturated zone to
decrease with pumping rate as less free oil redistributes below the water table.
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4.5 Considerations in Using Trenches |

~ Trenches have a number of advantages over recovery wells in' circumstances where they are
practical to install. The main limitations of usihg trenches are:

e Depth to free product pool makes trench construction impractical or too costly, or
i
. Buildings, pipelines, utilities or, other features prevent trench construction.

When these factors do not preclude the applicability of a trench, another factor that must
be given consideration is the head drop that occurs along the length of the proposed trench. If the
trench crosses the natural water contours, the/natural flow will be altered even if no water is
pumped. Because the resistance to flow in a trench is usually much less than that in soil, the head
difference along the length of a trench will be small and water will recharge on some sections of
the trench and discharge on others. This mayfhave an undesired effect on the groundwater flow
and on the plume. Numerical models may be used to assess the effects. If the trench placement
cannot be altered to avoid cutting across the water contours, consideration should be given to
constructing the trench in segments, which may be staggered and controlled at different
elevations. |

i
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A major advantage of using trenches for free product plume control is that definitive
plume containment can be achieved with little or even no water pumping. If the trench intercepts
the oil plume pathline, skimming product from the trench without water pumping will prevent
further free phase plume migration past the trench. Even if product thickness in the trench is
nonzero due to placement or operating condltlons for skimming pumps, positive plume
containment can be achieved due to a capzllary barrier effect which prevents oil infiltration
through the downgradient trench wall. As 1ndlcated by the Laplace capillary equations (eq. 2.2), a
finite nonwetting phase pressure (hence, trench oil thickness) is needed before nonwetting fluid
(oil) can displace a wetting phase (water). The phenomenon is evident in the form of the
relationship between free oil specific volume or oil transmissivity and apparent oil thickness
discussed in Section 2.5. This finite oil thickness, which is greater for finer soils, is required for oil
entry into the soil. This thickness may range from a few inches in a sandy soil to several feet in a
fine grained soil. The capillary barrier effect prov1des a safety factor for free phase plume control
using trenches. |

I

As a product recovery measure, trenclfes are generally both more efficient and more
effective than a line of wells. Because the flow field to a well is radially converging, while flow to
a trench is planar, a larger drawdown will be needed for wells to obtain the same oil recovery rate
achieved by a trench. Furthermore, because res1dua1 oil will be increased by the greater
drawdown, the ultimate product recovery will typlcally be lower for the well system

E

The recovery rate for free product in a'trench may be estimated directly from Darcy's law

as

i -
I ‘ , ‘
dZ ‘ (4.6)

where R is the oil recovery rate (e.g., cubic feet per day), T is the oil transmissivity at the
trench (see Section 2.5), L is the trench length, and dZ_ /dx is the air-oil table gradient at the
trench wall (assuming no air pressure gradient). For a given trench configuration and water
pumping rate (hence air-water table), the maximum oil recovery rate will be achieved by
maintaining the oil thickness in the trench near zero, although oil recovery rate will be relatively
insensitive to the oil thickness in the trench. This is because the product thickness in the soil
adjacent to the trench will adjust naturally to form an oil seepage face with an upper elevation that
maximizes the oil flow rate into the trench. The maximum flow rate corresponds to the maximum
of the product of oil transmissivity, which increases with oil thickness and hence oil seepage face
elevation, and decreases with oil gradient, which decreases with increasing oil seepage face
elevation. Unless the oil level in the trench is raised above the natural seepage face elevation,
neghglble reduction in flow rate will be observed Similar seepage face phenomena are observed
in wells.

§
h
i

i
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4.6 Vacuum Enhanced Free Product Rechery
Basic Concepts !
Vacuum enhanced recovery (VER)is a modlﬁcatlon of conventional free product recovery system
design, in which a vacuum is applied to the Well bore to increase the hydraulic gradient. In
conventional product recovery systems, free phase hydrocarbon is removed by pumping
hydrocarbon from recovery wells, usually in conjunction with water pumping to increase the
gradient and the radius of influence. The eﬂimency of such systems depends on soil and fluid

- properties, environmental variables, as well as design variables such as the number of wells and
the rates of water pumping. Since light hydrocarbons float on the water table, the radius of
influence for hydrocarbon flow is d1rectly related to the cone of depression produced by pumping
groundwater. When the pumping rate is too low, hydrauhc control of the free product plume is
not achieved and spreading of the plume leads to an increase in residual product. Increasing the
water pumping rate generally increases the rate of product recovery initially and may increase the
total recovery up to the point where plume control is achieved. However, for large drawdowns
associated with high pumping rates, the moblle hydrocarbon is smeared at residual saturation in
the unsaturated zone. Therefore, an optimal pumping rate exists for maximum product recovery
for a given well configuration at which the pumping rate is high enough to yield plume capture.

Applying a vacuum to a recovery well ‘enables the piezometric gradient for oil and water
flow to a well to be increased, without a corresponding reduction in the air-oil and oil-water
tables. When a vacuum is applied in a well, liquids in the well and the soil will rise due to the
reduced pressure above the fluid interfaces. This phenomenon called upwelling can be reversed
by lowering the water pressure in the bore hole and increasing the water pumping rate. The
locations of the piezometric surfaces near a recovery well before and after the vacuum is applied
are shown in Figure 4-10. The application of vacuum (4,) lowers both the oil and the water
piezometric surfaces (¥, and ¥ ), which results in an increased gradient for flow.- If the oil and
water pump intake (or control sw1tch) elevatlons are not altered, increased water and oil flow
rates may be achieved without lowering the liquid levels and thus without increasing the amount
of residual product in the unsaturated smear zone. The radius of influence of the air vacuum will
depend to a significant degree on the magmtude of vertical "leakage" of air that occurs from the
ground surface to vacuum wells. !
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Figure 4-10. Schematic of vacuum enhanced prodilct recovery system.
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Example Problem Description - An example problem is presented to investigate the effects of
various soil and design variables on VER system effectiveness. The problem is the same as Case
Study II discussed in Section 4.2 involving a pipeline leak of gasoline, diesel and fuel oil with
three recovery wells (Case C). ARMOS was used to simulate water, NAPL and air flow. Water
and NAPL recovery was simulated assuming water pumping was performed at a specified rate,
while NAPL was removed at a rate sufficient to maintain zero well product thickness. Air flow
was controlled by specifying the air vacuum at the well, assumed to be 3.5 feet of water head.

The ground surface was assumed to be either covered or uncovered. For the covered case, no air
leakage from the ground surface was pernutted while vertical flow from the ground surface was
considered for the uncovered case. The followmg three cases were considered:

1. Base case involving conventional product recovery without vacuum,

2. VER system without a surface cover, and

3. VER system with a surface cover. |

For each of these cases, several s1mu1at1ons were performed with fluid levels specified at
different drawdowns relative to the initial water table elevation. Water pumping rates varied from
13 to 103 gpm for the various subcases. For the assumed vacuum and well placement, the ,
optimum drawdown (or water pumping rate) to maximize product recovery may be determined.

A comparison of the predicted cumulafive product recovery versus time for the three cases
at a water pumping rate of 52 gpm, which is close to the optimum rate for maximum recovery for
all cases, is shown in Figure 4-11. The results indicate that the recovery rate for the VER system
with a covered surface is initially nearly 70 percent greater than the conventional recovery system
(no VER). However, the difference in recovery rates narrows over time, such that the VER
system yields only about 7 percent more cumulative recovery after 3000 days of operation. The
VER system with an uncovered ground surface exhibits a recovery curve that is about half way
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between the covered VER system and the no VER system.

The differences between the VER systems with and without a cover are due to the effects
of vertical air leakage on the radius of 1nﬂuence of the vacuum wells. As seen in Figures 4-12 and
4-13, the radius of influence of the vacuum wells (operationally defined as a vacuum of 0.01 feet
of wa,ter) is much smaller for the uncovered than for the covered case. Due to the limited areal
extent of the vacuum, effects on hydrocarbon recovery are greatly reduced. It is important to note
that the "covered" case assumed that the grouhd surface is perfectly sealed to air flow.

Pavements and buildings seldom closely approxnnate such an ideal condltlon, and vertical leakage
must always be considered a real possibility.
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Figure 4-11. Effects of VER on product recovery for systems at a water pumping rate near
optimum for recovery.




Figure 4. Zones of Influence for Water and Air Phases
in VER System with Cover.

Extent of Free
Product Plume -

Vacuum Zone '
of influence

(023,

B e
SR
Water Piszometric SRS R
a5 S0
Surface S o 0o 2RI
s 5 2558

. R
e e T Y
B et Te ATty At
e o RS Iee N
STt e e A e,
IR R T
I I I TN

4

i
i

Figure 4-12. Zones of influence for water and air phases in VER system with cover.

Figure 5. Zone:s of [nfluence for Water and Air Phases
in VER System without Cover.
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Figure 4-13. Zones of influence for water and air phases in VER system without cover.
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Discussions of conventional product récovery system design in Section 4.2 indicated that

an optimum water pumping rate will exist that'yields the maximum asymptotic product recovery

: for a given well configuration. To determine ﬁow vacuum affects recovery optimization, we turn

: to results of simulations of product recovery for varying piezometric drawdown. Piezometric

“ drawdown is the difference between the initial'static water level and the well piezometric head
(Y, = Z,,+h,). Asymptotic product recovery versus drawdown for all three cases indicate an ,
optimum piezometric drawdown of about 2.0 feet for the no vacuum and uncovered VER cases
and about 2.5 feet for the covered VER case (Figure 4-14). These correspond to pumping rates

t

; of about 50 and 60 gpm, respectively. @

Evidently, the vacuum area of influence for the uncovered case is so small that the
optimum recovery is controlled by the water pumping needed to control the plume perimeter,
: which is beyond the influence of vacuum wells. For the covered case, the vacuum exerts some
; influence near the plume perimeter and a small increase in pumping is needed to overcome the
_ mounding effect. It is interesting that the optimum scenarios for the uncovered and covered
cases correspond to well bore liquid levels that; are about 1.0 and 1.5 feet above the initial static
levels. ! '

Additional simulations were performed| with different vacuums applied to the wells. The
results indicate that higher vacuum increases the initial rate of hydrocarbon recovery substantially,
but results in only small increases in final recovery. The results indicate that vacuum enhanced
product recovery may enable slightly higher asymptotic recovery to be achieved. However, the
primary utility of VER is to increase the recovery rate and hence reduce the time to complete free
product recovery. The extent to which this objective can be achieved will depend on the area of
influence for the vacuum that can be achieved, which will in turn depend strongly on the extent of
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vertical air leakage that occurs. ; _
Some general conclusions concerning VER follow:

. For specified water and oil pump levels in recovery wells, water and oil recovery
rates will increase as the vacuum is increased,

. - To achieve maximum product recovery, well placement and water levels in wells

must be maintained at a level that will y1e1d plume containment,
l

. If the vacuum area of 1nﬂuence is smaller than the oil capture area, vacuum will
have a minor effect on the asymptotlc recovery or on the optimal pumping rate at
which this occurs,

. The effectiveness of VER decréases as the vacuum area of influence decreases,
which occurs as vertical air leakage increases and air flow rate decreases.

Effects of VER on residual soil concentrations in the unsaturated zone, due to extraction
of volatile components and to enhanced biodecay associated with increased oxygen fluxes, have
not been considered in the above discussion. In practice, these factors will provide additional
benefits of VER systems. If a soil vapor extraction or bioventing system is under consideration for
treatment of residual contamination, and hardware requirements are compatible with the operation
of a VER system, consideration should be givén to co-design of the vapor extraction/bioventing
system to function initially as a VER system to maximize efficiency and reduce overall system
cost. .
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Séction 5

Case Study of Spill Site

5.1 Introduction

This case study presents an application of the Zmethodology discussed in this report for assessment

and remedial design of a hydrocarbon spill site. The study is based on a release documented by

" Dakin et al. (1992), which occurred in British: Columbia. The study was conducted to illustrate

how modeling can be employed to provide information to facilitate decision-making when

characterization data is limited and time is a significant constraint. Specifically, modeling was

performed (1) to assess the contamination at the site, and (2) to design a recovery system to
remediate the phase separated hydrocarbon lens existing at the water table. -

The spill of concern involved the accidental release of xylene from an elevated platform into
underlying soils (see Figure 5-1). Xylene infiltrated the soils and ponded on the water table.
Response activities were constrained at the site due to existing structures and railroad operatlons
In particular, the property owner required unlimited access to the site along the adjacent rail lines.
Given these constraints, modeling was cons1dered an essential tool in the assessment and remedial
operations.

5.2 Model Application for Site Assessmenf
Site characterization activities performed short;ly after the release determined the approximate
extent of contaminated soil, contaminated groundwater, and a separate phase lens of xylene
(Figure 5-2). The contamination occurred in fill material consisting of medium to fine sand. The
fill overlies natural sediments composed of low permeability silts. At the time of the release, the
water table was located approximately 4.5 feet below the ground surface. In the area of the spill,
the water table slopes to the south and west w1th a gradient of approximately 0.02 upgradient of
the spill but flattens to a gradient of 0.005 downgradlent of the release (Figure 5-3). Regional
hydrologic information suggested that the Water table fluctuates between 0.75 to 1.5 feet annually
“due to seasonal variations in precipitation and evaporation.
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Figure 5-1. Plan map of xylene spill site.

Figure 5-2. Contour map of apparent free; xylene thickness in feet.

72




: 7 7 7
: / i /.-/ yd
- N [ i = / :
Sy /
¥ / S o /
.f' ! 4 ool ;f -
e, s« fo g / @ Va
——, ¢ { )
T . A S s
e e Z f ! !/ pd - S
i e » .-f e i
.\S ‘L\ I 3 oy r‘] / )/ Lo
o v f ¥
5 \ Y, ; o :’# / -
hY N - 2 Loog? / / ;oo s &
"\ T i TR Y & J g s
AN AN a7 pd -
\“—“"'-s—q.f a .r”h‘ /f / f{;’
839 Ty - i
I SR // A" p
A g » P_’_‘_x i J— e - /‘
/r“' 9 /l__,.--v-"‘—” . S e - _,./" ‘;/ '
\//0_/‘ // ',// T e N gl L o
¥R o AT o 0 O —
&
- ¥ ,-—"1
P f,,/ / i f . e 25 &
'''''' it - o

) Figure 5-3. Groundwater contours at spill fsite in feet.

The initial assessment activities focused on: (1) definition of project objectives, (2)
development of a site conceptual model, and (3) selection of an appropriate model. In this study
the objectives were to assess the contammatlon from the site characterization data and to evaluate
remedial system designs to control the phase separated hydrocarbon source. Time was
considered a major factor because it was recognized that a rapid remedial response would
increase the volume of recoverable xylene and minimize the development residual NAPL.
Specifically, it was speculated, based on normal weather patterns, that a significant rise in the
water table would probably begin within approximately 4 months (120 days) of the release date.
The site characterization investigation had taken 40 days, which left about 80 days to design,
install, and implement the recovery system as \?vell as recover the mobile xylene.

The site conceptual model derived from the characterization data consisted of a shallow,
thin, unconfined aquifer that was underlain by an aquiclude. The unconfined portion of the
aquifer was between 3.5 and 4 feet thick. This aquifer was relatively permeable and was
considered isotropic and homogeneous. Dissolved, residual, and mobile free phase xylene was
contained in the unsaturated and saturated portlon of the aqulfer
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An independent survey of available computer codes indicates that 6 models, ARMOS,
MAGNAS, MOFAT, MOTRANS, SPILLCAD and SWANFLOW, could be utilized to model
multiphase flow conditions at the site (Weaver and Johnson, 1993). However, due to limitations
in site data and time constraints, it was con51dered necessary to utilize a practical, user-friendly
code that could generate reasonably accurate results and would not require significant data input
and setup time. Furthermore, the project objectlves required the application of a multiphase flow
model that could simulate remedial activities such that recoverable product volumes, residual
product volumes, and the time of recovery could be estimated. Based on these needs,
SPILLCAD (ES&T, 1994), a screening level model for evaluating the feasibility and effectiveness
of recovery designs, was selected. SPILLCAD is an areal two-dimensional model that calculates
mobile hydrocarbon volume, contaminated soil volume, recoverable hydrocarbon volume and
residual hydrocarbon volume, and enables the flow field and time of recovery to be estimated
using particle-tracking (pathline) analysis. Soil and fluid property values utlhzed in the modeling
effort are presented in Table 5-1. |

Table 5-1. - Soil and Fluid Property Valuesi for Model Simulations

p,,=0.86 K, =23.1ft d” ! S,=0.13
1,,=0.81 $= 030 | S,,=0.03
B,,=2.30 a=4.59feet - §,=0.26
B.,,=2.00  n=2.70

5.3 Model Results i

The initial phase of the modeling study 1nvolved data entry of water and hydrocarbon elevations
as measured in the installed wells. Using this data the volume of free xylene was estimated to be
172 gallons. The NAPL lens was over a 1400 square feet in area with the thickest portion of the
lens occurring about 5 feet downgradient of the platform. Of particular concern was the fact that
a considerable portion of the lens occurred underneath the railroad lines, thus, potentially
complicating recovery. Using the initial 1nformat10n generated by the model, the next phase of the
modeling effort addressed two aspects: (1) the design of an optimal recovery system that would
minimize smearing of xylene and that would i mcorporate the physical constraints of the site and
(2) evaluate the impact of water table fluctuations on the effectiveness of the recovery operations.
Three recovery systems were 1nvest1gated The first scenario involved locating the
recovery well placed upgradient of the rail lines in the thickest zone of free xylene, the second
scenario involved locating the recovery well downgradient of the rail lines, and the third scenario
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entailed both of these well locations. Using these well locations, a variety of pumping rates were
evaluated for each of the wells. As shown in Table 12 capture was obtained when pumping rates
were at least 0.5 gpm for Scenarios 1 and 3 and 1.0 gpm for Scenario 2. Pumping rates greater
than 1.25 gpm resulted in excessive drawdown corresponding to water levels below the pump
elevation. Model results indicate that scenarlos with pumping rates between 0.5 and 1.25 gpm
yielded similar recovery (Table 5-2). §

Table 5-2. Results of SPILLCAD Modeling Simulations

Pump- Single Downgradient Well Single Upgradient Well * Both Wells
ing ?
Rate idual (al j dual (eal Resid
Per Recov- Residual (gal) Cop- Recov- || Residual (gal) Cop Recov- esidual (gal) Cob
e . | ;
Well ( grg’l) Unsat- | Satu- ture (:ZD {Unsat- | Satu- ture (eglzl) Unsat- | Satu- ture
(gpm) urated rated furated rated urated rated
0.1 . - - N - - . N - ; . N
0.5 75 21 73 Y - - - N 77 36 58 Y
1.0 76 37 58 Y 77 ’ 41 54 Y 71 66 35 Y
1.25 74 44 53 Y 75 49 48 Y 69 77 26 Y
1.5 Aquifer pumped past screen bottom ‘

i

Given these results, and in particular, t;he potential of smearing the hydrocarbon vertically
within the soil profile, concern was then focused on how water table fluctuations might impact the
recovery operations. The model enables the user to simulate regional water table fluctuations to
evaluate the impact on recoverable hydrocarbon volume. This feature was found to be extremely
useful, as the only other approach to obtain this information would have required the construction
of a complex transient finite difference or finite-element model, which not only would have
consumed valuable resources but also valuable time. Water table fluctuations of 1.5 and 0.75 feet
were simulated for both well configurations at their optimal water pumping rates (Table 5-3).

The results indicated that the seasonal water table fluctuations would decrease recoverable xylene

volumes by 30 and 60 percent. Given that only half of the xylene could be recovered under even
optimal conditions, it was considered imperative to complete recovery operations prior to the
seasonal rise in groundwater levels to reduce long term cost and minimize dissolved impacts to
the groundwater. '

t
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Table 5-3. Results of SPILLCAD Regionai Water Table Fluctuations Simulations

Well Location & Fluctuation lferc(:):::r; Residu'al (gal)

Pumping Rate (gal) ®) , (gal) Unsaturated Saturated

0 | 77 41 54

Upgradient (1.0 gpm) 0.75 55 62 54

15 36 82 54

0 78 21 73

Downgradient (0.5 gpm) 075 49 50 72

| 15 30 71 70

o 77 36 58

Two Wells (1.0 gpm total) 075 55 58 58

15 36 78 58

The final aspect of the modeling effort involved determining the time required to reach
asymptotic recovery. More specifically, could the optimal recovery of 80 gallons of xylene be
achieved within the eighty day time interval reinaining prior to the advent of the seasonal rising
water table using the rates and well locations previously defined. To address this issue, backward
particle-tracking analysis was conducted for each of the recovery wells. Using the NAPL travel
time analysis, it was determined that optimal récovery could occur within 60 days at each individ-
ual well. The downgradient recovery well could recover the lens at a pumping rate of 0.5 gpm
while the upgradient well would require a pumping rate of 1.0 gpm. As shown in Figure 5-2, the
distribution and length of the pathlines 1nd1cate that most of the plume north, south and east of the
well is recovered prior to 60 days. However, areas southwest of the well do not become captured
until 60 days (Figure 5-4). A third scenario was executed to determine the time of recovery if
both wells were operational. A recovery rate 6f 0.5 gpm was defined for each well. This
simulation resulted in a similar recoverable volume but the time of recovery was decreased by 15
days.
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Figure 5-4. Results of particle-tracking analysns for two well scenario. Pathlines are based
on a 60 day time of travel. Arrow indicates streamline that limits recovery
time. '

Information from the SPILLCAD modeling effort was used to determine the efficiency of
~ the recovery system, as measured by volume of product recovered, relative to total fluids
recovered. As shown in Table 5-4, the calculated efficiency ratios were determined to be 2.0, 1.1,
and 0.9 gallons per 1000 gallons for the downgradient single well system, the two well system,
and the upgradient single well system, respectively. Since the recoverable volume was similar for
all three scenarios, the rate and recovery time were the primary variables affecting the efficiency.
Hence, the most effective system was the downgradient single well as it produced the lowest
volume of water. Hence, less water is pumped per volume of recovered xylene. The downgradient
syster was 1.8 times more efficient at product recovery than the two well system.

;
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Table 5-4. Optimal Recovery Characterist;ics for Scenarios 1,2, and 3

Well Location & Total Recovefy Residual (gah A:(S)’E:;P' szrzrsd Wa?i’ -Cut

Pumping Rate (gpm) (gah Unsatur;ated Saturated Rc}ci?;':ry (Xgilo)oo (ga;/all())oo
Upgradient Well (1 gpm) 77 41 ‘ 54 60 86.4 0.9
Downgradient Well (0.5 gpm) 78 21 : 73 55 39.6 20
Both Wells (1.0 gpm) 77 36 E 58 45 64.8I 1.1

5.4 Summary and Conclusxons !
The results of the SPILLCAD modeling effort provided critical information regarding possible
remedial efforts at the release. This information included:

D Optimal xylene recovery was ai)proximately 80 gallons,

2) Optimal rates ranged from 0.5 to 1 gpm,

3) Seasonal fluctuations decreased the volume of recoverable xylene by 30 and 60
percent, - :

4) Optimal recovery could be achleved within 45 and 60 days, and

5) The efficiency of the recovery systems ranged from 0.9 to 2.0 gallons recovered

per 1000 gallons of water pumped.

Based on this modeling effort, the downgradlent single well system appears to provide the
needed results with the highest efficiency and the lowest capital costs. The other systems,
although capable of producing a similar recovery volume, are not as efficient, and hence, will

- result in higher remedial costs. |

Information from simple models can provide valuable information to evaluate remedial
options. In this case study, the answers provided by modeling could not be obtained within the
needed time frame by any other means. Asa result, application of the models discussed in this
report is proven to be an important tool for assessment of xylene contamination at the site as well
as in the design of a recovery system. Although the constraints illustrated in this case study are
possibly more severe than at most sites, the methods are broadly applicable and can be used at all
sites to better assess, contain, and remediate hydrocarbon contaminants.
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